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COMPARISON OF WELLHEAD PROTECTION DELINEATION METHODS 
WITH RESPECT TO NONPOINT POLLUTION SOURCES 

FINAL REPORT 

T h i s  f i n a l  r e p o r t  c o n t a i n s  a l i s t i n g  of  t h e  t a s k s  t o  be performed 
by t h e  p r o j e c t  fo l lowed  b y  t h e  r e s u l t s  o b t a i n e d  from t h e  p r o j e c t  i n  
terms of  these tasks .  

T h e  purpose  o f  t h i s  p r o j e c t  was t o  e v a l u a t e  t h e  d i f f e r e n t  methods 
used  t o  d e l i n e a t e  wel lhead  p r o t e c t i o n  a r e a s  u s i n g  EPA g u i d e l i n e s  
and t h e  s e v e r a l  sugges t ed  a n a l y t i c a l  and numer i ca l  models f o r  
d e f i n i n g  wellhead p r o t e c t i o n  areas f o r  unconf ined  and  c o n f i n e d  
a q u i f e r s  t y p i c a l  of  Wyoming. T h e  spec i f ic  t a s k s  i d e n t i f i e d  f o r  
t h i s  p r o j e c t  are d e t a i l e d  below: 

Task One: Analysis of Delineation Techniques and Collection of 
Data 

T h e  specif ic  o b j e c t i v e s  under  Task  1 were: (1) examina t ion  of  
t h e  EPA d e f i n e d  a n a l y t i c a l  and numer ica l  models f o r  d e f i n i n g  
wellhead p r o t e c t i o n  areas t o  de t e rmine  t h e  t y p e  and  q u a n t i t y  
of  data  r e q u i r e d  f o r  each models a p p l i c a t i o n ;  ( 2 )  c o l l e c t  
r e q u i r e d  d a t a  f o r  model e v a l u a t i o n  f o r  a c o n f i n e d  a q u i f e r  
(Casper Formation n e a r  and su r round ing  Laramie) and  an 
unconf ined  a q u i f e r  ( a l l u v i a l  a q u i f e r  n e a r  and s u r r o u n d i n g  
T o r r i n g t o n )  ; and (3)  e v a l u a t e  t h e  modeling t e c h n i q u e s  
deve loped  and tes ted a t  L a r a m i e  and t h e  p u b l i c a t i o n s  of  EPA on 
"Wellhead p r o t e c t i o n  s t ra teg ies  f o r  conf ined -aqu i fe r  s e t t i n g s "  
and " D e l i n e a t i o n  of  wel lhead  p r o t e c t i o n  areas i n  f r a c t u r e d  
rocks"  t o  sugges t  methods which would be most a p p l i c a b l e  f o r  
wellhead p r o t e c t i o n  d e l i n e a t i o n  f o r  d i f f e r e n t  g e o l o g i c a l  
s e t t i n g s  which e x i s t  i n  Wyoming. 

Task Two: Modeling, Calibration and Comparison 

T h e  specif ic  o b j e c t i v e s  under  T a s k  2 were: (1) t o  e v a l u a t e  
each o f  t h e  models f o r  wellhead p r o t e c t i o n  d e l i n e a t i o n  u s i n g  
the  data o b t a i n e d  on the  c o n f i n e d  (Casper Formation a q u i f e r )  
and unconf ined  ( T o r r i n g t o n  area a q u i f e r )  a q u i f e r s ;  and  (2 )  
deve lop  a c a l c u l a t e d  f i x e d  r a d i u s  e v a l u a t i o n  method and 
p r o v i d e  r e l e v a n t  i n f o r m a t i o n  t o  be i n c l u d e d  i n  a wel lhead  
p r o t e c t i o n  p l a n  f o r  small  community water supp ly  sys t ems  who 
cou ld  u t i l i z e  t h i s  t e c h n i q u e .  

Task Three: Comparison of Determined Protection Areas to Overall 
Protection Goals. 

T h e  s p e c i f i c  o b j e c t i v e  under  Task  3 was t o  take  t h e  wellhead 
p r o t e c t i o n  a r e a s  de t e rmined  from each model under  Task  2 and 
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evaluate them in light of the three levels of protection goals 
outlined by EPA. 

RESULTS OF THE PROJECT BY TASK: 

Task 1 Results: 

Deliverable 1: 

A Plan B paper (Appendix A) by Barry McConnery entitled "Wellhead 
Protection for Confined Aquifers" was developed as a part of this 
project and details several suggested methods of wellhead 
delineation. The methods detailed (Appendix A: Pages 19 - 44) are 
(1) arbitrary fixed radii; ( 2 )  calculated fixed radii; ( 3 )  
simplified variable shapes; (4) analytical methods; (5 )  
hydrogeologic mapping; and (6) numerical flow/transport models. 
The paper indicates advantages and disadvantages of each method 
along with requirements for the use of the method. A discussion of 
the wellhead protection methods and how they apply to confined 
aquifers is discussed and the differences associated with confined 
and unconfined aquifer analysis is also included in the report 
(Appendix A: Pages 45 - 51). A detailed discussion on the use of 
EPA Wellhead Protection Area (WHPA) semi-analytical groundwater 
flow models (Version 2) is presented in Appendix D with the 
delineation of the affected areas for wellhead protection of the 
Town of Torrington municipal wells. The flow models compared were 
GPTRAC, RESSQC, MWCAP and Montec. 

Deliverable 2 : 

A description ofthe geologic setting and groundwater properties of 
the Casper Formation aquifer around Laramie are contained in 
Appendix A (Pages 8 - 18) in the Plan B paper by McConnery. Lundy 
(1978) developed a finite difference numerical model for the Casper 
Formation aquifer at Laramie which was used along with other data 
from the City of Laramie to obtain the groundwater hydraulic 
properties of the aquifer (Reference is cited under the Plan B 
paper by McConnery) . These properties are further detailed in 
Appendix C as a part of the wellhead delineation for the City of 
Laramie. 

A description of the alluvial setting of the aquifer in and 
surrounding Torrington is detailed in the M.S. thesis by Parks 
(1991) . The groundwater hydraulic properties determined for the 
alluvial aquifer at Torrington are contained in Appendix B. 

Reference : 
Parks, Gary D. 1991. ''Numerical Simulation of Groundwater Flow 
and Contaminant Transport in an Alluvial Aquifer" M.S. Thesis, 
University of Wyoming, Laramie, Wyoming 165p. 
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Deliverable 3: 

The report on this particular element is contained in Appendix C 
and gives results of the wellhead delineation on several of the 
City of Laramie wells (Turner/City Springs and Pope Springs wells) 
and methods used for analyzing confined aquifers in fractured media 
for use with respect to fractured rock areas within Wyoming. 

Task 2 Results: 

Deliverable 1: 

The more simple delineation analysis methods were performed on the 
Casper Formation aquifer in and surrounding Laramie using the 
calculated fixed radii, analytical methods and hydrogeologic 
mapping associated with calculated fixed radii in fault zones and 
is contained as part of the Plan B paper by McConnery in Appendix 
A (Pages 45 - 61). The paper also discusses why some methods were 
not used as a part of the analysis. 

Appendix C gives more detailed results for several of the Laramie 
well fields using the results of Lundy (1978) and the EPA semi- 
analytical groundwater flow models. The City of Laramie is 
presently updating these results for all of their well fields using 
the same methodology and more hydraulic property values that they 
have obtained that were not available to this project. Our 
information and results were all given to Western Water Consultants 
who is doing the update work for the City of Laramie. 

The evaluation of the wellhead protection areas for the Torrington 
municipal wells were completed using the numerical simulation model 
developed by Parks (1991) and the methods available for modeling 
through the EPA semi-analytical groundwater flow model computer 
programs. The evaluation by the EPA model GPTRAC using the results 
of the numerical model developed 3 ,  5, and 10 year delineation 
areas for the Torrington area are contained in Appendix D. 
Appendix D also contains a comparison of GPTRAC, RESSQC, MWCAP and 
Montec and why GPTRAC was selected for use at Torrington. 

Deliverable 2: 

A report (Appendix E) was developed which should assist small 
communities in Wyoming in their WHPA delineation efforts because it 
compiled hydraulic properties for principal water bearing strata 
throughout Wyoming. The report utilizes these hydraulic properties 
to estimate protection areas for specific times of travel and 
pumping rates in an effort to give small communities a feel for 
what they will actually be dealing with in terms of a WHPA. 
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Task 3 Results: 

D e l i v e r a b l e :  

WHPA's a r e  e v a l u a t e d  i n  terms of three levels of  p r o t e c t i o n  g o a l s  
by EPA. These are:  

1. R e a c t i o n  T i m e ,  t o  p rov ide  a remedial a c t i o n  zone t o  
p r o t e c t  w e l l s  from unexpected contaminant  releases. 

2 .  A t t e n u a t i o n  of  Contaminants,  t o  a t t e n u a t e  t he  
c o n c e n t r a t i o n s  of  spec i f ic  contaminants  t o  desired levels  a t  
the  t i m e  t h e y  reach t h e  wellhead. 

3 .  P r o t e c t i o n  of  A l l  o r  P a r t  of  t h e  Zone of  C o n t r i b u t i o n ,  t o  
p r o v i d e  a w e l l  f i e l d  management zone i n  a l l  o r  a major  p o r t i o n  
of  a well 's e x i s t i n g  o r  p o t e n t i a l  recharge area.  

T h e  e v a l u a t i o n  of  t h e  Casper Formation a q u i f e r  i n  and s u r r o u n d i n g  
t h e  C i t y  of Laramie by s e v e r a l  d i f f e r e n t  methods (Appendix A and  C )  
p o i n t e d  o u t  t h e  f ac t  t h a t  s i g n i f i c a n t  areas w i l l  be exc luded  from 
t h e  r e a c t i o n  t i m e  zone as  w e l l  a s  i n c l u d i n g  areas which need  n o t  be 
p r o t e c t e d  because  t h e y  are down g r a d i e n t  and are  c o n f i n e d  from t h e  
a q u i f e r .  These a n a l y s e s  i n d i c a t e  t h a t  f o r  l a rger  communities t h e  
need f o r  more d e t a i l e d  a n a l y s i s  i s  d e f i n i t e l y  t he  approach  t o  
unde r t ake  u n l e s s  t h e  community decides t o  u s e  larger  t h a n  n e c e s s a r y  
r e a c t i o n  times w i t h  t h e  simpler methods ( f i x e d  r a d i i ,  e t c ) .  

T h e  e v a l u a t i o n  done on t h e  Tor r ing ton  a l l u v i a l  a q u i f e r  p o i n t e d  o u t  
t he  fac t  t h a t  it w i l l  be v e r y  d i f f i c u l t  t o  p r o v i d e  large r e a c t i o n  
times t o  contaminant  s p i l l s  because  t h e  movement of  groundwater  i s  
a t  s i g n i f i c a n t  l e v e l s  th roughout  most of t h e  a q u i f e r .  T h e  
widespread problem of  n i t r a t e  p o i n t s  t o  t h e  f ac t  t h a t  t h e  e n t i r e  
area must be under  best management t y p e  p r a c t i c e s  i n  o r d e r  t o  
c o n t r o l  and manage t h e  a q u i f e r  t o  t h e  b e n e f i t  o f  a l l  u s e r s  i n  the 
area.  I t  w i l l  r e q u i r e  mon i to r ing  wells i n  t h e  s o u r c e  areas of  t h e  
a q u i f e r  f e e d i n g  t h e  mun ic ipa l  wells t o  a l low t i m e  t o  p r o v i d e  
c l eanup  o r  r e a l l o c a t i o n  of  w e l l  usage  by T o r r i n g t o n .  

I n  b o t h  t h e  L a r a m i e  and Tor r ing ton  s i t u a t i o n s ,  it w i l l  r e q u i r e  
changing  zon ing  r equ i r emen t s  and o t h e r  measures  o f  p u b l i c  
i n f o r m a t i o n  t o  be t te r  p r o t e c t  t h e i r  w e l l  f i e ld s  from f u t u r e  
con tamina t ion  . 
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Introduction 

Groundwater supplies roughly 25 percent of all the 

fresh water used in the United States. This nation has a 

large appetite for groundwater which is indicated by the 

fact that in 1980 it consumed approximately 89,000 million 

gallons per day (mgd). Of this total, agriculture is the 

greatest user, devouring roughly 68% of the total or 61,200 

mgd. Industrial uses and power generation account for 

another 15% or 12,500 mgd and the remaining 17% or 15,000 

mgd are for human consumption. In rural areas, roughly 96% 

of all drinking water originates from groundwater sources. 

(Jaffe, 1987) 

In 1972, the government of the United States passed the 

Clean Water Act (CWA). The goal of the CWA was to make the 

nation's waters fishable and swimmable by 1983 and to end 

the discharge of toxic chemicals into surface waters by 

1985. In December of 1974, the Safe Drinking Water Act 

(SDWA) was signed into law, this gave the EPA power to set 

and enforce standards for hazardous substances that occur in 

drinking water. This legislation was designed to clean up 

all the nations surface waters, but still nothing was 

mentioned about the nation's vast unprotected groundwater 
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supplies. Large amounts of contaminates were allowed to 

enter the nation's groundwater supplies through underground 

storage tanks, landfills, and other types of pits and ponds. 

It was not until the 1986 Amendments to the SDWA that 

the nation's groundwater sources were to be protected from 

contamination. The amendments authorized two new provisions 

for groundwater protection in the SDWA, the first was the 

Wellhead Protection (WHP) program and the second was the 

Sole Source Aquifer Demonstration (SSAD) program. These 

amendments were the first of a nationwide program to protect 

groundwater resources used for public water supplies from a 

wide range of potential threats. Both of these programs are 

designed to support the development of State and local 

efforts to protect their groundwater resources. 

The WHP program is designed to assist States in 

protecting areas surrounding wells within their jurisdiction 

against contaminants that may have adverse effects on human 

health. These zones, denoted as Wellhead Protection Areas 

(WHPA's), are defined in the SDWA as "the surface and 

subsurface area surrounding a water well or well field, 

supplying a public water system, through which contaminants 

are reasonably likely to move toward and reach such water 

well or field." (U.S. EPA, 1987). 

The SSAD program is designed to protect critical 

aquifer protection areas located within areas designated as 
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sole or principal source aquifers. A sole or principal 

source aquifer is defined as "an area having an aquifer 

which is the sole or principal drinking water source for the 

area and which, if contaminated, would create a significant 

hazard to public health." (Calabrese, 1989). 

The wellhead protection areas are needed to safe guard 

against contamination from three general divisions of 

threats. The first is the direct introduction of 

contaminants to the area immediately contiguous to the well 

through improper casing, road runoff, spills, and accidents. 

A second basic threat is from microbial contaminants such as 

bacteria and viruses. The third major threat is from the 

broad range of chemical contaminants, including inorganic 

and naturally occurring or synthetically-derived organic 

chemicals. 

The Environmental Protection Agency (EPA) has outlined 

six methods to produce a delineation of the area that should 

be protected around a well. The methods are listed below in 

order of increasing technical sophistication and cost: 

Arbitrary fixed radii 

0 Calculated fixed radii 

Simplified variable shapes 

. Analytical methods 

0 Hydrogeologic mapping 

. Numerical flow/transport models. 
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The above methods range from simple and economical methods 

to highly complex and expensive ones. 

The purpose of this paper is to discuss how these 

delineation methods can be used to help define the WHPA for 

a confined aquifer. The Casper aquifer in the area 

surrounding the City of Laramie, Wyoming will be used as an 

example of how to delineate and protect a group of confined 

aquifer well fields from potential contamination. 

area around Laramie, Wyoming encompasses 192 mi2 within 

T. 14 N through T. 17 N. and R. 72 W. through R. 73 W. 

Figure 1 shows the location of the study area and sites that 

will be mentioned in the paper. 

The study 

The Casper aquifer in the area of Laramie, Wyoming 

includes the Casper and Fountain Formations, which have a 

combined thickness that ranges from 0 to 750 feet in the 

area. 

and the Fountain Formation is of Pennsylvanian age. The 

Casper Formation is comprised of a series of interbedded 

sandstones and limestones. The sandstones are rather thin 

and quite permeable, while the limestones possess very 

little permeability. 

permeable arkosic sandstones and lenses of sandy shale. As 

the formations head northward into the Laramie Basin, the 

Casper limestone replaces the sandstone, and the Fountain 

Formation slowly thins and eventually disappears. 

The Casper Formation is of Pennsylvanian-Permian age 

The Fountain Formation is comprised of 

The two 
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Figure 1. Location of study area in Albany County, Wyo. 
including localities mentioned in the text. 
(Lundy, 1978) 
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formations are confined by underlying pre-Cambrian rock and 

overlying Satanka Shale. 

The Casper and Fountain Formations are the major 

sources of potable water in the Laramie area. 

City of Laramie obtained approximately 70 percent of its 

water, 3.0~10~ gallons per day (gpd) from two springs and 

one well field that discharged from these two formations 

(Lundy, 1987). Today the city has two well fields and one 

spring which can produce approximately 10.5~10~ gpd from the 

Casper aquifer. 

wells. There are 2 wells in the Turner field, capable of 

pumping 4032x10~ gpd. 

the Pope field and are designed to pump 4.45~10~ gpd. 

spring is located at Simpson Springs and can produce roughly 

1 . 7 ~ 1 0 ~  gpd. The Turner well field is located near the City 

Springs area, and is intersected by a number of faults. The 

Pope well field is located along the Pope Fault. 

also pumped from the Casper aquifer for various domestic, 

industrial and institutional purposes in the area 

surrounding the City of Laramie. 

In 1976 the 

The two well fields are comprised of 6 

The remaining 4 wells are located in 

The 

Water is 

To the west of the study area, roughly 20 miles, can be 

founded the following oil fields: 

Quealy Dome 

v Little Laramie 

. Herrick Dome. 
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All three of these oil fields produce from the upper portion 

of the Casper Formation. The oil produced in the Casper 

Formation in this area is sour, containing over 3 percent 

sulphur, and have API gravities ranging from 23O to 27O 

(West, 1953a, 1953b). 

As can be seen, the City of Laramie and the surrounding 

area uses the Casper and Fountain Formations to obtain 

potable drinking water. 

sites and chemical applications, resulting from human 

activities, often allows these pollutants to come in contact 

with groundwater supplies. 

to prevent contaminated groundwater from coming in contact 

with the wells and springs of the area by establishing areas 

of protection which restrict certain 'type of activities 

around them. 

Improper management of contaminated 

One solution to this problem is 

The approach used to delineate WHPA's will be discussed 

on the following pages by first describing the geological 

setting, the aquifer properties associated with the Casper 

aquifer, details of the methods for delineating WHPA's and 

then describing the use of these delineation techniques for 

a confined aquifer with Laramie, Wyoming as an example. 



Geological Setting 

StratiaraDhv 

The Laramie Basin is underlain by sedimentary rocks 

ranging in age from Pennsylvania to Quaternary. 

these rocks is an igneous and metamorphic basement complex 

of pre-Cambrian age. 

Underlying 

The main water bearing formations that the City of 

Laramie uses are the Casper, Pennsylvanian-Permian age, and 

Fountain, Pennsylvanian age, Formations. The Casper 

Formation overlies and interfingers with the Fountain 

Formation. The Casper Formation consists of a series of 

shales, limestones, and sandstones. The sandstones are 

generally fine grained, poorly graded subarkoses that are 

well-cemented in decreasing abundance with: calcite, clay, 

silica, and hematite (Kirn, 1972), whereas the Fountain 

Formation is generally a well graded arkose and is easily 

distinguished from the Casper sandstones. The lower parts 

of the Fountain Formation contain thick beds of arkosic 

sandstone and conglomerates, while the Casper limestones are 

usually microcrystalline and fossiliferous. 

formations move northward in the Laramie Basin, the Casper 

sandstone is gradually replaced by limestone, and the 

Fountain Formation thins and eventually disappears, as shown 

in Figure 2. 

As these 
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Figure 2. Cross-section from southwest to northeast across 
the Laramie Basin. 
limestones in the Casper. (Knight, 1929) 

The black represents 
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In the area of interest, the Casper Formation ranges 

from about 500 to 720 feet in thickness. Benniran (1970) 

reported the thickness of the Casper Formation in Telephone 

Canyon as 687 feet. Lundy (1978) reported thickness of the 

Casper and Fountain Formations near Telegraph Canyon as 712 

and 38 feet, respectively. The reported combined 

thicknesses of the Casper and Fountain Formations at City 

and Pope Springs are 650 and 700 feet. 

The Casper Formation outcrops in an area west of the 

Laramie Mountains, elevations of about 8900 feet, to the 

City Springs area, as shown in Figure 3. At City Springs, 

the Casper Formation begins to curve downward beneath the 

City of Laramie where it becomes buried by the Permian 

Satanka Shale, Forelle Limestone, and the Chugwater 

Formations. They dip westward at angles between 2 O  and 8 O  

and strike approximately north-south (Lundy, 1978). By the 

time the Casper and Fountain Formations reach the center of 

the Laramie Basin, they have become deeply buried by the 

overlaying formations. 

These overlaying formations contain thick 

(approximately 1,000 feet) impermeable shale beds which act 

as confining layers and help create the artesian conditions 

in the underlying Casper and Fountain Formations. 

formations contain layers of red siltstone, mudstone, and 

shale which is subordinated by laterally extensive thin 

These 
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Figure 3. Casper Formation Outcrop area in the vicinity of 
Laramie, Albany Co., Wyo. (BannerJ978) 



12 

limestone, dolomite, and gypsum beds (Lundy, 1987). 

The Fountain Formation lies unconformably upon rocks of 

pre-Cambrian age. This underlying pre-Cambrian basement is 

composed of granite gneiss, anorthosite, and gabbro. Figure 

4 illustrates a typical geological cross section of the 

pre-Cambrian basement to the Triassic overburden. 

Structural Geoloqy 

There are two types of faults that occur in the Laramie 

area. One group of faults is the Laramide reverse faults 

and associated monoclines, and the other set of faults is a 

group of normal faults and associated folds (Lundy, 1987). 

This faulting and folding allows vertical flow to occur from 

the Casper and Satanka Shale Formations in the vicinity of 

Laramie. These faults and fracture zones not only act as 

vertical flow paths, but also function as collector 

structures and conduits for groundwater flow to the many 

springs near the Casper-Satanka contact. 

City Springs is intersected by four faults, the 

Jackrabbit fault and monocline, Spur, City Springs, and 

Quarry faults. The Pope well field is located along the 

Pope fault, and Soldier Springs is along the Soldier fault. 

The Spur, City Springs, Jackrabbit, Quarry, Sherman Hills, 

Pope, and Solider faults are all major normal faults. The 
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locations of these tectonic structures is shown in Figure 5. 

Displacements across the faults are as great as 200 ft and 

the dip  of the fault planes range from 60°  to 8 0 °  

(Lundy, 1978). The Sherman Hills, Quarry, and Jackrabbit 

faults all reach the surface around the City Springs area. 

The Soldier and Pope faults also reach the surface around 

their respective well fields. 

feet of stratigraphic displacement from the Soldier fault, 

whereas the Sherman Hills and Quarry faults have 65 and 60 

feet of displacement, respectively. Some areas along the 

Spur fault have displacements as great as 200 feet, and as 

little as 50 feet. 

There is approximately 40 

The Springs fault has a displacement of 

approximately 20 feet. 
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Figure 5. Locations of tectonic structures, selected well 
and springs and groundwater flow direction. 
(US EPA, 1988) 



Groundwater Hydrology 

The regional groundwater flow in the Casper aquifer is 

westward from the outcrop area, in the Laramie Mountains, 

toward the Laramie Basin. 

Hvdraulic Properties of the Rock Units 

Limited data is available on the porosities and 

hydraulic conductivities of the Casper and Fountain 

Formations in the vicinity of Laramie. Porosity is defined 

as the ratio of the volume of voids in the rock to the total 

volume of the rock. Davis (Lundy,1978) determined that the 

porosity of the Casper Formation in the Laramie area was 

approximately 24 percent, however, Evers (Lundy, 1978) found 

15 to 30 percent porosity in the upper 60 feet of the Casper 

Formation in a well to the west of City Springs. West 

(1953a, 195333) found average porosities of the upper 125 

feet of the Casper Formation at Little Laramie, Herrick 

Dome, and Quealy Dome fields of 23, 20, and 14 percent, 

respectively. Kirn (1972) believed that the matrix and 

cement in the Casper sandstones only comprise a small 

percentage of the total rock volume, resulting in the 

intergranular porosity being quite small. The intergranular 

16 
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porosity of one well-cemented Casper sandstone was reported 

by Goodrich (Lundy, 1978) to be 22 percent. 

Transmissivities and hydraulic conductivities have been 

calculated for various locations around the Laramie region. 

Transmissivity is defined as the ease with which water 

passes through an aquifer under a given pressure and 

hydraulic conductivity is defined as the capacity of a 

porous medium to transmit water. West (1953a) determined 

hydraulic conductivities of 2.2 and 4.3 feet/day for the 

Herrick Dome and Little Laramie fields, respectively. 

Morgan (Lundy, 1978) calculated transmissivity and hydraulic 

conductivity for the City Springs area using the Theim 

solution as 18,000 feet2/day and 28 feet/day. Wester (1976) 

determined transmissivity and hydraulic conductivity for the 

Pope well field as 18,000 feet2/day and 26 feet/day using 

the Theirn solution and 23,000 feet2/day and 33 feet/day 

using specific capacity. Banner (1978) reported 

transmissivities for the Pope Springs and the City Springs 

areas as 20,000 feet2/day and 21,400 to 22,700 feet*/day, 

respectively . 
Coefficient of storage or storage coefficient is 

defined as the volume of water an aquifer releases from or 

takes into storage per unit surface area of the aquifer per 

unit change in piezometric head. Wester (1976) reported a 

storage coefficient for the Pope Springs area of 6~10'~. 
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Morgan (Lundy, 1978) reported a storage coefficient for the 

City Spring area of I x ~ O ’ ~ .  Banner (1978) also reported 

storage coefficients of 1x10” and 5x104 for the Pope Springs 

and the City Springs area, respectively. 

The driving force that causes water to flow may be 

represented by a quantity known as the hydraulic gradient. 

Hydraulic gradient is define as the rate of change in total 

head per unit of distance of flow in a given direction. 

Hydraulic gradients can be calculated by using a 

potentiometric surface map. With the use of a generalized 

potentiometric surface map created by Lundy (1978), a 

hydraulic gradient of 0.059 was calculated for the Casper 

aquifer in the area surround Lararnie, Wyoming. 



Wellhead Protection Methods 

Natural groundwater flow patterns are modified by 

pumping wells. 

or piezometric level of a confined aquifer is created by 

each of these pumping wells. These depressions tend to draw 

surrounding groundwater into the well. If contaminates, 

whether chemical or biological, are present in this area of 

depression there is a chance that they will reach the well 

bore at sometime in the future. Thus protection areas 

around wells or well fields need to be developed to guard 

these important groundwater resources from such 

contarnination. 

A cone of depression within the water table 

If an aquifer is protected by an overlaying impermeable 

unit that provides sufficient protection from contaminant 

releases at the surface, then the area surrounding the well 

would not require any areas to be delineated for protection 

beyond the first 100 feet or so directly surrounding the 

wellhead. A confined aquifer that is deeper than 300 feet 

and does not have any fractures or other conduits present in 

the confining unit, also does not require any WHPA 

delineated at the wellhead but should indicate where the 

surface recharge area for the confined aquifer is located 

(US EPA, 1987). 

19 
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There are many examples of wellhead protection programs 

both here in the United States of America and abroad. The 

States of Florida, Massachusetts, and Nebraska all use the 

arbitrary fixed radii method of delineating WHPA'S. Vermont, 

Texas, and also Florida have used the calculated fixed radii 

methods for determining WHPA's. West Sussex, in the 

southern part of England, has implemented an aquifer 

protection policy utilizing simplified variable shapes for 

describing WHPA'S. Holland, West Germany and the State of 

Massachusetts are using analytical methods in outlining 

WHPA's. While the States of Vermont, Connecticut, and 

Massachusetts use hydrogeologic mapping to define WHPA's. 

Finally, Massachusetts and parts of Southern Florida employ 

numerical flow and transport models to delineate WHPA's. 

The city of Kennedale, Texas uses the time of travel 

criteria to determine a calculated fixed radii WHPA. 

Whereas the County of Palm Beach, Florida is a little more 

sophisticated and uses both the time of travel and drawdown 

criteria to determine WHPA's by the use of numerical flow 

and numerical transport models. Franklin, Massachusetts 

applies three WHPA delineation methods, fixed radii, 

numerical model and hydrogeological mapping based on only 

two criteria of distance and flow boundaries to protect its 

recharge areas. 

As mentioned earlier there are six primary methods used 
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to delineated WHPA's. They are listed in Table 1 in order 

of increasing technical complexity and amount of expertise 

required to implement each method. 

methods can be used to define a protection area around a 

well or a spring in either an unconfined or confined porous- 

media aquif er. 

All six delineation 

Table 1. Delineation Methods of various WHPA including 
amount of expertise. 

Method Level of Expertise 

Arbitrary fixed radii Non-technical 
Calculated fixed radii Junior Hydrogeologist/Geologist 
Simplified variable shapes Junior Hydrogeologist/Geologist 
Analytical methods Mid-level Hydrogeologist/Modeler 
Hydrogeologic mapping Mid-level Hydrogeologist/Modeler 
Numerical flow/transport models. Senior Hydrogeologist/Modeler 

These methods will be discussed in the pages to follow, 

along w i t h  the advantages and disadvantages of each method. 

Arbitrarv Fixed Radii 

Delineation of a protection area using this method 

involves drawing a circle of a specified radius around a 

well or well field that is to be protected (Figure 6). 

radius may be based on scientific data or professional 

This 
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Figure 6. WHPA Delineation using the Arbitrary Fixed 
Radius Method. (US EPA, 1987) 
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judgement along with some very general hydrogeological 

considerations. For example, the State of Massachusetts 

uses an area delineated by a 400 foot radius around public 

supply wells. This distance has been established as the 

critical recharge area to the well. This value was selected 

based on the relatively effective attenuation of microbial 

contaminants in the groundwater environment over short 

distances. However, recent studies have shown that some 

chemical contaminates are able to travel much further than 

the 400 feet being used by Massachusetts. The method is 

best suited for use in aquifers that have relatively flat 

piezometric surfaces or water tables. 

Advantages. The arbitrary fixed radii method is an easy 

technique for applying a distance criteria to a wellhead 

protection area. This method can be economical and requires 

relatively little technical expertise. If a well field is 

to be protected, the method can be used to delineate a 

large number of wells in a short period, or the method can 

be used to initially define protection areas until a more 

complex method can be implemented. It is also a good method 

for a small town to use, that does not have the technical 

expertise or funds to do an indepth hydrogeological study 

to obtain the necessary data to delineate a protection area 

using a more sophisticated method. 

Disadvantages. This method may be inexpensive and easy to 
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implement, but it has its drawbacks. Since there is no 

scientific basis for the criteria threshold values, there is 

also a high degree of uncertainty associated with the use of 

this method. As stated earlier, this can be an economical 

method to implement but if the area delineated is under or 

over protected, this could add costs to purchasing or 

controlling land in the area where protection is not 

required. Recharge areas may lay outside the radius and 

also outside the area of protection offered by this method. 

Calculated Fixed Radii 

This delineation method is based upon calculating a 

radius of a circle for a specified time of travel (TOT), as 

shown in Figure 7. A radius is determined using a 

volumetric flow equation that is based on a volume of water 

that will be drawn to a well in a specified time. The 

volumetric flow equation is defined as 

where 

r = Radius of protection 

Q = Pumping rate of well 

n = Aquifer porosity 

H = Open interval or length of well screen 

t = Travel time to well. 
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The amount of time is based on the amount of time considered 

adequate to allow clean up of the groundwater contamination 

before it reaches the well or the time to allow adequate 

dilution or dispersion of the contaminant. 

equation assumes that the porosity is constant throughout 

the aquifer. If the aquifer porosity does change, then the 

volume of water contained in the cylinder will be wrong 

causing the calculated radius of protection to be incorrect. 

Advantages. This method is quite easy to implement and is 

relatively inexpensive, although it does require a small 

amount of technical background. Since very little technical 

experience is required to run this method, small towns with 

the help of a consultant can utilize this method. The 

consultant would just be used to determine the formation 

parameters of the aquifer, if they were not presently 

available to the town. After all the needed information is 

made available a number of wells can be delineated, with 

more accuracy then offered by the previous method, in a 

short period of time. 

obtained from this method in unconfined or confined 

aquifers. 

Disadvantage. This method is slightly more expensive than 

the arbitrary fixed radii method, because it requires 

determining some hydrogeological properties from around the 

well site or field, because it is more accurate than the 

The above 

The same degree of accuracy is 
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arbitrary fixed radii. However, this method does not take 

into account many of the factors that influence contaminant 

transport. This effect is present when the aquifer is in an 

area of heterogeneous and nonisotropic hydrogeology or where 

there are significant hydraulic flow boundaries. 

Simglified Variable Shages 

This delineation method involves the use of 

"standardized forms", that are generated with analytical 

models. The standardized forms are developed using data 

from different sets of hydrogeologic parameters with varying 

pumping rates, hydraulic gradients, storativities, and 

aquifer thicknesses. Figure 8 shows some of the 

standardized forms that the Southern Water Authority in West 

Sussex, Great Britain. uses to delineate WHPA's. When a 

WHPA is to be delineated for a certain well, the 

standardized form that most closely matches the pumping rate 

and parameters at the well is chosen. This standardized 

form is then drawn over the well in the direction of the 

groundwater flow. 

Standardized forms for different criteria are 

calculated for different sets of hydrogeologic conditions. 

The different standardized shapes are calculated by first 

determining the down gradient and lateral extent of the 

groundwater flow boundaries around the pumping well, and 



2 8  

-0.5 LJ 

'1 .b, 

' @ o m  

r- I -- 
-- 

% 
*'I 

I 
I 
I - I * 

I 
I 
I 
8 
I 
a 
I 
I 

I I 

. 

..\ I 
' \  ! 

\ 

Figure 8 .  Standardized forms used by the Southern Water 
Authority. (Southern Water Authority, 1985) 



29 

then using a TOT equation to determine the up gradient 

extent of the protection area. A uniform flow equation is 

most commonly used to determine the down gradient and 

lateral boundaries for a well. The uniform flow equation as 

defined by D . K .  Todd (US EPA, 1987) is show in Figure 9. 

The uniform flow equation presented in Figure 9 is for a 

confined aquifer. The equation can also be used in an 

unconfined aquifer if b is replaced by the uniform saturated 

aquifer thickness h,, provided that the drawdown is small in 

relation to the aquifer thickness. The same assumptions 

that apply to the Dupuit solution, also apply to the uniform 

flow equation. 

Advantages. Once the standardized shapes for an area are 

determined, any well within the surrounding area can have 

its WHPA easily delineated within a short period of time. 

The method requires only a small amount of field data to 

determine the standardized shapes. Once these shapes are 

determined the only information required to delineate a WHPA 

is the pumping rate, material type, and the direction of 

groundwater flow. 

with the help of a consultant who determines the 

hydrogeologic parameters needed to calculate the shapes. 

The method is more refined than the fixed radius method, and 

only has a moderate increase in cost. 

This method may be used by a small town 
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Figure 9. Uniform Flow Equation (Todd, 1980). 
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Disadvantages. There may be a large expense in obtaining 

enough field data to determine the hydrogeological 

properties in an area. 

in areas where there are geologic heterogeneities and 

Also the method may not be accurate 

hydrologic boundaries, and where the groundwater flow 

direction is uncertain. 

Analytical Methods 

This is the most common type of delineation method used 

in areas where the hydrogeologic setting is complex and a 

greater accuracy is needed than can be obtained from any of 

the above methods. WHPA's are delineated with the use of 

equations that can define the groundwater flow and 

contaminant transport. Usually a uniform flow equation is 

used in conjunction with either a TOT or flow boundary 

criteria to determine the protection area. Limited 

hydrogeologic data is required to run the models, however, 

these parameters are necessary for each well for which the 

method is applied. The hydrogeologic parameters usually 

include transmissivity, porosity, hydraulic gradient, 

hydraulic conductivity, and saturated thickness of the 

aquifer . 
\ 

The uniform flow equation is used to determine the null 

or stagnation point down gradient from the well and the TOT 

or flow boundary criteria are used to determine the up 
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gradient extent of the protection area. Computers are 

usually used to help calculate the limits of these 

protection areas. Figure 10 shows an area that has been 

delineated using the analytical method. 

down gradient null points are also shown in the figure. 

Advantages. Most hydrologists and engineers should be able 

to understand the methods and equations involved, and should 

be able to apply them to the proper situation. 

does take into account the site specific hydrogeologic 

parameters, thus providing a more accurate representation of 

the actual hydrogeologic setting than any of the previous 

methods mentioned. 

Disadvantages. This method would be hard for a small town 

or city to implement, since they probably would not have the 

technical expertise to understand and use the equations 

correctly, however, a larger city with a engineering 

department should have no problems delineating WHPA's using 

this method. The methods use models that generally do not 

take into account hydrologic boundaries, aquifer 

heterogeneities, and non-uniform rainfall or 

evapotranspiration. The costs of using the analytical 

methods to delineate WHPA's is relatively low, however, the 

implementation costs can be high if site specific 

hydrogeologic data must be determined for each area to be 

protected. 

The up gradient and 

The method 

Site studies or field exploration may be needed 
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to determine the required information. 

Hvdroaeoloaical mappinq 

In many hydrogeologic settings, hydrogeological mapping 

can be used to map flow boundaries and time of travel 

criteria through the use of geological, geomorphic, 

geophysical, and dye tracing methods. Geologic observations 

may provide surface indications of lithology changes, which 

will correlate with WHPA boundaries, as shown in Figure 11. 

Surface geophysical data can be used to map the spatial 

extent or thickness of unconfined aquifers. Hydrogeologic 

mapping may also include mapping of groundwater levels in 

order to identify groundwater drainage divides, as shown in 

Figure 12. The method is particularly appropriate in some 

types of aquifers, such as upland carbonate aquifers that 

recharge into conduit karst during storm events. 

Surface geophysics can be used to delineate WHPA's, by 

mapping subsurface boundaries in unconfined aquifer systems. 

The most commonly used geophysical technique for delineating 

WHPA's is seismic refraction and electrical resistivity, 

with gravity and magnetic methods having only secondary 

applications. 

Dye tracing can be used to map underground conduits by 

injecting dyes or tracers into the groundwater system. The 

dye is introduced at a sink hole or stream that flows into 
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the groundwater which is 

is to be included in the 

suspected to flow to the area which 

delineated WHPA. Water from 

the supply well or stream is then monitored and/or observed 

for a period of time that is adequate for the tracer to 

reach the supply. If the tracer is detected in the supply, 

the source from which the tracer was injected becomes part 

of the WHPA. 

Using hydrogeological mapping to delineate a WHP 

program can be either inexpensive or expensive. It depends 

on the type of method used and the amount of hydrogeological 

data that is present for the area being delineated. 

Geophysical techniques are generally the most expensive, 

followed by mapping of geologic contacts, dye tracing, 

regional water level mapping, and basin delineation using 

topographic mapping. 

Advantages. This type of delineation method is well suited 

to hydrogeologic settings dominated by near surface flow 

boundaries, as are found in many glacial and alluvial 

aquifers with high flow velocities, and also highly 

anisotropic aquifers, such as fractured bedrock and conduit 

flow karst. 

Disadvantages. The method requires specialized expertise in 

geologic and geomorphic mapping, plus significant judgement 

on what constitutes likely flow boundaries. This method is 

less suited to delineating WHPA's in large or deep 
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aquifers, however, the method can be used to determine the 

flow boundaries for these types of aquifers. 

Numerical Flow/TransDort Models 

Numerical flow/transport models are particularly useful 

for delineating WHPA's where the boundary and hydrogeologic 

conditions are quite complex. Computers are usually used to 

simulate groundwater flow and/or contaminate transport using 

mathematical approximations in computer programs. Input 

data for these programs may include such hydrogeologic 

variables as permeability, porosity, specific yield, 

saturated thickness, recharge rates, aquifer geometries, and 

the location of hydrologic boundaries. Solute transport 

parameters such as dispersivity, diffusion, and half lives 

may also be incorporated into these models. 

of numerical models are presently available both 

commercially and through organizations and universities. 

A wide variety 

Numerical modeling methods can be used to map criteria 

such as TOT, flow boundaries, and drawdown. This is 

typically performed by using a two-step procedure with a 

flow model being used to generate a hydraulic head field, 

and then a particle tracking or solute-transport program 

used to aid in outlining the WHPA. Figure 13 outlines the 

delineation of a well in the Cape Cod area using the 

numerical model, analytical model, and the calculated fixed 
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radius equation. 

Advantages. 

delineations, though at a considerable cost. The models can 

be applied to nearly all types of hydrogeological settings, 

and can simulate dynamic aspects of the hydrogeologic system 

that affect WHPA size and shape. 

Disadvantages. 

than for the other methods, and considerable technical 

expertise in hydrogeology and modeling is required by this 

method. 

degree of accuracy is required. Since higher technical 

skills are required to run a numerical model, it would be 

difficult for a small town to implement such a program 

without the help for a large consulting company and funding 

from State or Federal agencies. However, in larger cities 

that have large engineering departments that have some 

experience with modelling and have larger budgets, they 

should have few problems in delineating WHPA's using 

numerical modeling methods. 

These models offer possibly the most accurate 

Costs for this method are usually higher 

The higher costs may be warranted where a higher 

Confined Aauifer Situations vs Unconfined 

Water can exist below the land surface in two 

completely different physical conditions. 

conditions are either a confined or unconfined aquifer. 

The two physical 
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An unconfined aquifer is one in which the water table forms 

the upper boundary to the aquifer. A confined aquifer is 

defined as an aquifer bounded from above and below by 

confining layers that are of a distinctly lower permeability 

than that of the aquifer. These two distinct aquifer types 

require different methods of wellhead protection in order to 

protect the groundwater system from possible contamination. 

Figure 14 shows the two types of aquifers. 

I 7 1  Bedrock recharge zone 

Figure 14. Diagram of confined and unconfined aquifers. 
(Driscoll, 1986) 

The unconfined aquifer is the most commonly 

contaminated aquifer, this is because it does not have a 

protective or confining layer between the water table and 

land surface. 
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In the unconfined aquifer the entire area up gradient 

from the well or well field, including the area directly 

around the well to the recharge area, is susceptible to 

groundwater contamination and thus the area surrounding the 

well for.some distance from the well requires protection 

from contamination. The reason for this amount of 

protection is the unconfined aquifer does not have an 

impermeable layer between the surface and the water table, 

to protect it from contaminates that are spilled or placed 

in or on the surface of the land. 

Conversely, a confined aquifer requires protection from 

contamination only in the areas directly surrounding the 

wellhead and the recharge area. If faults are found in the 

subsurface or abandoned or improperly cased wells that 

penetrate into the confined aquifer are present in an area 

encompassing the up gradient area of a well or well field to 

the recharge area of the confined aquifer, these areas need 

to be addressed as possible sites for groundwater 

contarnination. 

All six delineation methods could be employed in 

defining the wellhead protection area for an unconfined 

aquifer. The fixed radii methods are best implemented in 

piezometric surfaces that are almost flat. The more complex 

methods are usually used in areas where the piezometric 

surface is sloping a significant amount, causing the down 



4 3  

gradient null point to move closer to the well. The 

previous delineation methods can be used when different 

types of regions need to be delineated or when the required 

delineation area does not need to be that accurate, but 

still offer the aquifer some sort of protection from 

contaminates that originate from above or below the soil 

surf ace. 

Since a confined aquifer has an overlying impermeable 

layer above and below, this probably provides adequate 

protection from contaminate spills from both above and below 

the soil surface. Thus, the only area requiring protection 

is the recharge area and the area immediately surrounding 

the well bore is to be protected. Exceptions to this would 

be in areas where there are fractures or other conduits 

present in the confining layers. Depending on the amount 

of protection required, the simplest methods, such as the 

fixed radius method, may be used to protect areas where 

there are fractures or conduits in the confining layer and 

in the area near the well bore. More exotic methods, such 

as analytical flow equations or numerical models, may be 

chosen if a greater amount of accuracy is required in these 

special areas. If the recharge area is at a great distance, 

a distance great enough to allow for sufficient attenuation 

of the chemical contaminates to levels that are acceptable, 

away from the well then this area may not need to be 
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protected from contamination. However, if the recharge area 

is in close proximity to the well, then this area may need 

some sort of protection. Depending on the degree of 

protection required, hydrogeological mapping, analytical 

flow equations, or numerical modelling may be used to 

delineate the area for groundwater protection. 



WHPA Delineation for a Confined Aquifer 

There are many examples of wellhead protection programs 

here in the United States and Europe. The structure and 

scope of these programs vary and reflect the differing 

demographic, political, and hydrogeologic conditions present 

at the site. Some states and municipalities have developed 

wellhead protection as part of their overall groundwater 

protection programs. The main focus of these programs is 

the delineation of wellhead protection areas that impose 

land use controls to protect the public water supply wells. 

This paper will use the Casper Aquifer in the area 

surrounding the City of Laramie, Wyoming as an example of 

how to delineate wellhead protection areas for confined 

aquifers. 

city and are operated by the city. 

The wells that are to be delineated belong to the 

As mentioned earlier, the City of Laramie and the 

surrounding area uses the Casper aquifer to obtain potable 

water. The City of Laramie, presently, has not implemented 

any WHPA's to be delineated for its two well fields and one 

spring, since it does have an alternative surface water 

source, the Laramie River, for obtaining its drinking water. 

Even though the City of Laramie does have that can be uses 

45  
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as an alternative source of potable water, a WHP program 

should be set up to protect the Casper aquifer in the area 

surrounding the city. This program should offer protection 

to the aquifer from three general threats. The first threat 

is the direct introduction of contaminants to the area 

immediately surrounding the well through improper casing, 

road runoff, spills, and accidents. The second basic threat 

is from microbial contaminants and the third is from a broad 

range of naturally occurring or man-made chemical 

contaminants. 

In order to accomplish the goal of protecting the 

Casper aquifer from the above threats, a series of 

protection areas should be outlined. The first area would 

encompass the area directly around the well, this would 

protect the aquifer from the first threat, A second area 

would be required to protect the recharge area. 

also include the zone of contribution to the well. Finally, 

the area around faults which could cause flow to the well 

would need to be protected, since these act as conduits for 

groundwater flow which can move contaminants directly to the 

wellhead, 

This would 

The WHPA delineation methods used in this example 

include (1) a calculated fixed radius method and (2) an 

analytical method (using the uniform flow equation). An 

arbitrary fixed radius (AFR) method is to be used to 
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delineate the areas around faults that outcrop up gradient 

from the wells in the recharge area. A comparative analyses 

of the delineated areas will be done for the two well fields 

and the one spring. 

Selection criteria for Methods used in Delineation 

A time of travel (TOT) criteria based on ease of 

application was used because of the degree of accuracy that 

this criteria can obtain in this type of geologic setting. 

The rationale used in choosing the time values used for 

determining the WHPA's was based on the assumption that the 

time allotted would allow for sufficient attenuation of 

chemical contaminates to levels that would allow for the 

contaminant to meet safe drinking water standards or to 

allow enough time to clean up the contaminate before it 

reaches the well as well as cleaning up the contaminated 

area 

The numerical flow/transport model was not used in 

delineating the City of Laramie well fields, because the 

analytical method was felt to accurately define the 

protection area. Also the numerical flow/transport model 

was considered to be beyond the scope of this study. 

The methods were chosen based on the ease of 

determining and implementing the WHPA methods. 
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Calculated Fixed Radius. 

The calculated fixed radius (CFR) method uses a 

volumetric flow equation to determine the radius of the 

protection area. The WHPA will be delineated with the CFR 

method using a TOT criteria of 10, 25, and 50 years, 

Analvtical Method. 

The analytical method that will be used is based on the 

uniform flow equation developed by Todd (US EPA, 1987). The 

model determines the stagnation or null point for a well and 

also how wide the WHPA is to be to give adequate protection 

to the recharge area, The up gradient boundary is 

determined by using 10, 25, and 50 year TOT criteria and a 

travel time equation to calculate the distances. 

The area calculated by the analytical method differs 

from the area determined by the calculated fixed radius. 

The reason for this difference is because the two flow 

velocities at the protection boundaries are different, this 

results in a different time of travel for each method. 

Fault Delineation Method. 

The faults are to be delineated using the Arbitrary 

Fixed Radius (AFR) method. This method will be modified so 

that the area surrounding faults which lead to wells are 

protected by a buffer zone. This buffer zone would 
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encompass an area of 400 feet on each side of the fault 

along the fault plane. This buffer zone will extend up 

gradient and down gradient from the well a distance 

approximately 4600 feet along the fault plane. The area 

outlined in Figure 17 should be enclosed by a fence. This 

would prevent the possibility of any contaminates coming in 

contact with the exposed fault. If a spill was to occur 

near the fence off area, it should be cleaned up quickly and 

the fault plane should be grouted near the surface. In fact 

it may be justified to grout the faults from the land 

surface to the confining layer at the well casing area 

initially. The reason to grout the area around the fault, 

is to prevent any contaminate from entering the aquifer 

along the fault and traveling down the fault plane to the 

well. 

The boundary width was picked on the basis that 

microbiologic contaminates that are found in a groundwater 

environment are effectively attenuated over short distances. 

Recent studies have shown, however, that some chemical 

contaminates are able to travel much further than the 400 

feet. The lateral extent of the boundaries were based on 

the 50 year travel time to the well using the aquifer 

parameters calculated in Table 2. 
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Data Reauirements. 

Hydrogeologic data used in calculating the WHPA by the 

The CFR and analytical method are shown in Tables 2 and 3. 

values for hydrogeologic properties around the well fields 

were determined from a report done by Banner (1978) and 

values for the Casper aquifer in areas away from the well 

fields were determined by Lundy (1978) using Huntoon well 

X 1 .  The hydrogeologic data from Huntoon well #l is only an 

approximation of the spatially varying parameters in the 

aquifer . 

Calculations and ComDarisons of Resultina WHPAIs. 

Tables 2 and 3 show the calculations for the two well 

fields and the one spring. 

the WHPAIs are given in Table 4. 

The equations used to determine 

Figures 15 through 18 show the delineated WHPA's for 

the well fields, spring, and faults using the CFR and 

analytical methods. 

coverage for the 10, 25, and 50 years. However, the 

analytical method protects more of the recharge area for 

each well then does the CFR method. The CFR may over 

protect the aquifer down gradient, and under protect the 

aquifer in the recharge area above the well. 

The CFR provided the largest area of 

The analytical method offers less up gradient 

protection for the 10 year time of travel criteria. For the 
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25 year TOT both methods give equal up gradient protection 

for each well field, however, the up gradient protection 

area f o r  Simpson Springs is larger when calculated by the 

analytical method. 

calculated by the analytical method using the 50 year TOT 

criteria encompasses more area up gradient, than does the 

CFR method. 

The up gradient protection area 
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Figure 15. WHPA Analysis f o r  Laramie Example (10  yr TOT). 
(US EPA, 1988) 
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Figure 16. WHPA Analysis f o r  Laramie Example ( 2 5  yr TOT). 
(US EPA, 1988) 



54 

Figure 17. WHPA Analysis f o r  Laramie Example (50 yr TOT). 
(US EPA, 1988) 
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Figure 18. Delineation of Fault areas. 
(US EPA, 1988) 
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Table 3. Analytical Method Delineation Areas for Each Well Field. 

Hydrogeologic parameters in the Casper Aquifer" 

i = 0.0594 
K = 1.5 ft/d 
Porosity = 24% 

Flow velocity in aquifer = 0.37 ft/d 

Distance to lO-year TOT line: 1355 ft (0.25 mi) 
Distance to 25-year TOT line: 3390 ft (0.65 mi) 
Distance to 50-year TOT line: 6775 ft (1.28 mi) 

Pope 

City 

Springs area 

T = 20500 ft2/d 
Open interval=700.00 ft 
Flow rate = 595000 ft3/d 

Boundary limit for water entering well:Y, = ,+ 245 ft 
Distance to down gradient null point:X, = - 80 ft 
Springs area 

T = 17250 ft2/d 
Open interval = 650.00 ft 
Flow rate = 577500 ft3/d 

Boundary limit for water enter well 2 280 ft 
Distance to down gradient null point - 90 ft 

Simpson Springs area 

T = 17250 ft2/d 
Open interval = 700 ft 
Flow rate = 227250 ft3/d 

Boundary limit for water enter well 110 ft 
Distance to down gradient null point -35 ft 

Note a: Value is for Casper aquifer in the vicinity of 
Huntoon #lo 
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Table 4 .  Calculations Used In Determining WHPA's. 

CFR Method 

Volumetric Flow Equation: .=.\1% 
Analytical Method 

i Flow velocity in aquifer: Ky 

Distance 

Boundary 

Distance 

A A  

to TOT line equation: (v)(t) 

limit for water entering well: 
Q YL=f - 

2 Ti 

to down gradient null point: 
Q x,= - - 

2 n T i  

Where: 
Q = Pumping rate of We11 
n = Aquifer porosity 
H = Open interval or length of well screen 
t = Travel time to well 
T = Transmissivity 
i = Hydraulic gradient 
v = Flow velocity 
n = 3.1416 
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Unconfined aquifers are plentiful through out the 

country, however, they are most often the aquifers to become 

contaminated from chemical and biological sources. This is 

because the unconfined aquifer does not have a protective 

shield between the ground and water surface and they are 

exposed to the atmosphere, so they can become easily 

contaminated. 

Unlike the unconfined aquifer, the confined aquifer has 

a confining layer between the ground surface and the water. 

Even with this protective layer, confined aquifers can still 

become contaminated. Critical areas where confined aquifers 

may become contaminated from chemical or biological 

pollutants are around recharge areas, and the area directly 

surrounding the well. Also if the confining layer is 

faulted or disjoined, there is a possibility that these 

areas could act as possible conduits for contaminates to 

travel along and eventually pollute the groundwater supply. 

Therefore these areas should also be protected from both 

chemical and biological contamination. 

Every city should have some sort of wellhead protection 

program operating to protect its groundwater supplies 

whether those supplies are in confined or unconfined 

aquifers . 
fixed radius method or a complex numerical flow/transport 

model, but some sort of program should be in operation. 

The delineation method may be a simple arbitrary 

It 
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can be as easy as choosing a radius for the arbitrary fixed 

radius method or as difficult and time consuming as 

gathering data for the simplified shape method or 

hydrogeological mapping. 
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I n t 15 3 t: 12 c t 'L t3 n 

Tn m : ~  pyeVii7i l 'q  ( z e p o r t  i datetj. 06,/'25/'33 a n d  r p r ) c r t  2 

&3ted 0 7 , / 2 2 , / 9 2  i, t ! ~  well head  p r o t e c t i m  areas  ( W H P A s )  w i t h  

r e s g e c t  t o  T u r n e r  2nd  Pope  well f i e l d z  were d e L i n e 2 t e ~ 3  based o n  

t w  well Z k c h a r g e  v a l u e s  o b t a i n e d  f r o m  Lsr .2mie  Water Trea tment  

F i s n t  and S t a t e  EnGineer's Office ( C h e y n n e )  r e spec t ive iy .  A h ; o ,  

i n  r e p o r t  2, it was s t a t e d  t h a t  W H P A s  f o r  T u r n e r 1  and T u r n e r ?  f c r  

-7, 5 a n d  10 yea r s  d o  n o t  change much. The maps attached w i t h  t h e  

p r e s e n t  r e p o r t  contains W H P A s  with reasonable s h a p e s  and sizes 

with t h e  same discharge values p r e s e n t e d  i n  r e p o r t  2 .  The o n l y  

difference between t h e  current s t u d y  a n d  t h e  p r e v i o u s  one  ( r e p o r t  

2 )  is t h a t  t h e  a rea  of  each of zones  1 and 2 used f o r  model ing  

was shortened i n  n o r t h - s o u t h  direction s o  t h a t  each zone of  t h e  

aquifer can be c o n s i d e r e d  more like a n  E q u i v a l e n t  P o r o u s  M i d i u r n  

(ZPXj. T h e  t r a n s m i s s i v i t y  v a l u e s  were a l s o  t a k e n  to be  less- thr? 

what was c o n s i d e r e d  i n  e a r l i e r  s t u d i e s  because once t h e  aquifer 

was assumed as a p o r o u s  medium, the e q u i v a l e n t  transmissivity 

n u s t  be less t h a n  those at f a u l t  locations. I n  t h e  pze" ious  

delineations t h e  transmissivity at f a u l t  I m a t i o n  was c o n s i d e r e d  

t o  be same as  t h a t  o f  t h e  w h o l e  aquifer. F o r  the respective 

values  of transmissivity, porosity and well l o c a t i o n s ,  see  t a b l e s  

1 a n d  2 i n  the n e x t  section. 

I n  t h i s  r e p o r t  a b r i e f  d i s c u s s i o n  abou t  various methods 

available for d e l l n e a t h g  WHPAs i n  f r a c t u r e d  rocks is incIuded. 

A l s o ,  the criteria for c o n s i d e r l n q  a f r a c t u r e d  r o c k  mediuin as a n  



. .  f 

q l ~ i - \ . f & e - i t  F.'r]yc!U:y ye<j '?rg ("PM i 4p3;cr: 2 9 ( 7  . 

3 e l i n 2 3 t i o r - 1  -- c,r' YET35 zt Lacwnnic! Basin 

"9 qpyT?Ac C t J l j 5  !-!+=?s F::':F. r m 1 n 2 ~  of ' zones  s a d  tfiei: 

respective I Q C ~ ~  ions based oil t r a n s m i s s  ivity a n d  po r r l s  i t y  v.3)li-ie~. 

Therefore ,  i r i  t 1 : iz  .=t,uc-ly,. the ac,rui f ~ r  wt ' i s  d i v i d e d  i n t o  two  z c n e ~ .  

( s e e  f i g u r e s  I, 2 and 3 ) .  Zcne 1 i n c l : : d e s  31: t h e  w e 1 1 5  arid rn[-~A 

o f  the f r a c t u r e s  i n  t h e  €s)~z?,s  (-if t ; t i i l t s  s u r r { > i l T T d l n q  the W P ~ ~ S .  

T h e  t r a n s r n i s s i v i t i e s  at f w ? t  l o c a t i m s  z x g e  f r o m  1.9?00 Et*2/day 

to 2 3 0 0 0  ft*2/day I L u n d i ,  1978 1 .  T h e r e f o r e ,  the e q u i v a l e ~ t  

t r ansmiss iv i ty  f o r  t h e  w h o l e  g f  zone 1, was taken to be 1 5 0 0 0  

ftA2/day. T h u s  the EPM a p p r o a c h  w a s  u t i l i z e d .  Next-,, each zone 

was discretized into various cells each  h a v i n g  a hydraulic head 

value. The hydraulic heads  were obtained by interpolatin9 t h e  

v a l u e s  given i n  t h e  potentiometric map of L u n d i  ( 1 9 7 8 )  

Zone 2 is s i t u a t e d  near t h e  downstream end of g r o u n d  water 

f l o w .  There is n o  mun ic i_na l  well s i t u a t e d  I n  this z o n e  and t h e  

presence of f a u l t s  is minimal i n  this z c n e .  The  transmissivity 

and  p o r o s i t y  values  f o r  t h i s  zone  were t a k e n  to be 1090 f t " 2 / d a y  

a n d  0 . 0 3  respectively. T h e s e  v a l u e s  were assiimed f r o m  past, 

experience of  WHPA d e l i n e a t i o n  d t  T o r r i n f 2 t o n  which was ?l?.rly a. 

p o r o u s  medium aquifer. 

From t h e  g e o l o g i c a l  sections giver! w i t h  Lundi's 

e q u i p o t e n t i a l  map ( f i g u u e  3 i n  L u n d i ' s  Thesis), i t  is e v i d e n t  

t h a t  thickness o f  t h e  a q u i f e r  is g r e a t e r  i n  t he  west  t h a n  t h a t  in 

t h e  e a s t .  T h e  thickness in t h e  w e s t  w a s  g i v e n  as 700 ft by L u n d i  

and hence the t h i c k n e s s  i n  t h e  e a s t  w a s  c o n s i d e r e d  to be 6 5 0  f t .  

T h u s  the thickness o f  z o n e  1 was taken t o  be 7 0 0  f t .  a n d  t h a t  o f  



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Zone I, k h i c k n e s s  = 7 0 0  f t .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
V w -  well C m r ?  h a t e s  nI .5ch?xGe A a n s m i s s i v I t y P o r i! s i t _v 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
x l f t )  y !  ft,) f t * 3 / d  x (  ? t A 2 / 1 ?  y !  E t * 2 / i - I ?  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T u r n e r 1  8134 1 6 9 2 2  3 3 6 9 2 4  1 5 0 0 0  in60 . (31 

Pope  7 9 2 0  2 6 4 0  1155168 1 5 0 0 0  1000 .01 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Zone 2, thickness = 6 5 0  f t .  
(No municipal well s L t ! i a t , ~ d )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Transmissivity Porosity 

x ( f t *2/d  ) y(ftA2/d) 

1 0 0 0  1 0 0 0  . 0 3  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Table  2 :  Transmissivity and Porosity of the a q u i f e r  i n  z ~ n e  2 .  



1)  

2 :  

3 ?  

4 )  

5 !  

6 :  

A r b i t r a r y  f i x e d  r a d i u s  

C a l c u l a t e d  fixed radius 

Vulnerabi l i ty  mapping 

Flow-system mapping, 

- w i t h  TOT criterion 

- with a n a l y t i c a l  equations 

Residence time apprmc:?  and 

Numerical f l o w / t r a n s p o r t  mode l s .  

The f i r s t  two methods  a r e  not p a r t i c u l a r l y  s u i t a b l e  € o r  t 5 e  

accurate  delineation of  W H P A s  i n  fractured rocks. The arbitrary 

f i x d  r a d i u s  m e t h o d  d o e s  n o t  i n c o r p o r a t e  m y  h y d r o g e o l o g i c  o r  

contaminant transport considerations, and c a n  b e s t  be used  a s  a 

f i r s t - s t e p  a p p r o a c h .  When t h e  radius is l a rge  enough, the t r u e  

ZOC will be i n c l u d e d  within the WHFA delineated by methods I and  

2 a n d  will be p r o t e c t e d .  However, l a r g e  a r e a s  o u t s i d e  t h e  Z(3C 

will a l s o  be protected. The application o f  analytical flow 

equations to c a l c u l a t e  a f i x e d  radius brings an improvemen t  over 
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r-7 Siltstone and mudstone 

1-j Quartz sandstone 
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k-1 Granite, gneiss, anorthosite ond gobbro 



r h e  1 kr t3 ry  f i:.;y!-? zr3t? i I J : ~  r ~ e t h ~ r l ,  !:)l~t iX,?l/ not, i v p  ,3cce~2t,3ble 

r e s u l t s  I n  u n c Q n f i n e d  fx<?ct :~lr ; .d  rt7r:k s e t t i n g s  ~ L ~ C ~ I I J ~  it f ( 3 i ]  s t 1 2  

Z I C C ~ U ~ I ~ ,  f ( i r  t i r t e roqrne  i t y i  i:rlisctroi3y, ( ~ r o t - i n d w a k : ~ ~  ~ e ~ h a r q e ~  a n d  

v e r t k q l  c2mpr?ner1ts o f  flew a l l .  of which c a n  Q C C C : I Y  i r i  f-rqctrired 

Y ( I c . 4  *;ettir-Icjs, 

The t h r e e  m e t h o d s  - flow system mapping a n d  f l o w  system 

mapping c o m b i n e d  w i t h  TOT c r i t e r i o n  o r  with a n s l y t i c a l  e q u a t i o n s ,  

the res idence  time a_oproach, and  numerical m o d e l i n g  w r e  FcmnC! 

suitable for 20C d e l i n m k i o n  in u m o n f i n e d  f rac tured  Z Q c k : ?  t h a t  

b e h a v e  as a p o r o u s  media a t  t h e  WHPA scale. 

Fm:r WHPA delineation a p p r n a c h e s  were mgcjes?e: I  f q r  

u n c o n f i n e d  f rac tured- rock  a q u i f e r s  t h a t  d o  riot behave as po rous  

media.  These methods include v u l n e r a b i l i t y  mappiny  c o m b i n e d  w i t h  

t h e  arbitrary fixed radius method  or t h e  simplified v a r i a b l e  

s h a p e s  method,  hydrngeo log ic  mapping, the residence t ime 

approach ,  and n u m e r i c a l  g r o u n d  water f l o w /  t r a n s p o r t  modeling. 

The f r 3 l l o w i n g  sections describe e a c h  of t h e s e  m e t h o d s  i n  Z e t a l l .  

V u l n e r a b i l i t y  m a p p i n g  u s e s  g e o l o g i c  maps, soils maps, water 

t a b l e  maps, a e r i a l  p h o t o g r a p h s ,  and mapping of  s u r f  i c i a l  fea tures  

t o  idctnt  i f y  a r e a s  o f  landscapes p a r t i c u l a r l y  v u l n e r a b l e  t o  g r o u n d  

wster  c o n t a m i n a t i o n .  V u l n e r a b i l i t y  mappincj 1:1oc?s n o t  p r ( - 7 d ~ c e  a 

ZOC f o r  a g i v e n  well; however, it does i d e n t i f y  significant 

fractures n e a r  the well t h a t  may c o n t r i b u t e  t o  ground water 

c o n t a m i n a t i o n .  V u l n e r a b i l i t y  mapping c o m b i n e 2  w i t h  t h e  arbitrary 

f i x e d  r a d i u s  method or t h e  s i m p l i f i e d  variable  hap^ meth(:id (1J.S 

%PA, 1 9 8 7 )  can be i ~ s e d  t o  delineate a WHPA i n  f r ac tu red  rocks 

t h a t  d o  n o t  approximate a p o r o u s  media. 



I: T h e  z s s u m p t i o n  a €  uni for!n D!3r:>ijS ~ l ~ : $ i i - ~ ~  I s  n o t  nrcess ,3ry.  

2 ! T'?P rnFtho2 i l ~ t : : ;  n ~ t  r e q u i r e  ( !e tL3 i1p4 ineasi-1re!perit o f  

a(q1.1Jfer ?auarneters .  

? \  
2 '  T h e  method u s e s  a v z i z k t y  c ~ f  ? ! a h i ,  ranging f roin o f f i c e  

l w 1 3  I lldl_71r t o  f i l r  l 2  messwed sur fzce f eaturei :  . 
D i s a d ~ a n t ~ ~ c e s  of  v i i l n e r a h i l  I t v  rnarrpi _ _  nq 

1) The method does  n o t  delineate a ZOC f o r  t h e  w e l l .  

2 ) T h e  result . ;  a r e  somewhat  s l i b j e c t  i v e .  

Flaw-Svstern Manninq 

D e s c r i p t i o n :  

Hydrogeologic mapping ( U . S .  EPA, 1 9 5 7 )  i d e n t i f i e s  the 

physical and hydrologic f ea tu res  that con t ro l  ground-water f l o w .  

Physical boundaries to ground-water flow can include the q e o l o g i c  

contac ts  %hat form the limits cf the aquifer, s t r u c t u r a l  f e a t i j r e s  

such as f a u l t - b l o c k  waiis o r  zones of  f r a c t u r i n g ,  and topographic 

f e a t u r e s  t h a t  may function as  ground  water d i v i d e s .  Hydrologic  

fea tures ,  including rivers, c a n a l s  and l a k e s ,  can f u n c t i o n  as 

f low-system boundaries. T h e  f l o w  sys tem mapping m e t h o d ,  a : < ~ ~ b s e t  

of t h e  hydrogeologic mapping method, uses y r m n d  water i? i v i d e s  

and flow system boundaries derived f rom a water-table ;nap t o  

delineate t h e  Z@C for a g i v e n  w e l l .  

F 10 w -5 ys  t m ma pp i ng assumes t ha  t hy? r oge o 1 og i c bou nda r i es , 

particularly potenticmetric boundaries, a r e  stationary t h r o ~ ~ h  

time. In a q u i f e r s  where water l e v e l s  f luctuate  seasonally or 

where drawdowns approach  potentiometric d i v i d e s ,  c a u t i o n  m u s t  be 

u s e d  when delineating b o u n d a r i e s  for ZOC analysis. 



T.l L A -  r W - y 3 + W l  m s p p i n q  ?!35;:3t?5 !-!;at_ : ? y ( : y c w < - l -  m_1ic bot!r;?,-:r * + L - .  

p,-jr'j.(--i-:l.?rl;j 2(. t tyi: t j .(- ;meL-: Ic b ~ i : r { ( j , 3 v  It '? ,  3x1; = 4 4  I I (3 11'3 t- ;/ t- - . L A  1-1 - 1  - I ?  (7 I; __ L -  L :  

t im. Tri aGi i l fe r3  w h e r e  wzter ip3 ' \ / t315 E l ~ ~ c t u a t e  s e a s o n a l l y  ?+ 

w h e r e  w e l l  drawdowns a p p r m c h  p x e n t i : m e C r i c  d i v i d e s ,  TZ A i m  

acst b e  i ~ s e d  w h e n  d e l i n e a t i n g  b o u n d a r i e s  f o r  ZOC a n a r y s i s .  

Flow-system ~ i p p i ~ c j  r w y i r e s  d e t a i  le? maippincj (-I F c 17 P 

coafigdration o f  t h e  w a t e r  t a b l e .  T d e ~ ~ l l y ,  investigators s h o u l d  

3 use f i P Id measurements i n p r  o p e r  1 y mns t r i.;ctcs.d m m  I -. 1-1 *-lv 2- i Y- we 1 13 

,3r:d i ?es t t t t l  y iezone te r s  f o r  c o n s t r i ~ c f i ~ n  o f  gcic'h maps . 1 r l  

practice, f u n d i n g  a n d  time considerations c--art r i i l ~  O l i I ;  s: ic !~ 

d e t a i l e d  f i e l d  work. I n  some situations, available  iffi ice d a t a ,  

i n  t h e  f o r m  of  water levels on  well c o n s t z u c t o r s !  x e p o r t s ,  

p r e v i o u s  hydrogeologic s t u d i e s ,  and  surfacc-water f e a t u r e s  o n  

topographic maps,  can produce  acceptable w a t e r  t a b l e  maps 

(Blanchard and Bradbury,  1 9 8 7  1 .  F i e l d  measurements n f  water 

l e v e l s  i n  existing domestic and i n d u s t r i a l  wriis ~ a r ;  suppl -ement  

~ n e s e  d a t a .  .Ll 

O n c e  a w a t e r - t a b l e  map is c o n s t r u c t e d ,  f l n v  l i n e s  are drawr,  

p e r p e n d i c u l a r  to t h e  water-table elevation l i n e s .  T h e s e  flow 

lines b e g i n  at the w e l l  a n d  extend u p g r a d i e n t  to t h e  grniind-water 

d i v i d e .  Using a water - tah ie  map t o  de te rmine  ground water  f l o w  

l i n e s  assumes a n  isotropic aquifer, w h i c h  is n o t  always t h e  case 

i n  f r a c t u r e d  r o c k  settings. In F imple hydrogeo?ogic settings 

( w i t h g u t  majox f a u l t s ,  facies changes ,  etc.1, the Z O C  delineated 

by t h e  flow s y s t e n  mapp ing  m e t h o d  t a k e s  i n t o  t ~ c c o u n l -  the g r o u n d -  

water flow system geomet ry .  I t  n e i t h e r  includes downgradient 

a reas  that d o  n o t  c o n t r i b u t e  w a t e r  tr! the well n o r  e x c i u d ~ s  







7 , : p  (-.,qt)*:e l : r r 2 G  l=!i-xor'-i i n  "2T c a l c u l a t l c p  an< 's3115 i:-i XKFA 

< f ? : i : y , a t i n f i ;  

2) mhhe rnekhod assumes a tin i form, t w o  d imen..; ioni t :  a q u i f e r  

th13t l q p g r o x i n a t e s  a u r i i  f o r m  ~ o r i s ) u ; 5  rnet!:~:m; 

3) The presence .3f a hi( ;ht ,y  c c n d t i c t i v e  Er3t'ti:rr zone co i i ld  

cziuse v e r y  l a r g e  errors in the  TL?T c a l c u l a t i o n  arid i n  t h e  

r e s u l t i n g  WHPA. 

Flow-Svstem M a ~ o i n q  with I J n l f o r m  Flow Eauation 

fie s c r i p t i (3 n : 

T h e  c o n s t r u c t i o n  o f  a w a t e r - t a b l e  map a l l o w s  t h e  m p l i c s t i o n  

of  t h e  uniform flow e q u ~ t i o n  (Todd ,  1980) t o  d e f i n e  t h e  ZOC t o  a 

pumping w e l l  i n  a s l o p i n g  water t a b l e .  The i n p i i t  requirements 

a r e  t h e  same as €or combining flow-system mapping w i t h  the TOT 

criterion. The uniform flow e q u a t i o n  assumes a uniform p o r o u s  

medium and c a n  he expressed a s :  

- Y,!X = tani2~KbiY;Qj.. . . . . .  ( 3 )  

where  'i is t h e  d i s t a n c e  €:om t h e  w e l l  parallel t o  t h e  p r e - p u m p i n g  

eq i - i ipn ten t  i a l  1 ines, S is t h e  h y d r a u l  ic c o n d u c t  i v i t y J  5 is  t h e  

s a t u r a t e d  t h i c k n e s s  crf an aqu i fe r ,  i is t h e  p re -pumping  h y d x a i i l  ic: 

gradient, and Q is t h e  well pumpim3 r a t e .  T h i s  e q u a t i o n  leads fo 

two e q u a t i o n s  t h a t  delineate t h e  ZOC of  a well :  

X 1  = -Q/(27cKbi)  . . . . . . . . .  ( 4 )  

a n d  Y1 - - &/(ZElb i?  . . . . . . . . .  ( 5 ?  

where Xl is t h e  d i s t a n c e  f rom the well t o  t h e  p r e - p u n p i n y  

d o w n g r a d i e n t  n u l l  or dx ig rmtkm p o i n t ,  and Y r  is the :-!istance to 

t h e  t r a n s v e r s e  boundary limits Erom the upgrad j ertk boundary 

c e n t e r .  
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1 ) Tkfe ~ < t ! ? t l d  , i C c ! : i ! _ :  ‘2 .  f f ~ r  ~(2file ;lf the  e f f ec t , ;  v f  L ~ I J I ~ ~ L > L : ] ( ~  -ir: 

t h e  ZrJC without; detailed ~ a p p i q g  ~f a c o n e  c f  degrresit- ln,  whi r l :  

reduces t h e  amount o f  zeqv i r ed  f i e l d  work, 

2 )  The m e t h o d  is s i m p l e  and  r equ i r e s  o n l y  l i m i t e d  t m i n i n g  

i I? hydr  oqo (3 i o g y ;  

3 )  The  method w e s  d a t a  :rlerive? f rom a2 w a t e r - t a b l e  ~ m p .  

D i s a d v a n t a s e s  of t h i s  method :?ire 

I) T h e  method assumes a u n i f o r m ,  t w o - d i m e n s i o n a l  aqiulfer 

t h a t  approximates a u n i f o r m  porous m e d i u m ;  

2 1  The method i g n o r e s  t h e  effects o f  h y d r o l o g i c  b o u n d a r i e s  

( e x c e p t  ground-water d i v i d e s ) ,  aquifer h e t e r o g e n e i t i e s ,  a n d  n o n -  

u n i f o r m  recharge; 

3 )  The method can p r o d u c e  unaccep tab ly  l a r g e  ZOC e s t i m a t e s  

i f  t h e  p r o t e c t e d  well is located f a r  f r o m  t h e  grounC-water  

d i v i d e ;  

4 )  E r r o r s  i n  the water - tab le  map 01: i n  estimates o f  porosity 

o r  h y d r a u l i c  c o n d u c t i v i t y  can cause la rge  e r r m s  i n  2OC 

delineation. 

Residence-Time A p ~ r n a c h  

Description: 

The residence-time approach u t i l i z e s  water chemistry a n d  

isotopes t o  i d e n t i f y  ground-water t z a v e l  p a t h s  a n d  flow r a t e s .  

Geochemical. parameters ( for example mineral c o n c e r i t r a t  i o n s  a n d  

saturation i n d i c e s )  can  h e l p  indicate t h e  s o u r c e  area o f  g r o u n d  

w a t e r .  Environmental i s o t o p e s  (%ritiurn, oxygen-13)  i n  g r o u n d  

water can be used to es t ima te  a m i n i m u m  aqt? o f  water produced  }>:/ 
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i=herk sIr i  ? ~ 3 v e l  t I 7 n ~  es?im-lt.~.s t j b t s  Ine l?  by ' . ! ~ e  h ; . d ; q i ~ l i ~ :  

t3ppro13c!-~~:3 3ec;cr ibed a b o v e .  S e c o n d ,  i n  ~ I ' P S S  wherr-. thy water  

produce?  b y  3 well c m  h e  s h o w n  t o  be hundreclls o r  thousands c?f 

~ + G c . %  c X ,  i h t 2  potertt: i d -  ZQC Q E  v3 well ~ b c j h t .  he s c  Idrye  t h a t  

local well 'n'e,id Pro tec t -  i o n  in i-cji-i tl T I U L  be i ate (or r f E v c t  I ve . 
T h i r d ,  i n  a2retis w h e r e  the g e x h e m i c a l  o r  i s o t o p i c  signatures of 

ground-water vary  r a d i c a l l y  from p l a c e  t o  p l a c e ,  t h e s e  v a x i a t i m s  

cdn be t3:;ec;i % G  d i f f e r e n t i a t e  zones of rapid r e c h a r g e  from zones 

o f  l e s s  r a p i d  recharge. For  example, a well l o c a t e d  n e a r  a r i v e r  

t h a t  p r o d u c e s  water h a v i n g  geochemica l  and isotopic c o n t e n t s  

similar to the r i v e r  wa%er might be directly c o n n e c t e d  tr? the 

r i v e r  t h r o u g h  t h e  f r a c t u r e  network; a well. adjacent t o  a r i v e r  

t h a t  p r o d u c e s  water w i t h  3 d i f f e r e n t  geochemical and isotopic 

r l o n t e n t  might  n o t  be d i r e c i - , l y  connected t : 2  t h e  r i v e r .  

Tritium ( 3 Y >  is 2 r a d i o a c t i v e  i s o t f J s e  o f  hydrot3en t h a t  is 

naturally p r e s e n t  at low l e v e l s  i n  t h e  earth's a tmosphere ,  b u t  

tritium i n  t h e  a t r n o s p k r e  increased d r i m a t  I c a X y  f l J l l o w i n g  

atmospheric a t ~ m i c  w e a p m s  t n s t l i n q  f r o m  1 9 5 2  t o  t h e  m i d - 1 9 6 O s .  

D u r i n g  t h i s  time, 311 r e c h a r g i n g  grat ind-water  v a s  e n r i c h e d  w i t h  

tr i t ium, a n d  ground water was e n r i c h e d  w i t h  tritium, a n d  g r o u n d  

water t h a t  has e n t e r e d  aquifer since 1952 generally contains 

e leva te?  tritium l e v e l s .  The half life o f  kritiun (12.3 y e a r s !  

is relatively s h o r t ,  making it an excellent i n d i c a t o r  of  r e c e n t  

ground water recharge and relative g r o u n d  water aye ( E g b o k a  and 

o t h e r s ,  1983; K n o t t  and Olimpio, i ? 8 6 ! ,  where age is d; . f ined  a s  



W d 3  :!-I c o n t a c t  with t h e  atmo3pl-!eu+ 1 

I - '  -1:e - : n ~  14 i 7 7 t : r  tke  1 ~ , 3 i : + ; ~  

if endry  I 19 3 (7 1 j iJ:nma r i z e d  t h e  ge tie ra 1 7_  i t,q +, I ~ 8 3  I n tex2 i :  t a 2  I (: r: 3 

n+viater agp 017 t h e  h a s i s  t2f t r i t i : 2 1 ~ .  :!I (~z'ounc.2 i ~ a ' - , e r ,  

T r i t i u m  a r ~ a l y s p s  s.re r e p o r t e d  in t r i t i u n  anit.?- a r a t i o  1.5 

t r i t i u m  atoms ( % )  to the much more common :'?> a toms .  (7 I-: 

tritium u n i t ,  o r  TU, r q r e s e n t s  c3p.e ttltirim atom p e r  l r ) * 1 8  

h y d r c y e n  atc)ms.  

A d v m t w e s  9 f  t h e  residence-time a m r o a c h  a r e  

1: T h e  a s s u m p t i o n  o f  a u n i f m x n  p o r o u s  mediuni I s  n o t  

necessary; 

2 )  T h e  m e t h o d  c a n  g i v e  information aboijt  r e l a t i v e  g ~ . o u r ; 3 -  

water age ,  which can be u s e f u l  i n  d e t e r m i n i n g  the a p p r o p r i d x n e s s  

o f  WHPA delineation; 

3 )  The method h e l p s  c o n f i r m  TOT estimates made by ~ t k r  

t e c h n  i ques ; 

4 )  The method does not r e q u i r e  d e t a i i t x l  measurements zf 

a q u i f e r  parameters, a l t h o u g h  knowledge of  such parameters  

increases t h e  method 3 u s e f u l n e s s .  

Disadvantaqes of the residence-time a D p r o a c h  a r e  

1 )  The method requires s k i l l  and experience i n  geochemical 

and i s o t o p i c  interpretation; 

2 )  The method is not. applicable t o  a l l  settings, and results 

are sometimes ambiguous; 

3) GeochemicZiI and  isotopic ana lyses  can be e x p e n s i v e ;  

4 1  T h e  m e t h o d  may n o t  produce a mappable  ZOC, b u t  it can  

h e l p  confirm a ZOC and TOTS delineated by some other m e t h o d .  
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A ;?Hi?*& c a n  5e 4eI  i rleated us i r,g clomplrtev models- t ha t  

(3 p p r (7 x i ma t e e q 1.1 z 5 i (3 tl s 

n u m e r i c a l l y .  Such delineation is usua l ly  a t w o - s t e p  p r o c e s s :  

simulating a flow system followed by calculation of contaminant 

f l o w  p a t h s  w i t h i n  t h a t  system. Where t h e  hydrogeo log ic  s2tting 

is complex, models c a n  be p a r t i c u l a r l y  u s e f u l  because t h e y  allnw 

simulation of a wide variety o f  conditions and g r o u n d - w a t e r  flow 

b o u n d a r i e s .  Mcdeiir,g oE J flow system i n v o l v e s  d i s c r e t i z a t i o n  o f  

e i t h e r  a two or thxee d i m e n s i o n a l  p r o b l e m  domain  i n t o  n o d e s .  

S u c h  Z i s c r e t i z a t i o n  can a c c o i i n t  f m  s p a t i a l  v a r i a b i l i t y  o f  

aquifer paramet r rs ,  t h u s  e n a b l i n g  t h e  i n c h s i m  o f  a q u i f e r  

h e t e r o g e n e i t y  mf-7 a n i m t m p y  in the model  s i m u l a t i o n .  Most 

g r o u n d  r a t e r  flow models a i s o  allow f o r  t empora l  variation o f  

many parameters .  The flexibility of computer models a l l o w s  f n r  

variation of  recharge rates, pumping rates, thickness of aquifer 

l a y e r s ,  s t o r a t  ivity, and hydraulic c o n d u c t i v i t y .  Models  s x h  :3s 

widely  used U.S. Geological S u r v e y  CUSCS) Modular Three- 

D i m e n s i o n a l  Finite-Difference Ground-Water Flow Model (McDonald 

and Harhaugh, 1988) are a b l e  t o  s i m u l a t e  pumping wells, r i v e r s ,  

drains, recharge, and evapotranspiration. 

cj r 13 12 n r? - wa t e r a n d / o r ‘3 Q l. ii t e t z zi I? s p (1 ,Y t 

Most numer ica l  models i n  t h e  p i ~ h l l c  domain  a t  t h e  p r e s e n t  

time ( 1 9 8 9 )  s imula te  g r o u n d  water flow using the governing 

equations o f  porous-media f l o w .  S u c h  m o d e l s  a r e  adequate f o r  





methods ;  

4 )  Adequate numerical c o d e s  a r e  widely available. 

Disadvvint '3aes of  numerical  s o l ~ ~ t i o 1 7  are 

1) Most practical models require a p o r o u s - m e d i u m  assumption 

at some scale!; 

2 )  Models require significant a m o u n t s  o f  data f o r  p r o p e r  

c s l i h r a t i o n ,  verification, and p r e d i c t i o n ;  

3) ?lodelifig is o f t e n  very e x p e n s i v e  ail2 time consurn in9  

because it r equ i r e s  substantial a m o u n t s  of da ta  and expertise. 

FJHFA D e l l n ~ a t i o n  Methods  f o x  Frac tured  R o c k s  T h a t  Do g o t  Behave 





What is k 3  a n d  a 3 r d  how t o  make a D O ~ T  n h t :  

k 3  is the h y d r a u l i c  c o n d u c t i v i t ; )  i n  t h e  j d i z e c t i s i . 1  and a is 

t h e  a n g l e  o f  t h e  p l a n e  along w h i c h  t h e  flow t a k e s  place, 

How t o  make the polar  lot 

I n  evaluating an EPM approximation f o r  f l u i d  f l o w  through 

fractured Gasalts, a two dimensional g e n e r a t i o n  region is f i x r 7 t  

s e l 2 c t 2 d  and fracCtiJ1re p 3 L L e  I I f 7 5  dr? L. Dz :_7d ::reij q3Cf7'JyrJ X J  5:; 

~ o s t i ~ I a t r d  d e s c ~ i p t i o n  o f  r e a l  f r a c t x ; .  ;systems. iq ; t 11 :-! 

g e n e r a t i o n  r e q i o n ,  2 flow i e 9 i ~ n  is se lec ted  €or d i s c r e t e  

f r a c t x e  flow analysis. Boundary c o n d i t i o n s  a r e  a p p l i e d  t o  t h e  

f low region s o  t h a t  mate r i a l  inside t h e  flow r e g i ~ n  W O C l ! i  

experience a relatively c o n s t a n t  h y d r a i i l i c  head as i f  i t  wore 2 

homogeneous anisotxnpic cant inuurn  ( L o n ~ ,  1 9 8 5 ] .  A 3ydsaul i i :  h a d  

of  1.0 is a s s i g n e d  t o  a l l  p o i n t s  w h e r e  f r a c t u r e s  intersect t h e  

inflow s i d e ,  wkezeas a heac' or' zero is assigned t o  the o p p o s i t e  

O l l t f  low 3 icle. The other two ~ i d e : :  a r e  assignee! n o  f l o x  

S o ~ n d a x  i e s .  Stseady f l u x  i n t o  the f l o w  r e g i o n  i n  the 2 i-z,.?r:'-. I 1 ~ n  r, E 

t h e  a p p l  i d  hydraulic g r a d i m t  is ca?ci-13.ate(? u i q  r3 G 7 s l e ~ k  Ln 



k,l = & / ' ( A 3  2 )  

where A 5  Is t h e  a rea  p e r p e n d i c u l a r  t o  the applied g x a 2 i e n t .  

Thus, t h e  v a l u e s  of  v a r i o u s  k ,  and Q a r e  obtained. When 

t h e s e  v a l u e s  are plotted t h e  r e s u l t i n g  g r a p h  may be a c i r c l e  o r  

a n  e l l i p s e  w h i c h  i n d i c a t e s  t h e  validity o f  t h e  assumption of 

e q u i v a l e n t  porous m e d i m  (EPM? . I f  the resulting p l o t  dces n o t  

r e s u l t  i n  a c i r c l e  o r  an ellipse, t h e n  EP;"I a p p n x c h  is n o t  va l i2  

a n d  t h e  d e l i n e a t i o n  n f  WHPk msy be done  by  son% o t h e r  metho?. 

Subjective c r i t e r i a  Eor determining w h e t h e r  f r a c t u r e d  roc!< 

can be t r e a t e d  a s  a porous medium f o r  t h e  p u r p o s e s  o f  well head 

2 r o t z c t i o r - i  include pumping test responses, configuration of t h e  

water - tab le  su r face ,  t h e  ratio of  f r a c t w e  s c a l e  t c  problem 

s c d e ,  d i s t r i b u t i o n  o f  hydraulic conductivity, and variations in 

water chemistry and water quality, 

innc3 arid others ( 1 9 8 2 )  p r o v i d e  t h e o r e t i c a l  c r i t e r i a  f o r  

d e t e r m i n i n g  w h e r ,  f r a c t u r e d  s p t c m s  b e h a v e  as p ~ r o u s  media. T h e y  

suggest  t h a t  ' ' f r ac tu re  systems behave more like p o x m s  media when 

(1) fzr3cti-ize density is Increased, (2) z i p e r t ? ~ z e s  arc" cor,star, t  
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INTRODUCTION 

The Well Head Protection (WHP) program seeks to accomplish the goal of 

protecting groundwater sources from potential contamination. One of the 

major elements of WHP-program is the determination of zones within which 

contaminant source assessment and management will be addressed. These 

zones, called Well Head Protection Areas (WHPA's), are defined in the Safe 

Drinking Water Act (SDWA) 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", There are some methods developed by USEPA for the 

delineation of WHPA. These methods are developed to assist State and 

Private agencies engaged in WHPA-delineation and these are available in 

various EPA publications. The method which was used here for the 

delineation of WHPA for Laramie-basin area of the Casper Aquifer is known 

as "General Particle Tracking Module (GPTRAC)" which is one of the four 

methods described in the manual "USEPA WHPA*-version 1.0, prepared by 

Blandford and Huyakorn of Hydrogeologic Inc., for the USEPA. 

The GYI'RAC has two options, one semianalyhcal and the other 

numerical. In this case, the numerical option was used because it is 

accurate and easy to handle. 

The assumptions used in the GFI'RAC are as follows: 

1. Flow in the aquifer is at steady state 

2. Flow in the aquifer is horizontal (two dimensional in areal view). 

The first assumption implies that the aquifer is under equilibrium 

conditions, and therefore temporal variations in sources and sinks 

(including pumping) are not considered. This model is therefore most 

applicable to continuously used water supply wells. The second assumption 

implies that for both confined and unconfined aquifers if the drawdown to 



initial saturated thickness ratio is small (less than approximately 0.1). 

vertical flow of water can be ignored. 

Hvdrogeologic Characteristics of the Aauifer 

To facilitate the hydrogeologic conditions, figures 1 and 2 may 

be seen. Figure 1 shows the map of equipotential lines of ground water flow 

of the aquifer. It  may be noted that there are several faults passing through 

the sub-surface rocks and these faults act as conduits where the 

transmissivity values are very high (Lundy, 1978). There are three 

municipal wells which are the main sources of discharge from this aquifer. 

These three wells are Turner 1, Turner 2 and Pope wells. The locations and 

respective discharge are given in Table 1. Only these three wells were used 

for the delineation of WHPA and all other wells shown in figure 1 are 

domestic wells of very low discharge capacities. Therefore, all these 

domestic wells were excluded for the delineation of WHPA. From this map 

it is evident that ground water flow takes place from east to west. The 

equipotential lines represented by firm lines indicate outcrop area which is 

at higher elevation than the area consisting of equipotential lines 

represented by dashed lines (Lundi, 1978). 

Figure 2 shows the geologic formation of the area (Lundi, 1978). 

Most of the aquifer rock consists of sand-stone and the depth of the aquifer 

varies from 600 to 700 ft. For G m C  model, depth = 700ft was used. The 

porosity of sand-stone may vary from 5 to 30 percent (Freeze and Cherry, 

1979). For running the model it was observed that for porosity greater than 

0.05, the model could not delineate the WHPA. Therefore porosity = 0.05 

was accepted for sand-stone. It must be remembered that this porosity was 

found to work well when the transmissivity was taken to be 18000 - 23000 

ftA2/day (Lundi, 1978). The reason for these high values of transmissivity is 

the presence of numerous faults in and around the well locations. For 
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WHPA's see figures 3, 4 and 5 for time of capture = 8, 10 and 20 years 

respectively . 
Use of the Model 

The GPTRAC numerical program is a very user friendly Fortran 

program which mainly requires (1) Number of zones (2) Head at different 

cells (3) porosity, transmissivity and thickness of aquifer at each zone (4) 

number of pathlines for delineating the capture zone which is same as well 

head protection area (5) Inputs regarding the positions of wells, discharge 

rates, etc. 

The whole Laramie basin was divided into two zones depending 

on the nature and number of faults. The southern part contains faults which 

are mostly oriented in a horizontal (east - west) direction. However, there 

are a few vertical (north-south) faults also.. Therefore, both horizontal and 

vertical transmissivity values were considered in the model. The 

transmissivity value = 23,000 ftA2/day (Lundi, 1978) was used for both the 

directions. Zone 2 contains faults which are slightly slanted (oriented in 

northeast to southwest) and transmissivity for this zone was taken to be 

18,000 ft*Z/day for both the directions (Lundi, 1978). It  was found that 

WHPA for 8 years in zone 1 became reversed and that in zone 2 became very 

small. It means that the model failed to calculate the VVHPA for zone 1 for 8 

year and that for zone 2 for less than 8 uears. However, it could delineate 

protection area for more than 8 years and figures 4 and 5 show the WHPA's 

for 10 and 20 years. 

The discharge of each well was taken from the Water Treatment 

Plant, City of Laramie and their names, positions and transrnissivities in the 

vicinity of the wells are given in Table-1 below. 

............................................ w.......................................,..................w........,.....................*....................**.... 
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Well Coordinates DischargeTransmissivity 

X Y X Y 
ft. ft. ftA3/day ft^2/day fiA2/day ............................................................................................................................................................ 

.... 
Turner1 24024 43322 401100 18000 18000 

Turner2 21162 43322 307510 18000 18000 

Pope 23443 29110 401100 23000 23000 
well field 
....................................................................................................................................................... 
Table 1 : Location of wells and their discharge values. 

Conclusion 

While running the model, it was observed that porosity and 

transmissivity are the two most sensitive parameters for the delineation of 

WHPA. The transmissivities of 18,000 ft*2/day for zone 2 and 23,000 

ftA2/day for zone 1 were taken fkom data presented from Lundi (1978) and 

could be nearly accurate. Porosity less than 0.05 will make the WHPA 

greater for corresponding time period. For porosity greater than 0.05, the 

WHPA will be highly reduced and therefore we may not be worried about 

that. 
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APPENDIX D 



I~itrt>d1Jctioii 

WHPA, v~ysit :)1-1 Z P  is 3 seitii-analytieal yroi-ii-&,rater fl( :)w i t ~ t : ~ d ~ l  

t h a t  consists of  four computational modules designed to delineate 

wellhead protection areas (WHPA's). This model was developed f o r  

the EPA Off ice of Groundwater P r o t e c t i o n .  

The WHPA model was utilized t o  determine WHPA's f o r  existing 

municipal wells in and surrounding Torrington, Wyoming. WHPA is 

thought t o  be a n  a p p r o p r i a t e  technique f o r  t h i s  situation because 

t h e  c o n t a m i n a n t  o f  i t i terest  ( n i t r a t e )  is c o n s e r v a t  Ive I n  other  

words,  groundwater flow approximates solute movement in this 

unconf  ined, shal low aquifer. The overall capture  zone, otherwise 

k m w n  as the  zone of c o n t r i b u t i o n ,  f o r  t h e  Torrhjton well f i e l d  

represents that portion of the aquifer supplying groundwater to 

t h e  wells f o r  a specified period of time. 

Each module will be d i s c u s s e d  individually; but t o  

summarize, t h r e e  of the modules calculate capture  zones f o r  two- 

dimensional, steady state groundwater flow. The  f o u r t h  module, 

called Monte C a r l o ,  performs an uncertainty analysis of the 

delineated capture Zone. The f o u r  modules are  : (1 ) REISSQC, ( 2 1 

the Multiple Well Capture Zone module (MWCAP) ,  ( 3 )  the General 

Particle Tracking module (GPTRAC),  and ( 4 )  the Monte Carla module 

(Montec ) . 

Background 

A recent numerical simulation (Parks, 1991) of the alluvial 

aquifer surrounding Torrington, using Modflow, has provided the 

basis f o r  thls r e p o r t .  From t h l s  s i m u l a t i o n ,  the aquifer flow 



S p ~ P f f !  ~ 3 5  {:l-ll3ra&er ized , ;?peci f i ~ a l l y ,  the ptI)tericit:)ii1etr i 4 :  

surface map, flow boundaries, porosity, hydraulic conductivity, 

and saturated thickness were either compiled o r  determined in the 

referenced study. Municipal well pumping capacities were 

determined from historical data  from the Torrington Department of 

Public Works. 

It is apparent from this study that a unique flow system 

exists. The must important features that influence the shape and 

size of  WHPA's are t h e  bedrock outcrops immediately north of  

Torrington. The potentiometric contour map a l s o  reflects these 

features. The darkened areas shown on Figure 1 represent the 

bedrock outcrops and their influence on the flow system. T h e  

outcrops appear to restrict flow ( i . e . ,  impermeable) and redirect 

it toward the breach. The bedrock outcrops are  separated by a 

breach that  behaves as a spillway, in which, grwxidwater flaw% 

from terrace deposits into the floodplain aquifer. Groundwater 

flow velocity increases within the breach because of the steep 

hydrau l i c  gradient and converging streamlines. This results in 

long and narrow WHPA's. However, the primary impact on WHPA 

delineation is that the groundwater f l s w  direction changes above 

and below the breach. This makes t h e  task of  WHPA delineation 

much more difficult. The approximate coordinates locating 

Torrington on Figure 1 are x=14 and y=4. 
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All f o u r  rncdules were evaluated for t h e i r  a p p l  1 cab1 1 lty, and 

most were found to be inadequate or inappropriate f o r  this 

groundwater flow system. In fact, the numerical option of the 

General Particle Tracking module is the only method for which 

results are presented. 

GPTRAC 

NlAmer ical Opt 1Oll The  t3ellert31 Part l e l e  Tra3ck itiq Ktt:dlA1* 

contains two components, a semi-analytical and a numerical 

opt i o n  * The numerical o p t i o n  is designed t o  be used as a 

postprocessor f o r  numerical groundwater flow models. This option 

requires as input the hydraulic heads at nodes of  the rectangular 

grid system. The head information is utilized t o  calculate x and 

y direction velocity components of groundwater flow a t  the edges 

of each grid block. Numerical integration of  velocity components 

with respect t o  time and space is then applied to describe 

capture zones and streamlines. 

T h e  pr iniary 13dvalitage o f  the numerkal o p t i o n  is tha t ,  a 

heterogeneous aquifer with complex boundary conditions can be 

considered. This method allows the aquifer to be divided into 

many zones with varying porosity, saturated thickness, and 

transmissivity in both the x and y directions. 

For  this investigation, the study area outlined in Figure 1 

by the dashed line is divided into four zones. The zones are  

described as follows: (1) the floodplain aquifer, (2) the eastern 

bedrock outcrczp, { 3 )  the western czutcrop, and { 4 1 the te r race  



aqul f e r  , Z011es 2 and 3 ,  the bedr~)[:k o u t c r ~ p s  a r e  t r ea t ed  

impermeable z o n e s  with transmissivities substantially l e s s  than 

terrace and floodplain deposits. The North Platte river is not 

represented in this study. It is thought that this is a more 

conservative approach resulting in larger WHPA's. 

T h e  numerical option delineates capture zones around pumping 

wells f o r  steady state groundwater flow. Consequently, some 

assumptions were necessary as to t h e  average daily pumping r a t e s  

of municipal wells. These wells were assumed to operate half of  

the time. In other wurds, the rated puniping capacities were 

halved and input as steady state pumping rates. Domestic wells 

were not considered. 

The results of  the numerical option applied to the study 

area are presented in Figures 2, 3 ,  and 4 .  Figures 2, 3 and 4 

represent the overall capture zones  f o r  the municipal well field 

f o r  travel times of 3 ,  5 and 10 years, respectively. From these 

Figures, the locations of the bedrock  outcrops and the breach a re  

readily apparent. However, the capture  zones f o r  individual 

wells are n o t  s o  easily recognized because of  the close proximity 

of adjacent wells and the converging and diverging groundwater 

flow at the entrance and exit of the breach. 

Figure 5, the transparency of the Torrington area,  is 

provided as an overlay t o  get a sense of the actual WHPA sizes. 

The dark circles indicate municipal well locations. The map 

image was distorted by the numerous reducing steps so locations 

on t h e  map should not h e  considered as exact. 



Figure 2 Overall Capture Zone (Thee-Year  Sirnul a t i o n )  



Figure 3 .  Overall Capture Zone (Five-Year Sirnulation) 
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Figure 4 .  Overall Captiire Zone (Ten-Year Simulation) 



The ye1lCiw ll i ies 5ht:Jwii ori F i g u r e s  2, 3 aild 4 lli{-jicate 

forwsml-tracked p a t h 1  inev o f  i nd  i v i d u l ~ l  part icles over la f i v e  

year period. Forward tracking is normally u s e d  to determine if a 

pollution source will contaminate a pumping well. The red  

pathlines delineate time-related capture z o n e s  of 3 ,  5, or 10 

years. 

One shortcoming of  this module is that it failed to produce 

reasonable results f o r  smaller time-related capture z o n e s .  For 

sirnulation times less than t h ree  years ,  the c a p t u r e  zone 

pathlines d i d  not conform to t h e  regional hydraulic gradient. 

Initially, the three-year simulation illustrated this problem. 

capture Z O I - I ~  p a t h l i n e s  o r i g i n a t e d  a t  the well  and proceeded 

downgradient instead of  upgradient as expected. The upgradient 

portion o f  the capture zone, however, appeared to be reasonable. 

This was overcome by dividing the floodplain aquifer into finer 

grid blocks. Hydraulic head values f o r  new and smaller grid 

blocks were estimated by linear interpolation between known heads 

in a north-south fashion. A much finer grid system would be 

necessary t o  de l inea te  a one-year WHPA. 

The EPA Office of Groundwater Protection recommends time 

periods o €  10 to 25 years when determining time-related capture 

zones. It was necessary to balance, when considering the lengths 

of simulation periods, the limited size of  the study area  and 

constraints of t h e  m o d ~ l .  3 ,  5, and 10 year simulation periods 

were selected simply because that appears to be the lower limit 

which still yields reasonable results. However, these simulation 

times r e s u l t e d  in capture zones that approach  o r  exceed t h e  s i z e  



o f  the stwl ty  a r m  t(:) the  north where hydraulic: heads a r e  u n k ~ ~ o w n .  

Results of the three-year simulation did not extend beyond the 

n o r t h e r n  boundary of  the study a rea .  

Several  irrigation wells ( 5 )  located in the terrace a q u i f e r  

were considered for their impact on t h e  size of the overall 

capture zone. Irrigation well pumping r a t e s  were varied 

significantly without any noticeable effect on capture zone 

width. The effect on upgradient length was not determinable. 

In conclus 1011, the GPTRAC riumer l c a l  module a p p e x s  to be the 

most versatile method. It is capable of delineating WHPA's f o r  a 

heterogeneous aquifer(s1 with a complex flow system. This module 

1s l imited only by the numerical model used to obtain t h e  

potentiometric head map. 

Semi-Analytical Option. This option assumes a system of 

pumping and injection wells that fully penetrate a homogeneous 

aquifer under steady state conditions. A constant-head o r  no- 

flow boundary can be specified along any edge of  the study a r e a .  

Well interferences are accounted f o r  by superposition of  

solutions. Specifically, t h e  input requirements include: (1) the 

regional hydrau l i c  gradlent, (2 1 t h e  direction s f  qrcwidwater 

flow, ( 3 )  p o r o s i t y ,  ( 4 )  saturated thickness, arid ( 5 )  

transmissivity, etc. From the input information, it is evident 

that this module is best suited f o r  a one-directional, 

homogeneous flow system with simple boundary conditions and a 

constant hydraulic gradient, Referring back to Figure 1, it is 

nwticeahle that b o t h  t h e  flow direction and gradient f l u c t u a t e  

g r e a t l y  w i t h  10r1i~~tl011 WHPA'Z d~li11(s?~3ted by this kIleth9d w ~ ~ ~ l d  be 



t h e  entrance to the breach. ~tjrisequent l y ,  this module w a s  

thought to be inadequate f o r  delineation of WHPA's f o r  the 

Torrington flow system. 

pxs.= 

RESSQC is used to delineate time-related capture  zones f o r  a 

steady-state flow system including both injection and pumping 

wells in a homogeneous aquifer. Stream and barrier boundaries 

can be implemented using image well theory. Well interferences 

arising in a multiple well system are  determined by 

s u p e r p o s i t i o n .  

The primary disadvantage of this method is that aquifer flow 

parameters such as, hydraulic gradient and flow direction, are 

held as constants. The impermeable zones i n  the study area c o u l d  

have been simulated with image wells, but again the resulting 

WHPA's would have been straight. Portions of  WHPA's on the 

terrace aquifer generated by this method would be seriously 

undersized because an average f luw direction is assumed. The 

convergence of  groundwater flow in terrace deposits at the 

entrance t o  the breach could not be simulated. 

MWCAP 

The Multiple Well Capture Zone module is designed t o  

delineate time-related capture zones f o r  steady-state pumping 

wells in a homogeneous aquifer. Streams o r  boundaries can be 

simulated and are  assumed to be f inear  and f u l f y  p e n e t r a t i n g .  



Well i n t e r f e rences  awe neglected; each well is a s s u m e d  t o  operate 

independently. 

This module provides a little more flexibility, in some 

ways, than the RESSQC module discussed previously. I n p u t  

parameters can be specified for each well r a the r  than for t h e  

entire aquifer. Input requirements for each well include: (1) 

1: egi o n a l  hydraulic g r a d i e n t ,  (2) flow direction, ( 3 )  

G O l l d 1 U G t i V i t y ,  ( 4 )  sa turated  t h i c k n e % Y ,  [ 5 )  p(I r (>Si ty ,  alld ( 6 1 the 

boundary type and t h e  perpendicular distance f r m  t h e  well, 

As was mentioned previously for the RESSQC and the GPTRAC 

Semi-Analytical modules ,  the convergence of  groundwater flow in 

terrace deposits toward the breach can not be s imula ted  by this 

method e i t h e r .  These modules c a n  n o t  account f o r  c h a n g e s  in 

direction as groundwater flows a r o u n d  a barrier. Consequently, 

r e s u l t s  from this method were omitted as well. 
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APPENDIX E 



The objective of this r e p o r t  is to assist small communities 

In their Wellhead Protection Area ( W H P A )  delineation efforts by 

compiling hydraulic proGerties of principal water bearing strata 

in Wyoming. Hydraulic properties, o r  ranaes of properties, were 

then utilized to estimate protection areas for specified times of  

travel and pumping rates. 

Increasingly, irreplaceable ground water resources are 

threatened by contamination originating f r o m  s u r f a c e  activities. 

Ground water contamination is of particular c o n c e r n  f o r  two 

reasons.  First o f  all, contamination is difficult to detect 

until it appears in t h e  potable water s u p p l y .  Secondly, by the 

time the contamination is detected, it is often t o o  late for 

remedial actions to be effective (Freeze and Cherry, 1979). 

Establishing a WHPA is an inexpensive alternative in preventing 

contamination of a municipal ground water supply. 

This report is intended to provide only general information 

useful in developing rough estimates of protection areas, and to 

illustrate the use o f  a few simple delineation methods. To 

correctly size protection areas, avoiding overprotection or 

underprotection, site-specific information is required which is 

beyond the scope of this study. 

ADDroach 

For the purposes o f  this report, t h e  state was divided up 

according to structural features, with each basin and uplift 

considered separately. Structural basins examined were the Wind 

River, Bighorn, Laramie, Hanna, Shirley, Powder River, Great 



: + :  -. - - Y Y I  r e g i o n s  c o n s i d e r e d  i n c l u d e  t h e  C w e r t h r u s t  b e l t  and 

. / 3 : 1 ( ? . 7 -  LA= u ? l i f t s .  F i g u r e  I is a s t r u c t u r a l  f e a t u r e  map o f  Wyoming 

z h w i n ~  t h e  x e z z  o f  t h i 3  r e p o r t .  Formations u n d e r l y i n g  these 

fe..m.irs.; weri assis.:ed f o r  pollution vulnerability and the 

':~.I,?T,Z 1 t 7 :  o f  ( ~ r C 1 ~ i ~ ? . w ~ ~ t ~ ~  p re5er . t  . Z y d r a u l  ic p r o p e r t i e s  o f  

f x x a t i o n s  s u i t a b 1 2  f o r  d e v e l o p m e n t  a s  municigal water  supplies 

mr3 s u s c e p t a b l e  to contamination w e r e  compiled. 
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Figure 1 S t r u c t u r a l  f e a t u r e  map o f  Wyoming (From H A - 5 3 9 ) .  



I n  genera l ,  aquifers p r e s e n t  a t  s h a l l o w  d e p t h s  are aore 

likely :a k e  t h r e a r e n e d  3 y  rontamination. Zonsequently, a l f u v i u m  

and. t e r r a c e  deposits a r e  included i n  t h i s  r e p o r t  z l t h o u g h  t h e y  

are sometimes limited in extent and saturated thickness. 

I fydraul ic  p r o p e r t i e s  and protection a r e a s  a r e  included 

regardless, s i n c e  t h e y  a r e  t h e  m s t  vulnerable m d  t h e  least 

e x p e n z i v e  t o  develr:1p. Ground water f l o w  i n  a l l uv iun i  Is aimrne(l 

to conform to the t o p o g r a p h y  of the l a n d .  

. .  

S u f f i c i e n t  k y d r a u l i c  information is p r o v i d e d  so t h a t  a 

choice between 2 f e w  WHPA delineation methods is possible. The 

delineation m e t h o d s  I J t i l i z e t !  h e r e i n  a r e  + h e  Calcu ia ted .  F i x e d  

Radius a n d  two analytical methods, Time of T r a v e l  and Zone of 

Con t I: i but i on . 
Much of t h e  background information for this study was 

obtained from a series of reports entitled, 'tOccurrence and 

Characteristics o f  Ground Water i n  Wyomicg, '' w h i c n  were p r e p a r e d  

by t h e  Water Resouzces  Research C e n t e r  at t h e  Uni~ersity of 

Vyorning. These reports describe the availability a n d  quality of 

ground water for each basin. The reader is referred t o  these 

r e p o r t s  for additional information. 

The WHPA's estimated in this report actually indicate the 

time ( i . e . ,  time of t r a v e l )  required for water to travel from the 

WHPA boundary to a pumping well. A nonreactive contaminant will 

have essentially the same time of travel as water since advection 

is the primary t r a n s p o r t  mechanism. However, movement of some 

contaminants may be retarded d u e  to low solubility or an affinity 

f o r  t h e  solid p h a s e .  In this case of a reactive contaminant, 



YHPA's may be ~~igr?iEicantly o v e r s i z e d .  

WHPA Delineation Methods  

A l l  structural b a s i n s  generally exhibit similar ground water 

flow systems. Recnarge areas a r e  p r e s e n t  at uplifted b a s i n  

flanks where f h e  water Searing formation outcrops. Hydraulic 

gradients d e v e l o p  a n d  d i r e c t  yroundwster t-,lwarr:t ?tie b e .  in; t'rorii 

r echa rge  a r e a s  where precipitation infiltrates and flows to the 

c e n t e r  of t h e  b a s i n  and x e a s  of discharge. Basins usually 

contain s u r f a c e  waters  t h a t  a c c e 2 t  discnarge Erom underlying 

s t z z t a  Z C ! ~  to *;iJward l e a k a g e  o f  qrc!-ind water ri v a r i a t i o n  o f  

t h i s  flow system is p o s s i b l e  when g r o u n d  water divides are 

present. 

With t h e  typical hydrogeological configuration of a basin in 

mind, the next step in establishing protection areas is to 

c h a r a c t e r i z e  the flow system. The requisite a q u i f e r  properties 

to define t h e  flow system a n d  satisfy t h e  three delineation 

methods a r e :  hydraulic conductivity (k), regional hydraulic 

gradient ( i ) ,  p o r o s i t y  (n}, and the production interval ( H )  or 

saturated thickness ( b ) .  Pumping rates (Q) and times o f  travel 

(t) were assumed based on the capability of the aquifer to supply 

water and s t a n d a r d  delineation practices, respectively. 

Delineation methods are discussed individually in the following 

sections. 

Hydraulic poperties of the water bearing strata vary  

greatly throughout a basin: strata thickness and composition v a r y  

because of diverse degositional environments, zone of  intense 



f r a c t u r i n g  may o c c u r  Zit b a s i n  edges resulting in pn5ztnceci 

>erneabiiity, 31-16 ? o r o s l t y  is l i k e l y  to be lower at 3 ( ; rester  

(3ept-h. Therefore, a n  effort was made to d e t e r m i n e  averages ,  

ranges of values, or typical values of hydraulic properties for 

each formation under consideration. T h i s  a v e r a g i n g  of hydraulic 

g x n p e r t i e s  f u l f i l l s  t h e  i . in&rlying a s s u m p t i o n s  ;:if h c ~ r n o g ~ i e i t y  and 

I s o t r o p y .  

Additionally, many assumptions were n e c e s s a r y  in estimating 

h y d r a u l i c  properties. Porosity and the regional hydraulic 

gradient p r e s e n t e d  garticular problems. When available, 

p o t e n t i o r n e k r i c  w r f a c e  maps were ~ t i l i z e ?  to estimate the 

hydraulic gradient, In a large niimber o f  Instances, however ,  

these maps were not available. Values of regional hydraulic 

gradient were determined from elevation contour maps. This 

technique assumes that t h e  hydraulic g r a d e  line is parallel to 

t h e  s l o p e  of the formation. Alluvial aquifers were treated in a 

similar manner; the groundwater surface was assumed to conform to 

the local t o p o g r a p h y .  Likewise, p o r o s i t y  v a l u e s  were n o t  always 

available. Rough estimates were assumed from lithologic 

decrlptions and the depths of burial. 

C a l c u l a t e d  F ixed  Radius  Method 

T h e  calculated-fixed-radius method estimates a circular 

protection a rea  3s illustrated b y  the following equation: 

Qt = mHRz 

where Q is t h e  pumping rate of t h e  well, n is the aquifer 

porosity, H is the production interval, R is the radius of t h e  



u i  Ch 

form, the 

2er i i i d  o f  

( 2 f  water 

h e i g h t  

nearly 

ARf3 1 - , r t  i c3 1 YP r_ h (l(j y 

3ecause z t x . ; c t z r s l  ';asiris x e  : .he  d o m i r i a n t  g r r o l o g i c a i  

feati_;ire o f  W y o m i ~ g ,  two analytical d e l i n e a t i o n  m e t h o d s  were 

c h o s e n  f o r  t h e i r  s u i t a b i l i t y  to :3lopiny aquifers. These 

t e c h n i q u e s ,  the t i r n e - g f - t r a w i  aRnd z o n e - o f - c o n t r i b u t i o n  methods, 

when :Itilized t o $ e t h e r ,  3re  11~ef1Yi i n  p r e 6 i c t i r i g  g r ( 3 , t o c t i o n  a r e a s  

'sr zlopinq aq~ifers. iiowever, f o r  3 g r c u n d w z t r z  "ow z y s t e m  I n  

~f i i c ; ?  t h e  2 o t m t i s m e t r i c  a r f a c e  is agproximately h o r i z o n t a l ,  

analytical m e t h o d s  become inappropriate. This s h o u l 3  be k e p t  i n  

mind when reviewing p r o t e c t i o n  a r e a  d i m e n s i o n s  t a b u l a t e d  i n  t h e  

f o l h w i r q  sections, A t  t h e  basin's margins, a n a l y t i c a l  resu l t s  

m r e  v a l i d ,  v h e r e a i . ~  t h e  ca lc : i la ted  f i x e d  r3irfius a p p r o a c h  is 

b e s t  f o r  basin c e n t e r s ,  

Time o f  Travel. The time-of-travel (TOT) m e t h o d  utilizes 

3arcy ' s  law and ?he r eg iona l .  hydraulic y a d i e n t  t o  de t e rmine  t h e  

d i s t a n c e  upgradient t o  t h e  WHPA boundary. The  f o  I iowicg 

equations illustrate t h i s  me thod :  



Laramie, Hanna,  and S h i r l e y  B a s i n s  

T h r e e  p r i n c i p a l  aquifer aquifers have been i d e n t i f i e d  by 



Creek ,  Encampment ,  Medicine ~ Q W ,  a i d  Little Yedieirlc rivers 

( R i c h t e r ,  1981). 3~1tixzate6 t h i c k n e s s  varies frillrn 1 to 60 f e e t .  

T a b l e  1 c o n t a i n s  aquifer hydraulic parameters and protection 

a r e a  d i m e n s i o n s  f o r  t h e  Laramie, S h i x l e y ,  and Xama b a s i n s .  For 

t h e  analytical methods ,  TOT .md ZOC, approximate g r o u n d  water 

flow d i r e c t i o n s  may be assumed f r o m  F i r j u r e  2 .  G r a d i e n t s  f o r  

Caspe r  and Cloverly formations were measured . 2 t  t h e  eastern edge 

of t h e  s t u d y  x e a .  



....., .... ". .. ..... . . . .  

' .  .. \ 

v' 

. ..... 

I 
106' 

41*1 
I ot- 

- *  c ~!31-:r2 2 Generalized g r o u n d  water flow directions i n  t h e  
c re taceous  rocks in the Laramie, Shirley, and 
Hanna basins, Wyoming. (From Richter, H . R . ,  1981) 



Aquifer Hydrsulic Properties -- ta.ramie. Shirley, and Hanna Basins 

Te.rti;-uy Ferris 20 35 .15-.20 .05-.?Q 7 00 
Hsnns. 20 25 -15.20 -05.10 100 
"ind mu. 175 12 -15.20 .05-.10 500 
White R 135 12 .15-.20 -05.10 500 
Browns WC 115 20 -15.20 .05-.10 500 
N. Park 1 4  14 .15-.20 .115-.10 500 

CaSpeT ? 032 1460 46 286 71680 23360 

Cloveriy 1221 1727 279 ? 750 2577 5354 

Ferris 1 93 I i 1 672 273012355 44 275 42583 85167 

!-!atma. 1931 !I 672 273W2365 61 385 30417 60833 

Wind Riv. 146Oil2E4 2064/1?88 73 458 14600 29200 

firowns Pk 18OOil559 254432205 67 419 24333 48667 

N. Park 1632!1413 236811999 70 491 17033 34067 

Allwiurn 986 1395 68 428 7141 14282 

Table 1 



Green River Basin and Overthrust Belt 

The Green  R ive r  b a s i n  and Overthrust b e l t  of southwestern 

Wyoming exhibit vastly different hydrogeologocal configurations, 

This is due to different structural features. The Green River 

basin has a typical basin flow system with recharge along the 

basin's flanks and flow toward the Green river. The Overthrust 

belt, on the other hand, contains many fault zones. 

Stratigraphic displacements have resulted in areas o f  disrupted 

ground water circulation. Xigh recharge and large fracture 

permeability suggest that the Overthrust b e l t  has a high 

potential for ground water development, However, these same 

characteristics make delineation of protection areas  more 

d i f f icul t o  

Overthrust Belt. The important water-bearing strata of the 

Overthrust belt are largely o f  Tertiary and Quaternary age. The 

exception is the Madison, which is an important water source in 

t h e  northern Overthrust belt. The Tertiary aquifers o f  interest 

are t h e  Evanston, Wasatch, Green  River, and Bridger formations. 

In the s o u t h e r n  part of the study area, the Evanston and Wasatch 

aquifers are capable of yielding moderate to large quantities of 

water to wells. The most productive Quaternary aquifers are 

f o u n d  in the valleys of the Snake, Salt, and Bear rivers. 

Alluvium and terrace deposits are often more than 100 feet thick 

and approach 400 feet at a few locations in the Bear River 

valley. 

Green River Basin. The most productive formations are again 

Tertiary and Quaternary deposits. The principal Tertiary 



aquifers a re  the Wasatch formation, the Bxidger formation, and 

the Laney member of  the Green River formation. T h e  locations 

where aquifers a r e  present at shallow depths a r e :  (1) the Wasatch 

in the northern Green River basin and at basin flanks, ( 2 )  the 

Laney member in eastern Green River basin, and (3) the Bridger 

formation in the south-central Green River basin. Quaternary 

deposits overlie Tertiary sediments in the val leys  o f  the Green 

river and its major tributaries and along the southwestern flank 

o f  the Wind River  mountains. Gradients are generally similar to 

the l o c a l  t o p o g r a p h y .  

Fo r  the formations mentioned above,  hydraulic poperties and 

protection area dimensions are shown in Table 2 .  Figures 3 ,  4,  

and 5 are potentiometric surface maps of the Green River  basin 

and Overthrust belt. Orientation of protection areas  may be 

inferred f rom these figures; flow is perpendicular to 

potentiometric contour lines. In this instance, flow is 

generally to t h e  south and toward the Green river drainage 



Production Byd. Porosity Gradient Assumed 
Period Fm Interval (H) Cmd. (k) (n) (i) flowr3.k 

feet ft da.y Q (gpm) 
g31e rthrnst Be ft 
Tertiary Madison 200 5 .12-.17 -05 .15  600 

Eva.nskm 50 5 x - . 2  . o w 5  130 
"a.s 31Ch 150 1 -2-.25 .t308-.01 300 
Green A. 150 3 -15-2 .007-.012 400 
Bridger 50 5 - 1 5 - 2  c.014 150 

Q uale rn 3.0 A H lmi Urn 150 16 0.23 .ECZ-.f12 300 

Green River Basin 
Tertisry Green i?. 150 40 -15-2 .004-.GU9 400 

(L3: e )i M €! n; b er) 
Was atch 150 1 .20-.25 .004-.02 300 
0 rid y e r 50 5 .15-.20 .003-.012 I50 

C uate rn A : iuv. 50 16 0.23 .Oci2-.02 150 

Protection Area Csimensiotts 

(3Verthrust Beit 
Madison 367211 180 33412261 123 770 11406 22812 
Evamton 1221 '916 2442!1332 82 513 9125 18250 
WaSatCh 1058i'846 21 16if 632 6128 38503 91 182 
Green R. 141Ifi'1058 292021 25 2273 74251 438 3?6 
Bridger 1498il122 29922243 1313 0251 852 1703 
Alluviiirn 986 1394 192 1203 2539 5078 

::;;eefi fqyer %asjfi 

Green R 1410/1058 2820321 15 227 1426 4381 0761 
Wasatch 1058ib46 21 1611892 3064 19252 183 366 

Alluvium 1103 1559 239 1504 2539 5078 
Sridger 1496i1 I22 299232243 1532 9626 730 1460 

{I) Radius, R=(((;l*~n*H)*22367)*.5. (R at rniriirnum n i R at m x  ti) 
(2) For ZOC Xo=Q*,3U.S4!kHi, a1 mmirnurn i. F = 2*R*,Xo. 
(3) x=Wt*365in, using minimum n a.nd maximum gradient i. 
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Figl i re  3 Potentiometric s u r f a c e  map o f  the T e r t i a r y  Wasatch 
aquifer, G r e e n  River  basin and Overthrust b e i t  (From 
Ahern, J. et al., 1981). 



I 

?.q.ix 4 Potantiometzic s u r f a c e  map o f  the Tertiary Laney 
aquifer in t h e  Green River basin (From A h e r n ,  J. 
e t  al., 1931). 
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Figure 5 Potentiometxic sur face  map o f  t h e  Tertiary Bridger  
aquifer i n  t h e  Green River basin and O v e r t h r u s t  belt 
(Ahern, J .  et al., 1981). 



Great Divide and Washakie Basins 

The inost  ~ t i l i z e d  aquifers i n  the Great Divide and Washakie 

l m s i n s  zire the E a t t l e  S p r i n g s  formation in t h e  n o r t h e r n  a n d  

:asterE Great D i v i d e  basin, t h e  Ericson formation and Bishop 

C o n g l o m e r a t e  near the R o c k  Springs uplift, t h e  Laney member of  

t h e  Green River  formation in t h e  western Vashakie b a s i n ,  the 

Wssatch formatiom o n  t h e  Wamsu t t e r  a r c h  and  the  Great Div ide  

> a s i n ,  t h e  North Pazk  f o r m a t i o n  i n  t h e  3ierra Madre uplift, and 

Q u a t e r n a r y  d e p o s i t s  o f  vind-Siown s a n d  a n d  alluvium near  the 

Ferris mountains and the Little S n a k e  River v a l l e y .  With t h e  

e x c e p t i o n  ( 2 f  t h e  w c o n s o l i d a t e d  Quaternary deposits a n d  the 

Ericson f o r m a t i o n  (Cretaceous), these a r e  all T e x t i a r y  f o r m a t i o n s  

T h e s e  a q u i f e r s  a r e  p r e s e n t  a t  shallow d e p t h s  and t h e r e f o r e ,  

vu 1 nera bl e to con tami na t i on. 

Table 3 l i s t s  a q u i f e r  hydraulic properties and the sizes of  

p r o t e c t i o n  x e a s  f o r  t h e  c a l c u l a t e d - f  ixed-radius m e t h o d .  Other 

YHPA methads w e r e  m t  considered due to t h e  extremely low 

g r a d i e n t s  w i t h i n  t h e  b a s i n s .  Flow directions and gradients f o r  

analytical m e t h o d s  were assumed f r o m  Figures 6 and 7 .  



Aquifer Hydraulic Properties -- Great Divide a i d  '#ashahe Basins 

Quatern nry Deposits 40 9 0.23 .002-. 02 25 

fort Union 30 7 -15 .39  .004-.008 300 

(2eta.c. Ericson 30 7 .08-.26 .003-.013 150 

Hishap ? 079i88 1 1 5261 1 246 

Battle spg 211551638 2991i2317 

Fort Union 273711 693 386212394 

Table 3 
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F i ( p r e  7 Potentlometric su r face  map, Mesaverde a q u i f e r .  (From 
Collentine, M. e t  al., 1981.) 



Bishorn Basin 

Yunicipal water  s u p p l i e s  within t h e  b a s i n  are p r o v i d e d  

grimarily f rom Q u a t e r n a r y  d e p o z i t s ,  t h e  Hadison Limestone, and 

t h e  !>?per Cretaceous-Tertiary a q u i f e r  systems. However, t h e  

Madison f o r m a t i o n  Is #it g r e a t  (3ep th  throughout most. of the basin 

and t h e r e f o r e ,  n o t  susceptible to contaimination. Non-municipal 

public drinkinq water supplies t a p  Quaternary and upper  

Cretaceous-Tertiary aquifer systems. Of t h e  near-surface 

aquifers, only t h e  Q u a t e r n a r y  deposits ! i re  considered as major 

a q u i f e r s .  The w g e r  Cretaceous-Tertiary aquifer system is 

capable o f  d e l i v e r i n g  o n l y  .;ml7 quantities of water .  Formations 

comprising this system are l a r g e l y  discontinuous and lenticular; 

therefore, potentiometric s u r f a c e  data is not available. 

Most wells and municipalities a r e  located along m a j o r  

drainages, which include t h e  N o r t h  a n d  S o u t h  F o r k s  of the 

S h o s h o n e  rivex, t h e  G ~ e y D ~ 1 1 ,  B i g h o r n ,  and Clark's F o r k  

(Yellowstone) rivers and their tributaries. Quaternary deposits 

of varying thickness underlie the f l o o d p l a i n s  of t hese  r i f lers ,  

with flow generally in the downstream direction. 

Upper Cretaceous and lower Tertiary deposits are t h e  

shallowest bedrock in t h e  basin. Water c a n  usually be obtained 

at depths less than 500 f e e t .  However, sandstone aquifers 

within these formations are discontinuous; the quantity of 

available water will vary greatly. Formations in this grouping 

are t h e  Willwood, F o r t  U n i o n ,  L a n c e ,  Meeteetse, and the 

Mesaverde. 

Table 4 c o n t a i n s  aquifer properties and protection a rea  



d i m e n s i o n s  f(3r t 5 e  Z i g h c r r i  b a s i n .  3l'ow+ler, because :f a l a c k  o f  

pctentlometric d a t a  f x  t h e  q 2 e r  C ~ ~ t a c e o u s - T e r ~ l a r y  aquifers, 

o n l y  t h e  ca1ci : la ted fixed radius m e t h o d  was utilized. 



Aquifer Hydraulic Properties -- Bigfiarn Basin 

U. Cret - 'Nillwood 30 NA .12-.25 NA 50 
Ter?iwy Ft Union 30 NA .12-.25 NA 50 

20 !!A -12-.25 NA 50 
Meete ets e 20 N A  -12-25 NA 50 
Mesaveld€ 4 NA .12-.25 NA 50 

Alluvium 12641 131 1 fSWl599 141 807 5658 11315 

Terrace 118211 058 167211 496 72 454 9673 19345 

Wi lhod  1246/863 176311 221 NA NA NA NA 

R Union 12461'863 1 ?634 221 FiA NA NA NA 

Meszverd ?079!'?48 1526ilO57 N A  NA N A  NA 

Table 4 



T a b l e  5 l i s t s  aquifer parameters a n d  protection area 

diniensicms for k h e  WiiJd River  b a s i n .  I n  o r d e r  t o  p r o p e r l y  o r i e n t  

p ( 3 t e c t i o n  t+reas ,  F i g u r e  3 I n c l l c a t e s  the g e n e r a l  g r o u n d  w a t e r  

f l o w  d i r e c t i o n s  i n  khe  h d s i n .  Notice , h a t  t h e  g r o u n d w a t ~ r  "low 

: ! i r ~ ' - , i c ; n  is I=1ppz3xi:nait:ly k a s i n w a z d .  Quaternary d e p o s i t s  am2 

t h e  Arikaree aquifer a r e  e x c e p t i r m s  Po k h i s .  G u o u n d  d a t e r  flow 

i n  Quaternary  deposits I s  generally toward s u r f a c e  d r a i n a g e s ,  

while flow is t o w a r d  Pathfinder !arid Alcova reservoirs i n  Yie 

Granite M o u n t a i n s  (Arikaree aquifer) a r e a .  

I 
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EXPLANATION 

J Ground-motor f l o w  drrrclion 

/ Ground-uoior diuido 

a Precambrian r o c k  

I 
I i* 1 

tor .  

Figure 8 Generalized ground water flow directions in the Lower Cretaceous 
rocks, Wind River basin. (From Richter, H.R., 1981.) 



Production Hyd. Porosity Gradient Assumed 
Period Frn IntervalM Cond. (k) (n) (i) Rowrate. 

fee? & j d v  Q (9Frn) 

Tertiary Moonstone 50 1 -14-.25 .01-.1 100 
Arikaree 100 23 -14.25 .01-.1 200 
White R 7 00 7 -12 -2  .01-. 1 150 
Wind R 200 3 .12--2 .01-.019 300 

Protection Area Dimensions - Wind River Basin 

Terrace 2365121 15 3344i12991 255 1504 3650 7300 

M~onston 12641946 178811 338 613 3850 3910 7821 

Table 5 



Powder River Basin 
7 -  cr:nzipal squifer 3ys t5as  : . r e sen t  a t  3 h a l h w  d e p t h  I n  t h e  

? ' 3 w ( i c  *?iver b a s i n  x e  G m t c n a r y  deposits, the Ilr i ka ree ,  White 

- :  _ X - J P Z ,  Vasatch, F o r t  TJnion, m d  t h e  Fox Yill/Lance formations. 

T h e  Y a s a t c h  and  F o r t  Union zrct the shallowest bedrock  formations 

in t h e  central basin. The Arikarec, is t h e  major s o u r c e  o f  

c?roundwater  i n  the extreme s o u t h e a s t e r n  part cf t h e  b a s i n ;  

whsueas, t h e  Lance is t h e  surf icial ; J e d r o c k  formation at t h e  

1 : ~ s i r . ' ~  southeastern and southwestern margins. 

Nazrow s t r i p  of alluvium l i n d e r i i e  sur face  d r a i n a g e  valleys 

.--, L h e  1 2 r e l ~ .  T m p o r t m t  l ~ \ l l u v i a l  i k p o s i t s  z i e  ' l oca te2  a l c n g  the 

?Jor th  Platte, Powder, Little Powder, Belle F o u r c h e ,  Czeyenne 

z i v e r s ,  and Lance,  Crazy  Woman, and Clear creeks. O t h e r  

Quaternary deposits include glacial d e p o s i t s  in the Bighorn 

mountains and wind-b lown  sand near C a s p e r .  only alluvial 

2 e g ~ o s i t s  ?re significant sources of g r o u n d  wats r .  

Most municipal wells ir. t h e  basin withdraw g r o u n d  water f rom 

the % d i 5 o n  and  Wasatch/Fort  Un ion  aquifer systems. To a lesser 

e x t e n t ,  a l l u v i u m  and t h e  F o x  Hill/Lance aquifer sys tems,  at t h e  

b a s i n  margins ,  are a l s o  utilized for m u n i c i ; ? a l  drinking water. 

Hydraulic properties and protection area dimensions are 

l i s t e d  in Table  6 .  Figure 9 is a generalized potentiometric 

surface of the region. The flow direction, which is roughly 

gerpendicular to equipotential lines, is generally t o  the n o r t h .  

Because of low hydraulic gradients in t h e  c e n t r a l  basin, z e s u l t s  

f o r  analytical mehtods are not particularly meaningful. 



Hydrology from D.T. Hoxie and K.C 
Gkwr (won commun.. 1983). 

EXPLANATION 
For AU Figures 

-4400- - GENERALIZED POTENTIOMET'RIC CONTOUR - Shows altitude of equivalent 
fresh-water head in well completed in the formation mapped. 

approximately located. 
Dashed whac 

Datum is sea level Contour intmal. in fa. varies. 

Figure 9 Potentiometric s u r f a c e  map in t h e  L o w e r  Cretaceous 
aquifer, Powder  R ive r  basin. (From Lowry, M. et al,, 
1 9 8 3 .  I 



Produciion Hyd. Porosity Gra.ciient Assumed 
Period Fm 1titerv;lt.l (H) (?and. (k) (n) (i) Rowrate 

feet ff!day Q (!2pm) 

Arikaree 259011 158 3F63i: Ij3a 6128 38503 548 1096 

1221 i '74 1532 9626 243 487 

. k a~i~itat:  '- . - r 4  . 9'391965 141311 365 3830 24065 130 260 
Ft Union 

Lancei I 132,965 1672i 1365 55 1 5348 021 1642 
Fox Hills 



Denver-Julesbura Basin 

rn -he !r,ost r i ~ g o ~ t 3 n t  aquifer ~ y s t e r n s  f o r  ?>e G u r p o s e s  o f  t h i s  

:repc;rt, x e  t h e  r2uaternary z l l u v i a l  a ( 3 u i f e r s ,  t h e  T e r t i a r y  

x p i f e r ,  and the ?ox Hill/Lance a q u i f e r .  ?he Tertiary a q u i f e r  

s y s t e m ,  consisting (-1f t h e  White River g r o u p ,  Arikaree, and 

Ocjallala formations, is t h e  a o s t  productive I n  t h e  b a s i n .  

S i g n i f i c a n t  yields have a l s o  b e e n  o b t a i n e d  f r o m  Quaternary 

i l e p o s i t s  along the North P l a t t e  ,mnd i t s  tributaries, the 

W h e a t l a n d  Flats, and +:he Pine B l u f f  Lowland. T h e  L a n c e / F o x  H i l l s  

a q u i f e r  system exhibits lower y i e i 3 s .  T h i r  , ? . ,qu i fe r  zys t em has 

beer, (3evelo2ecl p h a z i l y  I n  t h e  e a s t - c e n t r a l  ?art n f  t h e  basin. 

F i g u r e  10 indicates t h a t  the (;enera: q r o u n d  water f l o w  

p a t t e r n  is from west to e a s t  and converging t o w a r d  the N o r t h  

P l a t t e  r i v e r .  Table  7 contains aquifer hydraulic p r o p e r t i e s  and 

protection area d i m e n s i o n s .  



A 

EXPLANATION 

-5000- watw tab10 contour; contour 
intorval 200 feet 

Limit of Tortiary outcrop 

n -  ~ ‘ q i ~ e  10 Water t a b l e  map o f  t h e  Tertiary aquifer system, 
D e n v e r - J u l e s b u r g  b a s i n .  (From G u t e n t a g  and Weeks, 
1 , 3 S O . - l  



Aquifer Hydraulic Properties -- Denver-Julesburg Basin 

Quatern. Alluvium 120 1113 2-35 .002-.02 750 
TWVR 50 130 -2-.35 .002-.02 300 

Tertiay Oydida 60 44 .I-.3 .[304-.007 400 
A ri kare e 90 18 .2-.4 .004-. 007 400 
White R. 50 8 -1-25 .004-.007 200 

@etac, Lance/ 00 3 -1-.2 .004-. 007 100 
Fox Hitls 

kection Area Dimensions - Denver-Juiesburg Basin 

Fm a = R  R 0 (1) zoc (2) TOT x 0 (3) 
t=5yrs. t=l@yrs. Xo (ft) F (f9 t=5yrs. t=lOyrs 

Alluw‘um I869i1413 2643i1998 87 547 20075 40150 
Terrace 3832/1385 259Oi1958 92 570 18250 36500 

Ogdhla 2731!1576 3861/2229 663 41 67 5623 11242 
btriksree 1576r’1115 222% 1576 1081 67191 1150 2300 
White FL 21 i5i1333 2391ii891 2189 13751 1022 2044 

Lat iW 1 f82i836 1672r’l i 82 1824 11459 383 767 
Fox Hills 

(1) Radius, R=(~(~~ti:n*H)r22361)”.5. (R at minimum n t R at M ~ X  n) 
(2) Fur ZrtC Xo=Q3?!)-64/kfii, at maximum i. F = 2Wl*Xo, 
(3) x=kit*365in, using minimum n 3nd maximum gradient i. 

Table 7 

. . 
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