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CHAPTER I 

INTRODUCTION 

Object of Study 

The Safe Drinking Water Act (SDWA) seeks to protect the 

nation's groundwater supplies from contamination. In addition 

to establishing minimum drinking water standards, it addresses 

the protection of groundwater quality and contains provisions 

for research, technical assistance, and training (Ordway and 

Worobec, 1989). The 1986 amendments to SDWA address the 

establishment of protection zones around public water supply 

wells in order to help prevent contamination from impacting 

public water supplies. These protection zones can serve as the 

basis for protection efforts at state and local levels. The 

object of this study is to establish these zones, called 

wellhead protection zones, for the municipal water wells in the 

well-field serving the City of Edmond, Oklahoma. 

Location 

The study area, located in north-central Oklahoma County 

(Figure 1), includes all of Township 14 North, Range 2 West, all 

1 
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Figure 1. Location of the Study Area 



3 

except the western edge of Township 14 North, Range 3 West, and 

the northern 1/3 of Township 13 North, Range 2 West and Township 

13 North, Range 3 West. The well-field is located within the 

corporate boundary of Edmond (Plate 1). 

Physiography and Drainage 

Burton and Wood (1968) provide a good summary of the 

regional geomorphology. The eastern one-half of the study area 

consists of sandstone capped hills that are dissected by 

numerous small intermittent streams. Local relief is as much as 

150 feet. This portion of the study area is forested with 

blackjack, post oaks, and other deciduous trees, with a ground 

cover composed of a variety of native grasses. The western one

half of the study area, which is underlain by shale, consists of 

broad "flat-topped'' hills. These hills are predominately 

covered by a variety of native grasses with sparse tree cover, 

occurring mainly along stream courses. In these hills, 

topographic relief is greater than 100 feet in only a few 

places. 

The eastern one-half of the area is drained by Coffee 

Creek to the north, and Spring Creek to the south. Spring Creek 

empties into Lake Arcadia, which is located on the Deep Fork 

River, a principal drainage for northern Oklahoma County. The 

western one-half of the area is drained by Chisholm Creek. The 

drainage pattern of the streams ln the 
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area is predominately dendritic, but in the eastern half it is 

influenced by fracture patterns within the bedrock. 

Climate 

The climate of central Oklahoma is temperate. It is 

4 

characterized by weather patterns of wide temperature and 

precipitation fluctuations relative to the averages. According 

to U.S. Weather Bureau climatological data, the average annual 

temperature for central Oklahoma is 60°F. The coldest month, 

January, averages 39°F 1 and the warmest month, August, averages 

82°F. The average annual precipitation for the area is about 32 

inches (Figure 2). The greatest rainfall usually occurs in May, 

with an average of 5.44 inches. The driest month is usually 

December, with an average of 1.53 inches (Burton and Wood, 

1968) . 

Soils 

The soil associations in the area strongly reflect the 

lithology of the underlying bedrock. Four main soil 

associations have been identified by the Soil Conservation 

Survey of Oklahoma County (1969). The distributions and 

descriptions of these associations can be seen in Figure 3. In 

general, soils in the eastern half of the area have higher 

permeability, lower run-off potential, and higher infiltration 

rates than soils in the western half. 
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SOIL ASSOCIATIONS 
Darnell-Stephenville association: Shallow and deep, gently 
sloping to strongly sloping, loamy soils on wooded uplands 

Renfrew-Vernon-Bethany. association: Deep and shallow, nearly 
level, loamy and clayey soils on prairie uplands 

Dale-Canadian-Port association: Deep, nearly level, loamy 
soils on low benches along the North Canadian River and 
other large streams 

Zaneis~ickasha association: Deep, gently sloping to 
moderately sloping, loamy soils on prairie uplands 

Figure 3. Soil Associations Map for the Study Area 
(SCS, 1969) 
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Land Use 

Although the area is located within Edmond's corporate 

boundary, most of the land is not heavily urbanized. Large 

tracts are used for agriculture, livestock grazing, and 

recreation. Industry in the area is comprised predominately of 

light, service oriented businesses, such as auto repair and 

service stations. The City of Edmond has seen a dramatic 

increase in its population in the past 25 years, from about 

30,000 to a present population of about 60,000. 

Oil and gas development has occurred in the West Edmond 

Oil-field and the Northeast Edmond Oil-field (Plate 1). 

Production in the West Edmond Oil-field is predominately from 

the "Bartlesville Sand'', Mississippi Lime, and the Bois d' Arc 

Frisco Lime. Production in the Northeast Edmond Oil-field is 

predominately from the "Bartlesville Sand" (Kennedy, 1990). 

Well-Numbering System 

Wells are located within this document according to their 

legal-location description. The address given to each well 

refers to its location within the rectangular subdivisions of 

the public lands. The address contains the township, range, 

section number, and the quarter-quarter-quarter of the section 

the well is located in (Figure 4). 
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CHAPTER II 

REGIONAL AND SITE GEOLOGY 

Regional Tectonic Setting 

The study area is on the northeastern edge of the Anadarko 

Basin, in proximity to the Nemaha Ridge (Figure 5). The 

Anadarko Basin is an assymetrical basin covering most of the 

southwest part of the state. The basin has a northwest axial 

trend. The Nemaha Ridge is a subsurface feature composed of 

many discontinuous uplifted features that form a narrow complex 

of faulted anticlines, which extends over 300 miles from south 

central Oklahoma to southeastern Nebraska (Lawson and Luza, 

1981). 

The Oklahoma City Anticline, approximately 10 miles south 

of the study area, was formed by tectonic activity associated 

with the Nemaha Ridge (Lawson and Luza, 1981). The anticline 

creates irregularities in the homoclinal dip of strata in the 

area. The maximum arching associated with the anticline is 

about 350 feet (Travis, 1930). 
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Site Geology 

Figure 6 shows the surficial geology of the study area. 

The rocks exposed at the surface are, in ascending order, as 

follows: 

* 

* 

* 

* 

Wellington Formation; 

Garber Sandstone; 

Hennessey Group; and 

alluvial and terrace deposits. 
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Stratigraphically below the Wellington Formation are the 

Permian Chase, Council Grove, and Admire Groups. Because of 

their lithologic similarity, the Wellington Formation and the 

Garber Sandstone are usually combined to form a single unit, the 

Garber-Wellington. This convention came to be primarily because 

of the importance of these units, collectively, as a groundwater 

supply in central Oklahoma. 

Permian system 

Garber-Wellington 

The Garber-Wellington crops out in a north-south trending 

belt 6 to 20 miles wide. This belt extends from north of Logan 

County southward through Cleveland County. It is predominately 

in Oklahoma and Cleveland Counties that the Garber-Wellington is 

an important source of water. The Garber-Wellington crops in 

the eastern one-half of the study area (Figure 6). 

The Garber-Wellington consist of lenticular beds of 
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massive cross-bedded sandstone units, which are interbedded with 

shale. The sandstone beds are red to maroon, fine-grained, and 

their thickness ranges from 5 to 50 feet. The sand grains are 

predominately quartz. The shale beds are non laminated, white 

to red, and can be sandy to silty. The Garber-Wellington is 

loosely cemented by red clay and is quite friable. A few thin, 

discontinuous sandstone beds are cemented by calcite, dolomite, 

or barite. Thin layers of chert conglomerate occur at the base 

of some sandstone beds. Within the sandstone units, cross

bedding is well developed, and many sections that appear to be 

massive are actually composed of a number of cross-bedded units. 

The collective thickness of the Garber-Wellington ranges from 

800 and 1000 feet (Burton and Wood, 1968). In the eastern 

portion of the study area, the Garber-Wellington is exposed and 

part of its thickness has been removed by erosion. 

Hennessey Group 

The Hennessey Group, which cropsout in the southwestern 

part of the study area (Figure 7), consists primarily of reddish 

brown, clayey to sandy shale with a few thin siltstone and 

sandstone beds. The shale beds are mostly massive. Where 

stratification is evident, it ranges from thin laminations to 

medium bedding. Lenticular beds of fine-grained sandstone, 

ranging from less than 1 to 15 feet in thickness occur near the 

base of the Hennessey. The contact between the Hennessey and 

the Garber-Wellington is believed to be conformable (Burton and 

Wood, 1968). The Hennessey is as thick as 650 feet elsewhere, 



but its maximum thickness in the study area is between 100 to 

150 feet (Kennedy, 1990). 

Depositional Environment 

14 

During the early Permian, regional sedimentation patterns 

in the mid-continent were greatly influenced by the Anadarko 

Basin. During this time, uplifted areas to the east were eroded 

rapidly, resulting in the westward transport of large volumes of 

sediment by the major streams. It is believed that during this 

time, the sediments that comprise the Garber-Wellington were 

deposited in a fluvial deltaic environment. The central portion 

of this delta complex is thought to be near Midwest City, 

Oklahoma, where the sand content of the Garber-Wellington is 

greatest, about 75 percent (McBride, 1985). The sand content 

within the Garber-Wellington gradually decreases away from this 

central region. The Permian sediments in the study area form a 

homocline with a northwest-southeast strike and a gradual dip to 

the southwest of about 40 feet/mile (Burton and Wood,1968). 

Quaternary Deposits 

The Quaternary deposits within the study area are alluvial 

deposits adjacent to the major streams (Figure 6). These 

deposits consist mainly of interfingering lenses of 

unconsolidated sand, silt, clay, and gravel. The deposits are 

mainly located in the floodplain and stream courses within the 

study area. The thickness of these sediments is probably not 

greater than 60 feet (Burton and Wood, 1968). 



CHAPTER III 

HYDROGEOLOGY OF THE CENTRAL OKLAHOMA 

AQUIFER 

Aquifer Characteristics of the Central 

Oklahoma Aquifer 

The Garber-Wellington constitutes an important aquifer in 

central Oklahoma. This aquifer is called the Central Oklahoma 

aquifer (COA). The COA underlies about 3,000 square miles of 

central Oklahoma, predominately in Logan, Oklahoma, and 

Cleveland counties (Christenson, 1992). Small quantities of 

water are obtained locally from the Hennessey Group and from 

alluvial and terrace deposits, yet these deposits, due to their 

limited permeability or extent, are not widely used as an 

aquifer in this area (USGS, 1954). The COA is a major source of 

water for municipal, industrial, and domestic uses. In 1989, 

groundwater withdrawals from the COA, excluding domestic use, 

were estimated to be 7.860 billion gallons per year 

(Christenson, 1992). 

An understanding of how the COA functions as an aquifer is 

necessary in order to develop and protect this groundwater 

15 



resource. The geologic framework of the COA largely controls 

the occurrence and movement of groundwater. Principal 

components of the geologic framework include the hydraulic 

characteristics of the rock units, geologic structure of the 

aquifer, and the lateral and vertical extent of the aquifer 

(Carr and Marcher, 1977). 

Hydraulic Characteristics 

Porosity and Specific Yield 
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Because of its origin as part of a delta system with 

shifting channels and alternating currents, the COA is a complex 

of interfingered layers of cross-bedded, fine-grained sandstone, 

siltstone, and shale (Carr and Marcher, 1977). Where a complete 

stratigraphic section exists, the combined thickness of the 

Garber-Wellington formations is about 1000 feet. In the eastern 

part of the study area where these formations are exposed, they 

have been partially removed by erosion. Water wells in the COA 

are perforated in the thick freshwater-bearing sandstone units. 

The hydraulic characteristics of the sandstone are directly 

related to the shapes, sizes, and sorting of the sand grains. 

The sandstone has been classified as angular to subangular, 

fine-grained, and well sorted (Jacobsen and Reed, 1944). The 

ability of the sandstone units to store water is a function of 

the porosity of these units. The porosity of the sandstone in 

the COA has been estimated to be 25%, or 0.25. The effective 

porosity of the sandstone is estimated to be about 0.22 
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(Pettyjohn, 1989). The shale beds within the COA are sandy near 

the top of the aquifer and become silty with increasing depth. 

Recharge 

Recharge to the unconfined portion of the COA is derived 

mainly from precipitation that falls in the outcrop area. 

Recharge to the aquifer has been estimated to be 130,000 acre

feet per year (Wickersham, 1979) or 15 million gallons per 

square mile per year (Burton and Wood, 1968). Other estimates 

range from 10 percent (Carr and Marcher, 1977) to between 5 and 

9 percent (Bingham and Moore, 1975) of the annual precipitation. 

Recharge to the confined portion of the COA is not well 

understood. It is possible that some water recharges the 

confined system by percolating through fractures that penetrate 

the confining shale units. The down-dip migration of water from 

outcrop areas to the east within laterally continuous units also 

may account for some recharge to the confined aquifer. 

Hydraulic Conductivity, Transmissivity, 

and Storativity 

The hydraulic conductivity of the COA has been estimated 

to be 35 gpd/ft2 (Burton and Wood, 1968). This corresponds to 

the lithologic description of the sandstone as being fined 

grained, which usually results in hydraulic conductivity values 

in the range between 10 to 100 gpd/ft2 (Heath, 1987). Hydraulic 

conductivity values can vary from one location to another and 

directionally within the aquifer. The ratio between the 
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horizontal to vertical hydraulic conductivity values within the 

COA is estimated to be between 100:1 and 10,000:1 (Christenson, 

1992). As such, the COA would be classified as an anisotropic 

aquifer. 

Both the hydraulic conductivity and thickness of the COA 

are variable throughout its extent. Many different estimates 

transmissivity (T) values for the COA have been made. Burton 

and Wood (1968) estimated the transmissivity of the COA to be 

between 4000 and 7000 gpd/ft, Wickersham (1979) estimated 3300 

gpd/ft, and Christenson (1992) estimated 2600 gpd/ft. 

Aquifer tests have been performed on deep water wells in 

the vicinity of the Edmond well-field. The Association of 

Central Oklahoma Governments (ACOG) conducted an aquifer test 

for the City of Nichols Hills, Oklahoma, which is approximately 

5 miles south of Edmond. Nichols Hills' municipal water well 10 

was pumped for 8.5 hours at a constant rate, and the subsequent 

decline in the water level within an observation well, 29 feet 

away, was observed (Appendix A). The data collected from the 

test was plotted produce a time vs. drawdown plot (Figure 7). A 

transmissivity value of 1375 gpd/ft and a storativity of .0013 

were obtained from the analysis. 

Burton and Wood (1968) estimated the storativity of the 

COA to be 0.0002. The exact value of the storativity may vary 

throughout the COA, but it can be expected to represent a very 

small volume of water. 
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The assumption incorporated by the Theis non-equilibrium 

method that all the water produced from a well is derived from 

storage within the aquifer concludes that any water provided by 

leaky confining beds is negligible. If this assumption is 

incorrect and leaky confining beds supply a significant amount 

of water, the time vs. drawdown plot will deviate to some degree 

from the idealized type curve. The small amount of deviation 

between the plot and the type curve for the Nichols Hills 

aquifer test shows that there was not a significant contribution 

from the confining beds during the test. 

Carr and Marcher (1977) described an aquifer test in 

Nichols Hills where a city water well was pumped for 3 days 

without affecting the water level in an adjacent shallow well. 

They concluded that only a low degree of hydraulic connection 

existed between the deeper sandstone units, roughly those at 

depths greater than 200 feet, and shallow sandstone units. 

An aquifer test was conducted on community water well 6 

near Oak Tree Golf and Country Club, which is located about 4 

miles north of the Edmond well-field. The well was pumped for 

approximately 18 hours at a constant rate (Appendix A) . A time 

vs. drawdown plot of the test data is shown in Figure 8. The 

results produced a transmissivity value of 2300 gpd/ft. 

The variable results obtained from the aquifer tests make 

the selection of single representative values for the hydraulic 

characteristics of the COA in the Edmond area difficult. The 

length of time encompassed by the Oak Tree aquifer test and its 

close approximation of the tranmissivity estimate made by the 
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Geological Survey (USGS) provide some degree of confidence that 

it is a valid estimate. Since the test was conducted north of 

the Edmond well-field, and the total thickness of the sand in 

the COA is known to decrease north of Edmond, a transmissivity 

value of 2500 gpd/ft is believed to be a valid estimate for the 

transmissivity of the COA in the Edmond area. 

A storativity of .0002 and hydraulic conductivity of 12 

gpd/ft2 are believed to be representative of the COA in the 

Edmond area. 

Geologic Structure 

Most of the information required for a hydrogeologic study 

of an aquifer is also required 1 to some extent, by well drillers 

constructing water-supply wells or oil and gas wells. An 

important aspect of water-well construction is the determination 

of the location and thickness of individual rock units. This 

information can be obtained from logs available from wells in 

the area. The logs commonly available for the municipal water 

wells in the Edmond well-field are driller's logs and 

geophysical logs. Driller's logs contain a written record of 

the thickness and depth of the lithologic units penetrated by 

the well. Geophysical logs provide indirect information on the 

physical characteristics of the rock units. The geophysical 

logs usually run in the water wells are neutron/gammma ray logs. 

Electrical logs run in oil and gas wells in the area can provide 

similar information. Figure 9 shows the responses of various 

geophysical logs to different lithologies. 



Depth below 
land surface Driller's log 
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Figure 9. Responses of Various Well Logs to Different 
Lithologies (Heath, 1987). 
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Stratigraphic Cross-Sections 

Figure 10 is a neutron/gamma ray log of Edmond's municipal 

water well 34. The log demonstrates a common signature pattern 

produced by the COA for these types of geophysical logs. A 

sandstone/shale baseline of approximately 52 API units was used 

to distinguish between sandstone and shale units. The selection 

of the baseline was a subjective decision, and a different 

baseline value could have been used without compromising the 

study. Neutron/gamma ray logs are available for most of 

Edmond's municipal water wells. The logs from some of the 

deeper water wells were used to construct stratigraphic cross

sections through the COA. 

A north-south cross-section (A-A') and a northwest

southeast cross-section (B-B') (Plates 2 and 3) were prepared by 

correlating sandstone and shale units across the well-field. 

Correlation of these units was made difficult because of the 

similarity between various sandstone and shale units and the 

lack of a distinct marker bed within the aquifer. Similar 

trends in the logs signatures were used to correlate the units 

from well to well. The logs were oriented with respect to a 

elevation of 900 feet. The prepumping, or static, water level 

recorded for the wells for February, 1990 was included on the 

cross-sections along with known perforated intervals. 

The cross-sections illustrate the highly variable nature 

of the units in terms of both thickness and extent. The thicker 

sandstone and shale units are slightly over 50 feet in 
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thickness. Both the sandstone and shale units pinchout 

abruptly, being significantly thick in one well and being absent 

in a well 1/2 mile away. Some sandstone and shale units were 

correlated over the entire length of the cross-sections, 

indicating that some units possibly have appreciable lateral 

extent. No major structural features, such as faults or folds, 

are evident. Plate 2 illustrates that the structural dip of the 

strata is to the west-southwest at approximately 40 feet/mile. 

On cross-section B-B', well 27 shows that brackishwater was 

encountered at a depth of about 620 feet. The well was 

perforated in the freshwater sandstone immediately above the 

brackishwater sandstone. 

Sandstone/Shale Ratios 

The lithologic descriptions available from drillers logs 

were combined with the information available on the 

neutron/gamma ray logs to produce lithologic records for most of 

Edmond's water wells (Appendix B). Using these records, the 

total thickness of sandstone penetrated by each well was divided 

by the total thickness of shale penetrated to obtain a 

sandstone/shale ratio. 

Commonly, the total thickness of sandstone in a given 

stratigraphic interval is used to prepare a net-sand map. The 

absence of an identifiable rock unit in the interval of the COA 

encompassed by the logs, a unit that could be used as a marker 

bed to define a consistent stratigraphic interval, prohibited 

this approach. Sandstone/shale ratios might provide a 
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generalized indication of any trends that exist in the relative 

amounts of sandstone and shale within the aquifer. The ratios 

were used to construct Figure 11. 

Using an arbitrary sandstone/shale ratio of 1.3, an area 

in the central portion of the well-field was shown to contain 

greater sandstone content in relation to shale. The map shows 

generalized north-south and east-west orientations. This might 

suggest a channel complex during the deposition of the Garber

Wellington. If true, then transmissivity of the COA in this 

area should be some degree higher than elsewhere. Given the 

simplified nature of the driller's logs and the subjective 

interpretation of the neutron/gamma ray logs, the map can 

provide only a rough estimate of trends in relative thicknesses 

of the sandstone and shale in the aquifer. 

Base of the Freshwater and Brackishwater 

Zones 

Figure 12 is an electrical log from an oil well in 

the Northeast Edmond Oil-field. The log was started at a depth 

of 200 feet, which indicates the length of the surface casing. 

Different water-quality zones were estimated from responses of 

the resistivity log. The freshwater zone is characterized by 

high resistivity values for the sandstone and shale units. The 

water is more mineralized with depth, becoming increasingly 

brackish and eventually saline. The brackishwater zone 

represents a transitional zone between the COA and deeper rock 

units that contain water too mineralized to be used for most 
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purposes. Delineations of these zones are based on the 

subjective interpretation of the log and, as such, can only 

serve as generalizations of the relative water-quality zones 

within the aquifer. 
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A limestone marker bed also was identified from the 

electric logs. The limestone was identified by Meyer (1975) as 

the Herington Limestone. The limestone, which actually consist 

of about 4 thin limestone units. 

Using the electric logs, maps were constructed showing the 

approximate elevations of the bases of the freshwater and 

brackishwater zones in the COA (Plates 4 and 5). 

The base of the freshwater zone is higher than 800 feet in 

the northeast corner, and lower than 400 feet along the southern 

edge of the study area (Plate 4). This trend reflects the 

regional pattern for the COA of increased thickening of the 

freshwater zone southward, reaching maximum thickness near the 

Midwest City to the south. The thinning of the freshwater zone 

to the north is reflected in the decline in well yields north of 

the study area (Carr and Marcher, 1977). The freshwater zone lS 

roughly 300 feet thick in the vicinity of Edmond's well-field. 

The map of the elevation of the base of the brackishwater 

zone shows the same general trends as the base of freshwater 

zone map. The base of this zone is greater than an elevation of 

600 feet in the northeast and an elevation of 200 feet along the 

southern edge of the study area. 
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Geologic Structure Map 

A structural contour map was prepared for the area using 

the elevation of the limestone marker bed (Plate 6). The 

resistivity signature of the limestone changes across the area 

(Figure 13). This makes it difficult to insure that the same 

stratum was correlated from log to log. The limestone is 

believed to be composed of four thin, laterally-persistent 

limestone beds (Kennedy, 1990). The first bed is about 1100 

feet below the surface. Using the shallow-investigation 

resistivity log, a resistivity signature in the central portion 

of the limestone "zone" was selected as the best correlatable 

signature. As described above, this signature was not 

consistent throughout the area; therefore some error was likely 

introduced by the subjective interpretation of the location of 

this signature. Overall, a range of error of about 30 feet was 

incorporated into the map. Whereas the map can provide a 

generalized view of the major structural features in the area, 

any interpretation of the map should incorporate the fact that 

any small-scale structural features would probably not be 

evident. 

The map reveals no major faults or folds in the area. 

Faults with relatively little displacement would probably not be 

shown. Kennedy (1990) stated that faults in the area show 

increasing displacement with depth, thus a pervasive fault in 

the deeper formations may not extend through the Permian section 

with displacement sufficient to appear on the map. The dip of 
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Figure 13. Various Electric Log Signatures of the Herington 
Limestone in the Edmond Area 



the rock units is approximately 40 feet/mile to the west

southwest. Local irregularities are apparent in the generally 

homoclinal structure of the sediments. 

Fractures 

33 

Investigators have proven that a definite fracture pattern 

exists within rock units comprising the COA. Meyer (1975) made 

several hundred fracture-orientation readings within the COA 

near Guthrie, Oklahoma, approximately 15 miles north of the 

study area. The results of the readings are graphically 

presented in a rose diagram (Figure 14). The diagram reveals 

two major sets of joints, N. 80°W. and N. 0°W. Two minor sets of 

fracture joints, N. 40°W. and N. 60°E, also exist. Melton (1955) 

concluded that the fractures probably formed as a result of 

stresses placed on rocks from the folding of the Ouachita 

mountains to the southeast. The fractures could affect the flow 

of groundwater by providing zones of increased permeability and 

by penetrating the confining beds separating different sandstone 

units. A fracture-trace analysis of the Nichols Hills area, 

using surface lineaments shown on aerial photographs (Harrington 

and Simpson, 1990) indicates that municipal water wells within 

the COA that are located in the vicinities of fractures, 

especially near intersections of fractures, show increased well 

yields relative to wells not located near these intersections. 

Modification of the land surface in the Edmond area, due to 

urban and residential development, hinders the study of fracture 

patterns using surface observation techniques. 



Figure 14. 

North 
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Rose Diagram Showing the Distribution of Fracture 
Orientations in the Central Oklahoma Aquifer near 
Guthrie, Oklahoma (Meyer, 1975) 



CHAPTER IV 

GROUNDWATER DEVELOPMENT IN THE 

CENTRAL OKLAHOMA AQUIFER 

Well Characteristics 

Influenced by well-drilling techniques used in the 

petroleum industry, most deep water wells in the COA are 

completed by gun-perforating the casing after it has been 

cemented in the borehole. The perforations are located adjacent 

to thick water-bearing sandstone units. The locations of the 

sandstone units are identified from logs. Neutron/gamma ray or 

driller's logs usually are prepared for most wells. Driller's 

logs contain lithologic information and construction details on 

the wells. The driller's log for Edmond's municipal water well 

33 is typical (Figure 15). The log is a record of depths at 

which certain lithologies were penetrated during the drilling of 

the well. The construction details show that 22 feet of 16-

inch-diameter steel surface casing was set into the hole. Five 

hundred sixty two feet of 10 3/4 inch diameter casing was then 

cemented into the hole with 430 sacks of cement. A 

neutron/gamma ray log was run, and from this log the well was 

35 



STAATS DRILLING COMPANY 
DEEP WATER WELLS 

IL\n.ufo ADouu: JlT. 1, Box 255C. lloou. On.ABoMA 

City of Edmond 
Driller Log 
Water Well #33 

0 - 21 Loose Formation 
21 - 63 Sand (dry) 
63 - 65 Chert 
65 - 72 Sand (dry) 
72 - 76 Chert 
76 - 80 Sand (dry) 
80 - 89 S. Shale 
89 - 120 Sand 

120 - 139 S. Shale 
139 - 146 Sand 
146 - 180 S. Shale 
180 - 223 Sand 
223 - 234 S. Shale 
234 - 248 Sand 
248 - 263 Shale 
263 - 272 Sand 
272 - 298 Shale 
298 - 305 S. Shale 
305 - 350 Shale 
350 - 356 S. Shale 
356 - 375 Sand 
375 - 395 S. Shale 
395 - 401 Shale 
401 - 415 S. Shale 
415 - 434 Shale 
434 - 444 S. Shale 
444 - 475 Shale 
475 - 503 Sand 
503 - 525 s. Shale 
525 - 528 Shale 
528 - 536 Sand 
536 - 559 S. Shale 
559 - 604 Sand 
604- 700 Shale {T.O.) 

Casing Record: 

22' 16" 0.0. surface casing 
562' 10-3/4 0.0. cemented top 
to bottom using 430 sacks portland 
cement. 

Dresser-Atlas Gamma-ray & neutron 
logged - gun perforated 900 holes 

212 - 221 - 54 holes 
226 - 231 - 30 
237 - 251 - 84 
261 - 269 - 48 
274 - 279 - 30 
298 - 308 - 60 
323 - 334 - 66 
353 - 377 - 168 
380 - 387 - 42 
394 - 397 - 18 
472 - 491 - 114 
509 - 515 - 36 
532 - 553 - 126 
556 - 560 - 24 

75 h.p. B.J. sub. pump set at 436' 
air-line setting 436' static head 108' 

Staats Drilling Company 

By:'f;1N$~ 
C.H. Staats 

Figure 15. Driller's Log of Edmond's Municipal Water 
Well 33 

36 
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gun-perforated adjacent to the sandstone units. The perforation 

record shows the intervals that were perforated and how many 

holes were used for each interval. The perforation records 

available for Edmond's municipal water wells indicate that they 

produce from an average of 200 feet of sandstone (Appendix C) . 

A 75-horsepower submersible pump was placed at 436 feet into the 

hole, along with an air-line to take water-level measurements. 

The type of well construction described by the driller's 

log is the usual method of construction for deep municipal water 

wells in the COA (Simpson, 1992). The method of gun-perforating 

the casing instead of using well screens is generally considered 

inefficient for some of the following reasons: 

* 

* 

* 

* 

the perforations cannot be closely 
spaced; 

the percentage of open space in the 
casing is small; 

the perforations are usually irregular 
in shape and size; and 

sediment can enter the well through the 
perforations. 

In addition, incrustaceans may form within the wellbore, 

reducing the well's effective diameter and blocking 

perforations. These incrustaceans are commonly related to 

naturally-occurring chemical constituents in the water and do 

not usually pose any threat beyond reducing the effectiveness of 

the well. They are commonly removed by acidizing the well. 

Despite the drawbacks of this method of well construction, 

this is generally regarded as a good method to use for wells in 
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the COA. Occasionally, water-quality problems are associated 

with naturally-occurring heavy metals and radiation within the 

aquifer. With a perforated well, any producing units that have 

experienced water degradation can be sealed off, permitting the 

well to continue operation. With a screened well, corrective 

action, such as this, would be more difficult. Given the high 

construction cost of deep water wells, the ability to address 

water quality-problems in this manner could prevent a 

significant financial burden from being placed on the 

communities that rely upon the COA for their water. 

Specific Capacity 

The specific capacity of a well indicates how much water 

the well will produce per foot of drawdown. The specific 

capacity of a well depends on the hydraulic characteristics of 

the aquifer and the construction of the well. Factors that can 

affect specific capacity include: 

* 

* 

* 

* 

* 

the transmissivity of the portion of 
the aquifer supplying water to the well; 

the storativity of the aquifer; 

the length of the pumping period; 

the effective radius of the well; and 

the pumping rate of the well. 

The method of well construction also can influence the 

specific capacity. Wells constructed by perforating the casing 

generally have specific capacity values that are about half the 
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value of screened wells in the same aquifer (Figure 16). Thus, 

a screened well in the COA will yield about twice as much water 

as a perforated well, for the same amount of drawdown. 

Specific capacity values can be determined from acceptance 

tests performed on newly constructed wells. These tests are 

used to verify the well yield. Burton and Wood (1968) reported 

the results of an acceptance test on a water well in the Edmond 

area (Table I). 

TABLE I 

ACCEPTANCE TEST RESULTS 

Location Depth Q s Time Specific 
Capacity 

T14N,R3W,26 743 Ft. 275 gpm 285 Ft. 8 Hrs. 0.96 

Except for the test reported by Burton and Wood, records 

of acceptance tests are not available for Edmond's municipal 

wells. Records are available for monthly pumping, static water-

level measurements, and total daily operating hours for each 

well for 1988, 1989, and 1990. Whereas during an acceptance 

test the drawdown measured is the result of continuous pumping 

at a constant rate, the drawdowns recorded in the monthly water-
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Figure 16. Graph of Specific Capacity of Screened and 
Perforated Wells in the Central Oklahoma Aquifer 
(Carr and Marcher, 1977) 

40 
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level measurements are the results of pumping the municipal 

wells during irregularly spaced intervals throughout the month. 

As such, well discharge rates must be adjusted in order to 

approximate the conditions that create the drawdown. The total 

monthly hours of operation and the total monthly output of each 

well for the month of August, 1990 were used to calculate a 

continuous pumping rate. The difference between the static and 

pumping water levels for each well provided an estimate of 

drawdown, which was used, along with the approximations of 

continuous pumping rates, to estimate the specific capacities of 

most of Edmond's municipal water wells (Table II). 

The estimated average value for specific capacity for 

Edmond's well-field is 1.2 gpm/ft. The estimated values ranged 

from a high of 3.6 to a low of 0.03 gpm/ft. The lower values 

were obtained from wells that are pumped only for a very short 

period during the month. Some error may have been introduced 

into the estimates because of factors that increase the 

drawdown, such as well loss and well interference. In these 

situations, exaggerated amounts of drawdown may have been 

ascribed to lower pumping rates than would be appropriate, 

producing specific capacity values that are too low. 

The specific capacity estimates for wells can be used to 

estimate hydraulic conductivity and transmissivity of the COA. 

By multiplying the specific capacity by 2000, a rough estimate 

of the aquifer's transmissivity can be obtained. Using the 

estimated average specific capacity value of 1.2 gpm/ft, an 

estimate for the transmissivity of the COA of 2400 gpd/ft was 
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TABLE II 

SPECIFIC CAPACITY CAI..aJLATIOOS 

August 1990, 30 days, 744 hours 

Q Oc Rate of s Q~ Well# HrsPumped Withdrawl 

( 
~~inuous Drawdown l S ific 

gpn capacity for August 
1990 

11 170 I 260 60 30 1.9 I 
12 511 I 200 137 120 1.14 
15 395 I 150 60 75 1.06 
19 441 I 275 163 110 1.50 I 
20 85 I 300 35 60 0.57 
21 493 I 250 166 80 2.07 
22 133 I 200 36 80 0.44 I 
23 457 I 250 154 80 1.9 
24 491.5 I 275 182 150 1.2 
25 531.5 I 300 214 70 3.06 f 
26 190.5 250 64 64 1.00 
28 144 200 39 85 0.46 
29 147.5 300 59 BC 0.74 
30 4€ 200 12 70 0.18 
31 13.5 220 4 100 0.04 
32 216 375 109 130 0.83 
33 94.5 290 37 90 0.41 
34 148 275 58 80 0.72 
35 226.5 300 91 100 0.91 
36 19 200 5 150 0.03-
37 597 225 180 50 3.6 
39 319.5 200 80 6C 1.43 
40 127.5 270 40 100 0.46 
41 203.5 275 75 50 1.5 
42 492.5 150 99 50 1.99 
43 580.5 150 117 50 2.3 
44 40 250 13 70 0.19 
46 100 200 28 85 0.34 
47 458 125 77 52 1.50 
48 98 300 40 90 0.44 
49 136.5 250 40 70 0.66 
so 37 225 11 70 0.16 
51 492 300 198 130 1.52 
53 38.5 150 8 57 0.14 
54 533 200 143 50 2.9 

Avg. 250 
Avg. 1.2 

Estimated Transmissivity- 2000 x Q/s = 2000 x 1.2 = 2400 gpd/ft 

Estimated Hydraulic Conducutivity- ~--2L~§-:-- = 12 gpd/ft2 
Aqulfer Thickness 
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obtained. Dividing transmissivity by the average perforated 

thickness of sandstone for the wells, 200 feet results in an 

estimated hydraulic conductivity value for the COA of 12 

gpd/ft2. These estimates agree with other determinations of the 

aquifier characteristics from aquifer tests. 

Well Yields 

The reported well yields for Edmond's municipal water 

wells range from 150 to 375 gpm, with an average yield of 250 

gpm (Table II). The yields were obtained from records kept by 

the City of Edmond. The specific capacity value for a well can 

be multiplied by the available drawdown to estimate the well's 

potential yield (Carr and Marcher, 1977). Locating a water well 

in the COA given proper regard toward the geologic setting can 

significantly increase its potential well yield. 

Well Interference 

Overlapping cones of depression will have an additive 

effect on the drawdown, referred to as well interference. In 

this situation, the drawdown of a water well will be equal to 

its own drawdown plus that produced by any other nearby pumping 

wells. For municipal wells in the COA, well spacing less that 

2000 feet produces significant well interference, thus 

increasing pumping cost (Harrington and Simpson, 1990). 

In order to determine well interference affects in the 

Edmond well-field, three relatively closely spaced high-yield 

municipal water wells were analyzed by the computer program 
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Theis Well-field, which uses the Theis well functions to solve 

for the drawdowns. Municipal wells 37, 21, and 12, located in 

the southwest corner of the well-field, were chosen for the 

simulation (Plate 1). The computer program calculates hydraulic 

heads produced by the pumping of up to 20 water wells in a 

homogenous, isotropic, confined aquifer while taking well 

interference into account. The input values used for the 

simulation are shown in Table III. 

TABLE III 

INPUTS FOR THEIS WELL-FIELD SIMULATIONS 

Inputs 

Transmissivity 

Storage Coefficient 

Initial Head 

Hydraulic Gradient 

Pumping Duration 

Values 

2500 gpd/ft 

0.0002 

1000 feet 

0.001 

200 days 

A simulation with the wells pumping at their August, 1990 

continuous-pumping rates for a period of 200 days was compared 
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to simulations of each well for the same period. The results 

show that well interference accounts for an increase in drawdown 

for well 37 of 68 feet, well 21 of 76 feet, and well 21 of 68 

feet (Appendix D) . 

Given the geologic complexity of the aquifer, these 

simulations probably do not provide an exact measure of the 

magnitudes of drawdown and well interference. The results do 

indicate, however, that well interference probably does 

significantly affect the drawdowns of those wells that are 

closer than about 2000 feet apart. 

Water-Level Fluctuations 

Well Hydrographs 

Records of water-level measurements for Edmond's well

field reflect changes in the volume of water contained in the 

COA. Water levels will rise when recharge exceeds discharge and 

fall when discharge is greater than recharge. Under natural 

conditions, the long-term recharge and discharge of an aquifer 

are in a state of natural equilibrium. Water-level measurements 

from areas of extensive groundwater withdrawals show the extent 

to which groundwater development has altered this natural 

equilibrium. Well hydrographs, showing the monthly static and 

pumping water levels for the period 1988-1990, were prepared for 

wells 12, 26, 33, 34, and 48 (Figures 17 to 21). 

The hydrograph for well 12 shows large water-level 

fluctuations during 1988 (Figure 17). On most of the 
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hydrographs, water levels appear to rise steadily after 1988. 

This is probably due to withdrawals from Lake Arcadia, which 

began in 1988. Owing to production from Lake Arcadia, discharge 

from the well-field decreased. From 1980 to 1988, the well-

field was heavily pumped, particularly during the summer months, 

to meet the demands of the large population increase in Edmond. 

Since 1988, the water-treatment plant at Lake Arcadia has 

supplied roughly half of the water required by the city. The 

effect of the reduced use of groundwater is also evident on a 

graph of the total output of the well-field (Figure 22). 

The hydrographs (Figures 17 to 21) show evidence of 

seasonal fluctuations of water levels in the COA. The water 

levels are usually highest in the early spring and decline 

throughout the summer. Some inconsistencies evident in the 

hydrographs, such as periods where the trends of the pumping and 

static water levels do not coincide, could be the result of 

erroneous water-level measurements, well loss, or well 

interference. 

Water-Level Maps 

Unconfined Aquifer 

The lack of any significant hydraulic connection between 

the unconfined and confined portions of the COA is evident when 

comparing water-level maps prepared from measured water levels. 

In the unconfined portion of the COA, water levels from domestic 

and other shallow wells reveal that the water table reflects the 
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surface topography of the area (Figure 23). This can be 

observed by noting that the closed contour line 1150 is near the 

drainage divide between Chisholm Creek and Spring Creek. The 

highest water-level elevations are near the central part of the 

well-field and they decrease eastward towards the Deep Fork 

River and Lake Arcadia. Water in the unconfined aquifer 

supplies the baseflow of the perennial streams and lakes in the 

area. Furthermore, the water-level map of the unconfined part 

of the aquifer does not indicate the presence of a cone of 

depression in the water table that might be associated with the 

well-field. 

Confined Aquifer 

Although the water-level map of the unconfined aquifer 

reflects the surface topography, water-level maps of the 

confined aquifer strongly reflect the effect of the well-field 

on the potentiometric surface of the COA. Monthly records of 

water-level measurements for Edmond's municipal wells for 1988, 

1989, and 1990 were used to construct August pumping and static 

and February static water-level maps for each year (Figures 24 

to 32) . 

The August, 1988 pumping water-level map shows the cone of 

depression of the well-field during a peak-use month of a peak

use year (Figure 24). The cone of depression forms an irregular 

circle with localized central areas of increased drawdown. The 

increased drawdowns in these areas could be the results of high 
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Figure 23. Water-Level Map for the Unconfined Portion of the 
Central Oklahoma Aquifer in the Study Area 
(Christenson, Morton, and Mesander, 1990) 



r o ... 

\ ) 

eca1e 
0 

m•t•• 
0 CITY WATER WELL Centaur Interval: 100 Feet 

LIGEN D 

--900---Potenticmetric Surface Elevation Contour Determined 
By water Level Measurements In Wells 

0 Control Point /stream - Highway -Railroad 

Dat1.111: Mean Sea Level ---Corporate Boundary 

55 

Figure 24. Pumping Water-Level Map for the Confined Portion of 
the Central Oklahoma Aquifer in the Study Area for 
August, 1988 
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Figure 25. Static Water-Level Map for the Confined Portion of 
the Central Oklahoma Aquifer in the Study Area for 
August, 1988 
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August, 1989 



fi4"N 

~ 
TI3N 

60 

uwonw .,WI IIW 

I 

' cr ~ ' 6 1 6 

lil 

~\ ~ ... ~ 
0 N 

r-) 1~ " t . . 
~ \ 

\. ,-1-- j 0 

I \ f--· ...... 0 "-/""~ i - "' ~ ~ I o P(O' 
.0~ ~0 \ I ~ ...._ 0 .. 

~· otf 
i '·-· .. 

~ --
) p p~ 7Py; ~ ~ IJ-.r ~ ~r~ o I ~ ~ o _ 36; 

r\ i'J.a. ... 31 
__Q_ 0 Arcact· Ia. , 
\ ~ ~IJ 

o~o:, ' 
~ 
~ r. .; 0 (f) ~6 ~ .., 
~~ 

6 ... 
y. ~ EDMOND 

I \J ~ v \o f~ 0 I p 
if· If I l..--0 ~ ' ..... 7 ~ '111!1'8...!-~ 

/) l - ~Vf ',. ----~ -? 
1Vf ir [J 

/, v Vj eca .. 
0 1 

"''* 0 CITY WATER WELL Centaur Interval: 100 Feet 
LEGEND 

--900---Potentiometric Surface Elevation Contour Determined 
By water Level Measurements In Wells 

0 Control Point /stream - Highway -Railroad 

Datun: Mean Sea Level ---Corporate Boundary 

Figure 29. Static Water-Level Map for the Confined Portion of 
the Central Oklahoma Aquifer in the Study Area for 
February, 1989 



TI4N 

TI3N 

R3WIR2W R'JW I RIW 

I ' rr II< 
I 6 I 6 

a:l 

?J 
~\ ~ >:,. 

F 
0 _N_ 

) 1; • ~ \ ') 

l I 0 I \ 
~ 0 

r ~ -
~ J( ~0) 

f.l flU [\ /._ ~ ~ 
0~ t----

~· 
'p rotS' 

~ 
~ 

...... ,........ 1--

> ~(p 
0 ~0 ~bg ~ r--r ~ 

It~.~ 

~ 
J 

0 
6''b 

36 
h~ ..... 31 

~ ( '\ _.,/ ,~ 0 \ •read Ia.( 

4 ~\ o]y ;o .... ~ ~(. ~ \ Cr 
~ /\} 

~ fq ro .., H. ). I 6 

> J fDMru.ID 

I J~o r ~\\o ~ 
'p 1/ f I I--

~ 
0 l.---~ ;;;;~ __, ~ 

~ 
I j ~ l---
""'- r ,v; """"' 9(:1J-" ~""' I IJ ) Lt 

II 1/ 1// _ .. 
0 1 .... 

0 CITY WATER WELL Contour Interval: 100 Feet 

LEGEND 

--900---Potentiometric Surface Elevation Contour Determined 
By water Level Measurements In Wells 

0 Control Point /stream - Highway -Railroad 

Datl.lll: Mean Sea Level ---Corporate Boundary 

61 

Figure 30. Pumping Water-Level Map for the Confined Portion of 
the Central Oklahoma Aquifer in the Study Area for 
August, 1990 
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Figure 32. Static Water-Level Map for the Confined Portion of 
the Central Oklahoma Aquifer in the Study Area for 
February, 1990 



pumping, well interference, or well-loss acting alone or in 

combination to increase the drawdowns measured in the wells. 

The static water-level maps for August and February, 1988 show 

that the cone of depression contracts with decreased pumping 

(Figures 25 and 26). The August, 1989 pumping water-level map 

(Figure 27) shows that the cone of depression is smaller and 
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more irregular than the previous year. This is likely the 

result of decreasing demand on the well-field. The static 

water-level maps for August and February, 1989 show further 

reduction in the size of the cone of depression during low-use 

periods (Figures 28 and 29). Localized areas of increased 

drawdown persist in the same general areas of the well-field. 

The August, 1990 pumping water level map shows a cone of 

depression, somewhat smaller and more regular in shape than the 

previous year (Figure 30). By comparing locations of the 800-

foot contour in Figures 24 and 30, the reduction of drawdown 

within the cone of depression is evident. The static water

level maps for August and February, 1990 (Figures 31 and 32) 

show the cone of depression in more reduced states than do 

Figures 24 though 30. Water levels in the well-field probably 

still continue to gradually rise. 



CHAPTER V 

WELLHEAD PROTECTION AREA DELINEATION 

Introduction to Concept 

In Oklahoma, groundwater serves as the supply for 

approximately 600 public water systems (ODPC, 1990). Increasing 

concern is being shown towards the introduction of contaminants 

into the state's underground sources of drinking water. 

Recognizing the importance of groundwater supplies in the United 

States, Congress passed laws to protect groundwater supplies. 

Since the use of groundwater as a supply usually requires the 

installation and operation of water wells, areas surrounding 

wells are particularly vulnerable to contamination and must be 

protected. 

The designation of protection areas around water wells, 

including the parts of an aquifer supplying water to them, and 

regulation of activities likely to produce contamination of the 

underground water supply, is a method of protection addressed by 

Congress. The 1986 amendments to the Safe Drinking Water Act 

(SDWA) mandate the establishment of protection areas, which are 

called Wellhead Protection Areas (WHPA's). The SDWA defines a 

65 
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WHPA in Subsection 1428 (e): 

(e) DEFINITION OF WELLHEAD PROTECTION AREA--As used in 
this section, the term wellhead protection area means 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 well-field. The extent of a wellhead protection 
area, within a State, necessary to provide protection from 
contaminants which may have adverse effect on the health of 
persons is to be determined by the State in the [wellhead 
protection] program submitted under subsection (a). 

The statute defines a wellhead-protection (WHP) program as 

one that incorporates the following elements: 

* 

* 

* 

* 

* 

* 

* 

Duties of state and local agencies and 
public water supply systems 1n 
implementing the program; 

determination of WHPA's for each public 
well or well-field; 

identification of all potential sources 
of contamination within protected areas; 

a program that contains, as appropriate, 
technical assistance, financial assistance, 
implementation of control measures, 
education, training, and demonstration 
projects to protect water wells from 
contamination; 

contingency plans for alternative water 
supplies in case contamination occurs; 

siting considerations for new wells; and 

public participation. 

The U.S. Environmental Protection Agency (EPA) does not 

require states to participate in the WHP programs and any state 

that decides not to merely forfeits any grant funds available 

for it. 
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WHPA Description and Terminology 

Pumping disrupts the state of equilibrium that exists 

within an aquifer. In WHPA delineations, the cone of depression 

that results from water-well pumping is referred to as the zone 

of influence (ZOI). Figure 33 shows the terminology that is 

used regarding WHPA delineations. Within the ZOI, the hydraulic 

gradient steepens towards the well, which produces higher 

groundwater-flow velocities in the portion of the ZOI nearest to 

the pumping well. The regional hydraulic gradient (Figure 33) 

slopes away from a groundwater divide. Groundwater flows down

gradient from the divide until the cone of depression influences 

its migration towards the well. 

The area of the aquifer that contributes water to the well 

is called the zone of contribution (ZOC). Any part of the 

aquifer which is outside the zoe will not supply water to the 

well. The zoe extends down gradient, with respect to the 

general slope of the water table, from the pumping well to the 

stagnation point, or null point. At this point, the force of 

gravity and the influence of the pumping well upon the flow of 

groundwater are balanced, producing an area with minimal water 

movement. When the velocity is high, the zoe will not coincide 

with the ZOI. Conversely, an aquifer with a shallow hydraulic 

gradient will produce a ZOI and a zoe that are nearly identical 

(Figure 34). 

A WHPA delineation can address the time it takes a 

contaminant, within the zoe, to reach a well. Figure 33 shows 
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NOT TO SCALE 

Figure 33. Terminology for Wellhead Protection Area Delineation 
(U.S. EPA, 1987 A) 
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5- and 10-year time of travel boundaries, which mark the 

distances from which it would take a contaminant, released into 

the zoe along one of the boundaries and traveling with the flow 

of groundwater, the respective length of time to travel to the 

well. If a contaminant were to be introduced into the aquifer 

within the 5-year ZOT boundary, it would take less than 5 years 

to reach the well. The delineation of ZOT's incorporates the 

relationship between the location of potential sources of 

contamination within the zoe and the estimated length of time 

required for contaminants, released from these sources to 

migrate to the water wells (U.S. EPA, 1987 A). 

The delineation of a WHPA is designed to focus upon 

potential sources of contamination that might affect wells in 

the aquifer. Management concerns usually influence decisions 

controlling the scope of WHPA delineations. These decisions can 

include defining the length of time for which it is practical to 

protect the aquifer, considering available resources. 

To some degree, technical considerations usually are 

incorporated into these decisions. Protection against microbial 

contaminants, which generally do not survive long in groundwater 

systems, is usually accomplished by using WHPA's based on a TOT 

of 1 year. Any potential source of microbial contamination 

located within the 1-year ZOT would be addressed in order to 

minimize any contamination risk. 

Factors such as the hydraulic properties of the aquifer, 

the pumping schedules of the well or well-field, and the nature 

of the contaminants are usually considered whenever possible. 
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When all the technical and managerial aspects of groundwater 

protection are considered, it may prove more effective to 

designate a short time period, producing small and more easily 

managed WHPA's, than to designate a long time period and attempt 

to manage large WHPA's with limited resources. 

Wellhead Protection Program for the 

State of Oklahoma 

Individual states are responsible for establishing their 

own wellhead protection (WHP) programs that are in accordance 

with federal guidelines. A draft of the Wellhead Protection 

Program Plan for the State of Oklahoma was released in May, 1989 

(Oklahoma Department of Pollution Control, 1990). Included in 

the draft are the responsibilities of various state agencies 

regarding WHPA delineations. 

Role of State Agencies and Organizations 

Many of Oklahoma's state agencies provide technical 

assistance and information for site-specific WHPA delineations. 

Currently, efforts towards the consolidation of the 

environmental responsibilities of several agencies are underway. 

Some of the functions that will be ascribed to a particular 

agency in the following summary soon may be the responsibility 

of a different or newly formed agency. In addition to the 

various state agencies, federal, local, and private 

organizations also contribute valuable resources. 



Oklahoma Pollution Control Coordinating 

Board (PCCB) 
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The Pollution Control Coordinating Board governs the 

Wellhead Protection Advisory Committee, which is composed of 

four citizen members and the heads of the seven state agencies 

with statutory responsibilities regarding prevention, control, 

and abatement of groundwater pollution. The committee reviews 

the technical merits of WHPA delineations performed for public 

groundwater supply systems. PCCB is responsible for the 

coordination of all environmental protection efforts within the 

State of Oklahoma (ODPC, 1990). 

Oklahoma Department of Pollution Control 

(ODPC) 

The Oklahoma Department of Pollution Control is the 

executive arm of the PCCB. The ODPC is the lead agency for the 

State Wellhead Protection Program. ODPC serves as the contact 

agency for those municipal water systems desiring assistance 

with WHPA delineations. ODPC coordinates pollution control 

efforts mandated under the Clean Water Act (ODPC, 1990). 

Oklahoma State Department of Health 

(OSDH) 

The Oklahoma State Department of Health is responsible for 

the safety of public and individual water supplies, underground 

injection control unrelated to oil and gas activities, 
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regulations regarding municipal wastewater systems, and the 

oversight of solid and hazardous waste operations. OSDH is able 

to assist local water systems in site-specific WHPA delineations 

and pollution-source identification and assessment. OSDH serves 

on the Wellhead Protection Advisory Committee (ODPC, 1990). 

Oklahoma Water Resources Board (OWRB) 

The Oklahoma Water Resources Board is responsible for 

groundwater-rights allocation for public water supplies and 

other nondomestic uses, permitting of water-well locations, 

performing hydrologic studies on groundwater basins, licensing 

of well drillers, enforcement of construction standards, 

establishment of wastewater quality standards, and programs 

related to groundwater protection. OWRB is able to assist water 

systems in site-specific WHPA delineations and in pollution

source identification and assessment. OWRB serves on the 

Wellhead Protection Advisory Committee (ODPC, 1990). 

Oklahoma State Department of 

Agriculture (OSDA) 

The Oklahoma State Department of Agriculture is 

responsible for animal operations, pesticide registration, 

pesticide-usage control and storage, commercial fertilizer 

storage and application, and forestry operations. OSDA can 

assist in pollution-source identification and assessment after 

WHPA delineations have been established. OSDA serves on the 

Wellhead Protection Advisory Committee (ODPC, 1990). 
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Oklahoma Department of Mines (ODM) 

The Oklahoma Department of Mines regulates all mining 

activities in the state. ODM works closely with operators of 

local water systems in the development of protection strategies 

to prevent chemicals or practices associated with mining from 

contaminating water wells. ODM serves on the Wellhead 

Protection Advisory Committee (ODPC, 1990). 

Oklahoma Conservation Commission (OCC) 

The Oklahoma Conservation Commission maintains inventories 

on soil conditions and land-use patterns across the State. They 

maintains inventory information on abandoned mine areas and are 

responsible for the development of Best Management Practices 

(BMP) designed to reduce the leaching of contaminants into 

groundwater supplies. The OCC can assist in pollution-source 

identification and assessment and serves as a member of the 

Wellhead Advisory Committee (ODPC, 1990). 

Oklahoma Corporation Commission 

The Oklahoma Corporation Commission is responsible for all 

oil- and gas-field operations. The Corporation Commission 

regulates oil and gas production and saltwater storage and 

injection facilities, and has the lead jurisdiction over the 

State's Underground Storage Tank Program. The Commission 

maintains records on pollution sources and can assist in their 

identification and assessment. The Wellhead Protection Advisory 



Committee includes the Corporation Commission as an active 

member (ODPC, 1990). 

Oklahoma Geological Survey (OGS) and 

United States Geological Survey (USGS} 
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Both the Oklahoma Geological Survey and the United States 

Geological Survey (USGS) are research-oriented agencies with 

considerable technical expertise in hydrogeology. These 

agencies have detailed geologic and subsurface hydrologic 

information on many areas of the State. Neither of these 

agencies is required to work with state agencies ln WHPA 

delineation efforts, but they have cooperated extensively in the 

investigation of groundwater protection problems. Both agencies 

can provide technical support and review of WHPA delineations. 

Association of Central Oklahoma 

Governments (ACOG) 

The Association of Central Oklahoma Governments (ACOG), in 

conjunction with the Garber-Wellington Association, provides 

technical information and services to those municipalities who 

obtain their drinking water from the Central Oklahoma Aquifer. 

ACOG employs staff with technical expertise in areas including 

well-site investigation and groundwater protection studies in 

the COA. 

In addition to the various State agencies, the operators 

of the local water systems have the responsibility and authority 

to protect their water supplies. They can accomplish this by 
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the adoption of zoning ordinances to restrict activities, in the 

vicinity of the wells, that might release contaminants into the 

aquifer. WHPA delineations can provide information used by 

local water systems to make management decisions that balance 

the need to protect groundwater supplies with the need to 

promote economically important activities. 

Wellhead Protection Area Criteria 

Several factors have been established as important in the 

consideration of WHPA delineations. These factors, or criteria, 

are related to efforts directed towards the protection of wells 

against various contaminants. Contamination threats can be 

classified into three broad categories: 

* direct introduction of contaminants 
into well casings; 

* microbial contaminants; and 

* chemical contaminants. 

The term "criteria" is used to group all conceptual 

standards that form the technical basis for WHPA delineations. 

Five types of criteria have been established: 

* distance; 

* drawdown; 

* time of travel; 

* flow boundaries; and 

* assimilative capacity. 
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Distance 

The use of the distance criterion for WHPA delineations 

involves the determination of a distance, measured as a radius 

from a well or well-field, used to define the extent of a WHPA. 

The use this criterion is the most direct method of WHPA 

delineation. Commonly, the delineation of a WHPA based entirely 

upon this criterion is a policy decision made without the 

benefit of much technical information. This might be the case 

of an initial WHPA delineation intended to serve as a zone of 

protection to fulfill immediate needs until a more detailed 

site-specific delineation can be developed. The limitations of 

this criterion are related to the lack of consideration that is 

given to the processes within an aquifer that control 

groundwater flow and contaminant transport {U.S. EPA, 1987 A}. 

Drawdown 

The use of the drawdown criterion for WHPA delineations 

involves the determination of the ZOI of a well or well-field. 

A drawdown value is selected to define the extent of the cone of 

depression, or ZOI, produced by a pumping well or well-field. 

The boundary of the ZOI is mapped as the WHPA. Problems may 

arise when the regional hydraulic gradient produces differences 

between the ZOI and zoe of the water wells within an aquifer. 

If the regional hydraulic gradient is sufficiently steep, 

significant differences can exist between the ZOI and the zoe, 

limiting the effectiveness of this method. 
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Time of Travel 

The use of the time-of-travel (TOT) criterion for WHPA 

delineations involves the determination of the length of time 

required for a contaminant to reach a well under the prevailing 

hydraulic conditions. For aquifers with high groundwater 

velocities, movement of contaminants is controlled predominantly 

by flow through the process called advection. For aquifers with 

low groundwater velocities, other factors, such as hydrodynamic 

dispersion and adsorption, can significantly influence the 

movement of contaminants. It is usually difficult to determine 

the effects of dispersion and adsorption in groundwater flow 

velocity calculations. Failure to incorporate these factors can 

produce a TOT based WHPA delineation that is based on the 

maximum possible velocity of contaminant transport (U.S. EPA, 

1987 A) . 

Flow Boundaries 

The use of the flow-boundaries criterion for WHPA 

delineations involves determination of the location of 

groundwater divides or other features that control the flow of 

groundwater in the area of interest. Some subsurface features, 

such as lithologic changes within the aquifer, can act as flow 

boundaries. This criterion is often used in the delineation of 

WHPA's in fractured bedrock and karst aquifers. These aquifers 

have high groundwater velocities and complex conduit flow 

patterns. In these situations, the determination of the 
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boundaries of the groundwater basin, within which pumping wells 

are located, provides the basis for the delineation of the zoe. 

Deep, confined aquifers usually are not as greatly influenced by 

groundwater divides and streams expressed in the topography of 

the area. As such, the use of this criterion for WHPA 

delineations in such aquifers is not standard (U.S. EPA, 1987 

A) . 

Assimilative Capacity 

The use of assimilative capacity as a criterion for WHPA 

delineations involves the determination of the ability of the 

aquifer to attenuate contaminants to desired levels. The 

ability to attenuate contaminants depends upon the nature of the 

contaminants and the composition of the aquifer. These 

conditions are not easily determined by quantitative methods and 

the use of this criterion has not been frequent. It is 

difficult to address the threat of a wide variety of 

contaminants with this criterion. Where the threat of 

contamination is limited to one or two types, attenuative 

capacity analyses have been used effectively (U.S. EPA, 1987 A). 

Wellhead-Protection Goals 

The selection of relevant criteria is dependent upon the 

overall goals established for a WHPA delineation. Three general 

goals have been identified as relevant to the process of 

selecting criteria: 



* 

* 

* 

reaction time; 

attenuation of contaminants; and 

protection of the zone of contribution. 

Reaction Time 

A protection strategy incorporating the goal of providing 

adequate reaction time would seek to establish a WHPA that 

functions as a remedial action zone. This zone should be 

designed to allow adequate time to respond to contamination 

threats (U.S. EPA, 1987 A). 

Attenuation of Contaminants 
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A protection strategy incorporating the goal of providing 

adequate attenuation of contaminants would seek to establish 

protection zones that, given the migration rate of contaminants, 

would allow time for reduction of contaminants to desired levels 

(Figure 35). 

Protection of the Zone of Contribution 

A protection strategy incorporating the goal of providing 

for the protection of the zoe would seek to establish limits of 

the zoe for a well or well-field in order to protect all, or a 

relevant part, of the area of the aquifer supplying water to the 

water wells. 

The relationships between the goals and criteria used for 

WHPA delineation are illustrated in Table IV. 
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Overall Protection 
Goals 

I. ~lineate a reme-
dial action zone 
allowing adequate 
rf'action time to 
protect well from 
contaminant re-
leases 

2. Provide a zone 
for attenuation 
of contaminants 
to specified 
levels before 
they reach well 

Ja. Provide a well-
field rnanagemrnt 
area in major 
portion of re-
charge area 

Jb. Manage entire re-
charge area under 
current and fore-
seeable conditions 

TABLE IV 

EXAMPLE RElATIONSHIPS BETWEEN OVERALL PROTECTION GOAlS AND CRITERIA 
FOR DELINEATING WELUIEAD PROTECTION AREAS 

Ellampl.-~ of 
Corrro;ponding Examplt- of Hydror,colog ic 

Criteria Criteria Threshold Advanta~ Disadvantages f-actors 

TOT 5-year TOT to well nt-als directly with lmpli<'s capability/ Hi~h confid«•nc<' in 
(State of rlor ida) most threatening succrss of r.orrcr.tive accuracy of TOT 

50Urces in a manner action measllr<'s at rleterminations al 
I 0-2 5 year TOT understandable to all relevant sources SllCCific Wt"llhr.:trl 
(the Nether lands) regulilted community; areas 

"cornpatihlc" with 
existing programs 

Assimilative Meet percentage of Most directly ad- Currently viable only Analy~is sulficlt-ntly 
capacity MCl in raw water dresses specific con- for simple problems thorough to show that 

supplying well taminants of concern such as microbial zonE' is extensive 
and "standard" in contaminants; conser- enough to meet target 
snwA vative parameters concentrations at well 

(e.g., synthetic 
organics) more pro-
blernatic 

Drawdown 0.25-foot drawdown nroadest definition: May lead to "over- Based on rea50nable 
distance contour (Dade Co., can be tailored by protrction" in some application of hydro-

ru States as appropriatE'; States; '\mrlt-r-pro- geologic concepts to 
can incorporate other tection" in others available data 

2 km (W. Germany) options 

Flow boundaries Physical limits of Can be interpreted as Over-protective for Analy'\is shows full 
aquifer and ~urlace most protrctive; t>sp- moderate to large rt>charge area under 
drainage (some parts ecia lly appropriate aquifers t'Xisting and poten-
of Massachusetts) to srnall aquifers tial pumping scenarios 

(e.g., le~~ than I 0-20 
~quar~ mile~) 

Modified fran u.s. Environmental Protection Agency, 1987 A 

Managl'ment 
Factors 

Pos~ible ban of all 
high-risk activities 
within WHPA; r.ontrols/ 
monitoring of all 
significant sources 
within recharge area, 
especially those beyond 
WHPA 

Displays understand-
ing of contamination 
sources, locations, 
contaminant charac-
teristics, and impacts 
of controls 

Based on reasonable 
consideration of rei-
evant management 
factors 

Controls extend to 
all potential contam-
ination sources within 
recharg~ area 

co 
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Wellhead Protection Area Delineation 

Methods 

Six primary methods are used to delineate the WHPA of a 

well or well-field. These methods are listed below, beginning 

with the least sophisticated and progressing towards the most 

sophisticated. 

* 

* 

* 

* 

* 

* 

Arbitrary fixed radii. 

Calculated fixed radii. 

Simplified variable shapes. 

Analytical models. 

Hydrogeological mapping. 

Numerical-flow and solute-transport 
models. 

Arbitrary Fixed Radii 
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The arbitrary-fixed-radii method incorporates the distance 

criterion in WHPA delineations. An arbitrary distance is 

delineated around the well or well-field, producing a spherical 

WHPA with a fixed radius, as shown in Figure 36. This method 

involves the least amount of technical expertise to implement. 

Although it may appear that WHPA's delineated by this method are 

not based on scientific analysis, generalized hydrogeologic 

conditions are usually taken into consideration. This method 

allows a large number of wells to be protected quickly and 

inexpensively. The WHP program for Oklahoma has mandated that a 



* 300 foot radius used in Oklahana' s 
WHP Program 

WHPA BOUNDARY 

f!b1ified fran u.s. Environmental Protection Agency. 1987 A 

Figure 36. WHPA Delineation Using the Arbitrary-Fixed
Radii Method. (U.S. EPA, 1987 A) 
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WHPA with a radius of 300 feet shall be used for all public 

water wells until a site-specific WHPA delineation is completed. 

The high degree of uncertainty incorporated into WHPA's 

delineated from this method is the method's major limitation. 

Calculated Fixed Radii 

The calculated-fixed-radii method incorporates the 

drawdown or TOT criteria. Analytical methods can be used to 

define the cone of depression of a well or well-field and to 

obtain information about the hydraulic gradient. Travel times 

based on groundwater-flow velocities calculated from the 

hydraulic gradient can be used to produce a spherical WHPA with 

a fixed radius. Since this method utilizes the ZOI of a well as 

the basis for the WHPA, any differences between the ZOI and the 

zoe would reduce its effectiveness (U.S. EPA, 1987 A). 

Simplified Variable Shapes 

The simplified-variable-shapes method incorporates the 

flow boundaries or TOT criteria. This method involves the 

generation of standardized forms for the shapes and sizes of 

WHPA's (U.S. EPA, 1987 A). These forms reflect the general 

nature of the aquifer and the pumping rates of the wells (Figure 

37). Aquifer properties and well-pumping rates are matched to 

the standardized WHPA delineation that most accurately reflects 

their conditions. Once the standardized WHPA shapes are 

produced, the delineation of large numbers of wells can be 

accomplished quickly and easily. As with the other relatively 



STEP 1: DELINEATE STANDARDIZED FORMS FOR CERTAIN AQUIFER TYPE 

1 

Pumping Rate • a, 

I 
2 3 

oo 
-Various standardized forms are generated 
using analytical equations using sets of 
representative hydrogeologic parameters. 

·Upgradient extent of WHPA is calculated 
with TOT equation; downgradient with 
uniform flow equation. 

STEP 2: APPLY STANDARDIZED FORM TO WELLHEAD IN AQUIFER TYPE 

LEGEND: 

• Pump1ng Well 

Pumping Rate • a, 

WHPA 

·Standardized form is then applied to 
well with similar pumping rate and 
hydrogeologic parameters. 

' Direction of Ground·w•ter Flow 
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Modi tied rraa u.s. l!nvironaental Protection lqt!tN::'f, 1987 A 
NOT TO SCALE 

Figure 37. WHPA Delineation Using Simplified-Variable
Shapes Method (U.S. EPA, 1987 A) 
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simple methods, complexities in either the aquifer composition 

or the pumping schedules of wells can limit the effectiveness of 

this method. 

Analytical Models 

The analytical-modeling method incorporates the drawdown 

and TOT criteria. Analytical methods, such as the uniform-flow 

equation, are used to establish the groundwater flow in an area 

(Figure 38). Many computer programs are available that can 

solve the analytical solutions using desktop personal computers. 

Site-specific aquifer and well-pumping characteristics are 

required as input data for each location. The equations used in 

analytical modeling have proved to be effective for a variety of 

situations. This method is considered the most appropriate 

means of modeling the groundwater flow conditions in proximity 

to a pumping well. Aquifer heteogeneities, which can be 

difficult to incorporate into the analytical solutions, may 

reduce the effectiveness of this method. 

Hydrogeologic Mapping 

The hydrogeologic-mapping method incorporates the flow 

boundaries and distance criteria. Hydrogeological information 

is used to map the locations of flow boundaries in the vicinity 

of a well or well-field (U.S. EPA, 1987 A). Hydrogeologic 

mapping is an effective method of delineating WHPA's in 

unconfined aquifers with high groundwater velocities and in 

anisotropic aquifers, such as fractured bedrock and karst 
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Modified !rem o.s. Enviran!l!!l"ltal Protection Agency, 1987 A 
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NOT TO SCALE 

Figure 38. Semi-Analytical Techniques Used in WHPA Delineations 
(U.S. EPA, 1987 A) 
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aquifers (U.S. EPA, 1987 A). The use of this method requires 

extensive knowledge of the geology and geomorphology of the 

aquifer in order to make effective judgments as to what likely 

constitutes a flow boundary. This method is not suited for deep 

confined aquifers. 

Numerical-Flow and Solute-Transport 

Models 

The numerical-flow and solute-transport modeling method 

incorporates drawdown and TOT criteria. Numerical methods are 

used to solve for the hydraulic head and groundwater flowpath 

characteristics of the aquifer (U.S. EPA, 1987 A). Numerical 

models can be run on desktop computers. Input data required by 

numerical models include the pumping rates, porosity, specific 

yield, saturated thickness, recharge rates, hydraulic 

conductivity, transmissivity, and the location of flow 

boundaries. The models can calculate time related flow 

boundaries and perform particle tracking computations. 

Commonly, a numerical model is used to generate a potentiometric 

surface map for specific aquifer properties and well pumping 

information. The resulting hydraulic head values can then 

function as an input file for the generation of groundwater flow 

lines, to a numerical solute transport model. This method 

provides the potential for a high degree of accuracy in the 

simulation of actual conditions, and can be applied to a wide 

variety of hydrogeologic settings of various complexity. The 

high cost and extensive expertise required in the use of this 



method can be limiting. The density and spacing of the grid 

required by numerical computer models can limit their 

effectiveness in the simulation of groundwater flow conditions 

near a well. 

Table V shows the relationships between the various WHPA 
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delineation methods and criteria. Some WHPA delineation methods 

can be illustrated as the result of combinations of different 

methods. The interrelationships between the various methods can 

be demonstrated on a triangular diagram (Figure 39). Three 

basic methods are represented at the corners the triangle. The 

other methods, shown on the sides of the triangle, are 

combinations of the basic methods and are shown on one of the 

sides of the triangle. For example the calculated fixed radii 

method can be seen as a combination of arbitrary and 

quantitative methods. The ability to select methods based on 

specific criteria allows for the development of WHPA 

delineations that best achieve the desired managerial and 

technical requirements. 



TABLE V 

RETATIONSHIPS BETWEEN WHPA DELINEATION METHODS AND CRITERIA 

CRITERIA 

METHOD 

ARBITRARY FIXED 
RADIUS 

CALCULATED FIXED 
RADIUS 

SIMPLIFIED 
VARIABLE SHAPES 

ANALYTICAL 
MODELS 

NUMERICAL FLOW/ 
TRANSPORT MODELS 

HYDROGEOLOGIC 
MAPPING 

L-LOW 
M-MEOIUM 
H-HIGH 
N/A-NOT APPLICABLE 

DISTANCE 

(L/M/H) 

H 

N/A 

N/A 

N/A 

N/A 

H 

DRAWDOWN TOT PHYSICAL 
BOUNDARIES 

(LIM/H) (LIM/H) (LIM/H) 

N/A N/A N/A 

H H N/A 

N/A M N/A 

H H N/A 

H H N/A 

N/A N/A H 

ASSIMILA· 
TIVE 

CAPACITY 

(LIM/H) 

N/A 

N/A 

N/A 

M 

M 

N/A 

\0 
I-' 



ARBITRARY 
FIXED 

QUANTITATIVE 

ANALYTICAL, NUMERICAL 
MODEL 
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CALCULATED AREA 
k----------~ EXTENDED TO 

COMBINATIONS BOUNDARY 

HYDROGEOLOGIC 
MAPPING 

RADIUS ._---------X---------~ 
FIXED RADIUS r-------, I I WITH EXTENSION TO 

ARBITRARY BOUNDARIES 
- - (PHYSICAL OR HYDROLOGIC) 

Hodified fr011 o.s. Envirormmtal Prot.ction ~. 1987 A 

PHYSICAL 
FEATURES 

Figure 39. Interrelationships Between WHPA Methods 
(U.S. EPA, 1987 A) 



CHAPTER VI 

WELLHEAD PROTECTION AREA DELINEATION FOR 

EDMOND'S MUNICIPAL WATER WELLS 

State Requirements for Site Specific 

Delineations 

Municipal water wells in Edmond are currently protected by 

state required standardized WHPA's with 300 foot radii. Because 

numerous state agencies are involved in WHPA delineations, they 

follow general guidelines designed to promote a uniform approach 

towards these delineations. 

Site specific WHPA delineations in Oklahoma use a multiple 

zone approach. Zone I provides an area that both protects wells 

from the direct introduction of contaminants into the well bore 

and microbial contamination. Zone II provides a remedial action 

zone to protect wells from various chemical contaminants. An 

optional buffer zone may be used to protect against 

contamination (ODPC, 1990). 

Selection of the Delineation Criteria 

A WHPA delineation effort for the Edmond well-field could 
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address the entire well-field or each individual well. The most 

appropriate approach depends upon the WHPA delineation criteria 

selected. Some of the criteria can be dismissed from 

consideration based upon their limitations. For example, the 

distance criterion is too simplified to be used in any but the 

most elemental WHPA delineations. The flow-boundary criterion 

is best suited for shallow aquifers with high flow velocities, 

conditions that are not present in the confined portion of the 

COA. The assimilative-capacity criterion requires extensive 

data on the aquifer's capacity to attenuate specific 

contaminants and such data is not readily available for the COA. 

By comparing the relationships between the various 

delineation criteria and protection goals, an initial selection 

of those delineation criteria that appear to be suitable may be 

made for additional consideration (Table IV). Drawdown and 

time-of-travel criteria demonstrate the greatest potential to 

fulfill the needs of a site specific delineation effort in 

Edmond's well-field. 

In order to further test whether these criteria are 

appropriate, initial WHPA delineations incorporating each 

criterion were performed for comparison. 

Drawdown Criterion 

The use of the drawdown criterion addresses the effect the 

well-field has upon the potentiometric surface of the COA. As 

evident from potentiometric surface maps (Figures 24-32), a 



large cone of depression has formed within the COA. A WHPA 

delineation using the drawdown criteria involves the selection 

of a boundary to define the extent of the cone of depression, 

which would then be defined as the well-field's zone of 

influence (ZOI). In order for the ZOI to be mapped, the 

regional hydraulic gradient must be small enough so that no 

significant variation exist between the zoe and the ZOI. 
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A regional potentiometric surface map of the confined 

portion of the COA (Carr and Marcher, 1977), shows that the 

average regional hydraulic gradient is about 3 feet of hydraulic 

head decline over a horizontal distance of 1000 feet (.003). 

This is not likely to produce a significant variation between 

the ZOI and the zoe. 

The extent of the ZOI cannot be readily determined from 

the potentiometric surface maps. These maps are based only on 

water-level measurements made in city water wells. In order to 

estimate the limit of the ZOI, a computer program was used to 

calculate hydraulic head values beyond the mapped limits of the 

well-field. 

Approximation of the Extent of the 

Zone of Influence Using the Artesian 

Prickett Lonnquist Aquifer Simulation 

Model (APLASM) 

The Artesian Prickett Lonnquist Aquifer Simulation Model 

(APLASM) is capable of simulating the drawdown of the 

potentiometric surface resulting from the pumping of a maximum 
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of 40 wells in a confined aquifer. APLASM is based on partial 

differential equations governing the non-steady state, two 

dimensional flow of groundwater in a confined, homogeneous or 

heterogeneous, isotropic aquifer. The program uses the non-

equilibrium formula developed by Theis (1935). 

APLASM requires well and aquifer information to be entered 

into a finite difference grid. The grid can be established with 

widespread characteristics using a default menu. Information is 

entered for individual nodes within the grid, which allows the 

program to simulate some characteristics of a heterogeneous 

aquifer. Individual nodes that are given independent 

characteristics are identified by their respective grid 

coordinates and are subsequently referred to as special nodes. 

APLASM incorporates several assumptions, such as: 

* 

* 

* 

* 

* 

grid nodes fully penetrate the aquifer; 

leakage from confining beds is 
vertical and proportional to the 
difference between the head in the 
aquifer and the head in the source bed 
above the confining layer; 

hydraulic head in the source bed remains 
constant; 

storage in the confining bed is 
negligible; and 

hydraulic heads in the aquifer do not 
fall below the confining layer. 

Table VI shows the default information used for the 

simulation. 
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TABLE VI 

APLASM DEFAULT INFORMATION 

Defaults Values 

A. Default Number Of Time Steps 1 

B. Default Initial Time Step = 20 DAYS 

c. Default Number Of Rows 16 

D. Default Distance Between Rows 2500 FEET 

E. Default Number Of Columns 19 

F. Default Distance Between Columns 2500 FEET 

G. Default Transmissivity 2500 GPD/FT 

H. Default Storativity .0002 

I. Default Hydraulic Head 1000 FEET 

J. Default Withdrawal Rate = 0 GPD 

K. Default Recharge Factor 0 GPD/FT 

L. Default Recharge Head 0 FEET 

The default grid settings that define the number of rows 

and columns and the spacings between them were chosen so that 

each square mile section in the well-field would contain four 

grid squares. Default transmissivity and storativity values 

where based upon estimates discussed in Chapter IV. Based on 

the regional potentiometric surface map by Carr and Marcher, 

1977, the pre-pumping hydraulic head value was set at 1000 feet. 
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Given the lack of data concerning the rate of recharge to the 

confined portions of the COA, and considering the highly 

confining nature of the shale units in the aquifer, recharge was 

set at 0 gals/day/foot and the recharge head was set at 0 feet. 

The impact of water derived from recharge on the formation of 

the cone of depression during the relatively short duration 

encompassed by the simulation is not likely to be significant. 

The locations and pumping rates of the wells were entered 

by means of special withdrawal nodes. Figure 40 shows the 

arrangement of the grid and the location of the withdrawal 

nodes. APLASM simulates one well per withdrawal node, which is 

placed in the center of the node. To accommodate this 

limitation, the total discharge of all of the wells, within each 

grid withdrawal node, for the month of August, 1990 was summed 

to produce a single discharge rate for each node. Withdrawal 

nodes were positioned so that as few wells as possible were 

incorporated into each simulated well location. APLASM includes 

the effects of well interference in its determination of 

hydraulic head values. The grid coordinates and withdrawal 

rates used in the APLASM simulation are presented in Appendix E 

Commonly, computer programs are used to generate hydraulic 

head values when there are few actual measured values available. 

The purpose for using APLASM to simulate the drawdown of the 

Edmond well-field is to extend the limits of the August, 1990 

potentiometric surface map so an estimate of the extent of the 

well-field's ZOI can be made. In order to coordinate the 

hydraulic head information produced by the APLASM simulation and 
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the information contained in the potentiometric surface map, a 

contour line was chosen and used as a reference point. The 900-

foot contour, which clearly defines the configuration of the 

cone of depression, was selected. 

For a simulation time step of 20 days, APLASM produced the 

potentiometric surface map shown in Figure 41. The model 

approximated the 900 foot contour line, and reproduced the 

magnitude of maximum drawdown shown on Figure 42. The 

simulation did not exactly reproduce the location of the 900-

foot contour nor did it reproduce the exact configuration of 

localized areas of increased drawdown in the central portion of 

the cone of depression. Inaccuracy might have been introduced 

into the simulation by violation of actual conditions by the 

limiting assumptions and by the use of simplifying estimations 

of the aquifer's hydraulic properties. 

The map produced by the simulation was concluded to be 

adequate to allow an estimation of the extent of the ZOI. Using 

a drawdown criterion of 2 feet, the 998-foot hydraulic head 

value was mapped (Figure 41). The extent of the ZOI, as 

estimated using APLASM, is roughly 2 miles beyond the 900-foot 

contour. 

This exercise shows that using the drawdown criterion as a 

basis for WHPA delineation of Edmond's well-field would produce 

a very large WHPA. A WHPA of the size necessary to cover the 

estimated extent of the ZOI would be so large that its effective 

management would be extremely difficult. Thus, the use of the 

drawdown criterion is not appropriate for delineation efforts in 



101 

13W112W 12W _1_1W 

I \ Cr ~ 1 • 1 • 
c 

~ ~ ~ 
~ N lo 

) t ~- t ~ ~ "' l lb Cl 

j \ 
~ r~ ~ ~ 

p 0 ~ 
0 ~ 17 ~ /_ 1-" 

~· 
p 

) 0 00 ~ ,. "' 
~ 

~ 

> p ~ 1~ .,.,. 

~ ~ 
,_...,. 

I~ ~ ~v 
v 

( 

~ 
o. 

~ 
J1 

) c 0 
'" ti3H .. j a~~ 

fo\o 
"' =!' ~ 

~ ~'~ 
~ \, b l ~) p • ~ ~ • 

y ~ ~ IIHAONrl 

¥ P.~ IVV 

I 1\ ~ 
~ Jo Pi o 

~~·r 
ILl J L--- j.....-o 

.. ,c:P' ~ rc_ _... 

~ _.. ... ~ 

.~ 
v '-.... v Vj ~ ~ -
r---..... ~ --r 

JVj 
t-goo• lJ 

1.1 
~ v v .... 

0 I .. , ... 
0 CITY WATEII WELL 

LIGIND Centaur Interval: 100 Feet 

-~ Potenticmetrie Surface Elevation Ccntour Determined 
By APLASM Oolllputer Simulation 

• Ccntrol Point /Stream - Highway -Railroad 

Datun: Mean See Level ---Ocxporate Boundary 

• latiated ltlctent 0! 'lbe Cane 0! napr.aiCil (rDI) 

Figure 41. Potentiometric Surface Contour Map of the Central 
Oklahoma Aquifer in the Vicinity of the Edmond 
Well-field for the Month of August, 1990, 
Determined With APLASM 



102 

I:IW112W __I_2_W_ llW 

' 1 

r If 1 • • 
c 

~' ~ ... p. 
N lo 

) 1f i t \ ~ 

l~ 0 
0 r \ 

~ r~ ~ -'I ~0) rro I ~ 

lJ ~ ~· p "~ 0/o J __ 
~ 

I-
L""l 

1--
~ 

~ r [til 
p Po ~6 r ,........, Ill.~ ~ 

v 
( 

~ 
:116 

~~ ~ ~= " 
j 

_.,~ 0 \ I" 
lllN 

~ -~' ~ 
jO# 

~t .. \ (;: J.--:::> V\l 

~~ r~ ~ ~ 1 • .. , .:. ~ fOMOI\IIl 

I ~ 
~\\o u,o p I/ f_ J I-i 0 ~ 

I\ ~ ''" ') 
,.. 
~ --r j ~ 

~v A ~ ~-----,. 
~Vf 

""-... t#J" ~ ~ IJ ;. 
L v 1/j_ Male 

0 I ....... 
0 CITY WATE" WELL 

LIOIND 
Ccntcw' Interval: 100 Feet 

--900- Potenticmetric: Surface Elevation Contour Determined 
By Water Level Mea.surementa In Nella 

0 Control Point /stream - Highway -Railroad 

Dat\all: liMn. See X..V.l ---Corporate Boundary 

Figure 42. Potentiometric S~rface Contour Map of the Central 

Oklahoma Aquifer in the Vicinity of the Edmond 
Well-field for the Month of August, 1990 



103 

Edmond's well-field. 

Time-of-Travel Criterion 

The use of the time-of-travel (TOT) criterion for a WHPA 

delineation of the Edmond well-field would address the influence 

of individual wells on groundwater flow. Using this criterion, 

the portion of the zoe that contributes water to a well in a 

given period would constitute the WHPA. In order to determine 

if this is an appropriate criterion for the entire well-field, a 

computer program was used to delineate a time-related WHPA for 

one of the municipal water wells. 

Delineation of a Wellhead Protection Area 

Using the Time-Of-Travel Model 

The Time-Of-Travel (TOT) computer program was used to 

delineate a time-related WHPA for municipal well 24. This 

program was written by the Oklahoma Water Resources Board (OWRB, 

1990) to assist in WHPA delineations that incorporate the TOT 

criterion. The TOT program is an analytical model that uses the 

uniform-flow equations to determine a well's ZOC. Time-of

travel boundaries are calculated by using the Theis non

equilibrium equations to develop distance-drawdown data for the 

well and, from this information, to determine the groundwater 

velocities resulting from the regional hydraulic gradient and 

well effects. 

The TOT program requires the input of the pumping rate, 

aquifer thickness, transmissivity, hydraulic conductivity, 
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porosity, storativity, and hydraulic gradient (Figure 43). 

Since the program assumes that the well pumps continuously at a 

constant rate over the duration of the simulation, the August, 

1990 continuous pumping rate for the well was used (Table II). 

The regional hydraulic gradient was determined from the 

potentiometric surface map shown in Figure 42. 

Figure 43 shows the delineation of the 10-year ZOT for 

well 24, which is the same as the 10-year time-related WHPA. 

The results show that by using TOT criteria, WHPA delineations 

can be produced that are small enough to be more easily managed 

while still incorporating flow conditions produced by the wells. 

Selection of a Delineation Method 

The selection of the TOT criterion controls the selection 

of a delineation method. Table V shows the relationships 

between the various delineation criteria and methods. Three 

methods are applicable regarding the TOT criterion. Of these 

methods, the calculated-fixed-radii method is too simplified to 

be considered for use in this delineation. The analytical- and 

numerical-modeling methods are highly applicable towards the TOT 

criterion, and they posses a level of technical sophistication 

sufficiently high to permit their consideration for use in the 

Edmond well-field. 

As a result of technological advances, complex 

groundwater-flow systems can be simulated with a relatively high 

degree of accuracy using numerical models. Although numerical 
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Figure 43. Delineation of the 10-Year Wellhead Protection Area 
for Edmond's Municipal Water Well 24 Using the 
Time-Of-Travel Computer Program 
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models are powerful tools, the high cost associated with them, 

in terms of both time and money, prohibit their use in this WHPA 

delineation effort. The use of analytical-flow models usually 

involves the simplification of complex groundwater-flow systems, 

which can limit the effectiveness of these models in some 

situations. The abundant potentiometric-surface and discharge 

data available for Edmond's well-field were used in coordination 

with an analytical model to enhance the model's ability to 

accommodate the complexities of groundwater flow in the area. 

Many analytical-flow models capable of delineating time

related WHPA's are available. Some characteristics of 

analytical models are useful in delineating WHPA's in the Edmond 

well-field. Given the high probability that well interference 

plays a major role in influencing groundwater flow in the well

field, any model used for WHPA delineations should consider this 

aspect. Some analytical models can perform particle-tracking 

functions, where flowpath trajectories are computed and plotted. 

This is useful in verifying the threat from any potential source 

of contamination within the WHPA's. 

Delineation of Wellhead Protection 

Areas Using the General Particle Tracking 

Module (GPTRAC) 

The U.S EPA (1990) compiled a software package designed to 

assist in WHPA delineations. Included in this package is the 

General Particle Tracking Module (GPTRAC) . GPTRAC consist of 

two components, a semi-analytical option and a numerical option. 
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GPTRAC is capable of delineating time-related WHPA's with 

particle-tracking computations while incorporating effects due 

to well interference.· 

GPTRAC's Semi-Analytical Option 

GPTRAC's semi-analytical option uses analytical formulas 

based on the potential function analytical solution of a steady-

state flow problem. GPTRAC computes groundwater velocities 

along flowpath trajectories. Flowpaths are traced by a 

numerical-integration procedure (U.S. EPA, 1990). In addition 

to flowpath generation, both forward (downgradient) and reverse 

(upgradient) particle tracking can be accomplished. GPTRAC 

incorporates several assumptions including the following: 

* 

* 

* 

* 

* 

* 

* 

wells fully penetrate the aquifer; 

a steady flow field exist; 

aquifer is homogeneous; 

groundwater flow is two-dimensional; 

flow boundaries fully penetrate the 
aquifer; 

wells are pumped continuously at a 
constant rate; and 

hydraulic gradient is uniform and one 
directional. 

A brief summary of known conditions in Edmond's well-field 

may highlight areas of concern. Water wells are perforated 

throughout most of the thick, freshwater-producing sandstone 

units they penetrate. The aquifer as a whole is not considered 
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homogeneous, being a complex of interlayered sandstone and shale 

units. The freshwater sandstone units are themselves, however, 

fairly homogeneous and most likely receive relatively little 

water from the confining shale units. The flow field within the 

sandstone units is likely to be predominately two-dimensional. 

While flow boundaries certainly affect the flow of groundwater 

in the shallow, unconfined aquifer, these boundaries are not as 

evident in the deeper, confined portion of the COA. 

The water wells are pumped individually and sporadically, 

yet the well-field, as a whole, continuously produces water and 

a fairly stable cone of depression exists as a result. 

Potentiometric surface maps (Figures 24-32) reveal that a fairly 

uniform, one-directional hydraulic gradient exists in parts of 

the cone of depression. In other areas, the formation of 

localized centers of increased drawdown have produced complex, 

multidirectional flow patterns. The amount of error incurred by 

GPTRAC's semi-analytical option is likely to be attributable to 

the degree to which actual conditions are violated by the 

simplifying assumptions. 

The delineation of Edmond's municipal water wells 34, 39, 

and 44 were used to illustrate the use of GPTRAC's semi

analytical option in delineating time-related WHPA's. The input 

requirements for the model are shown in Table VII. To begin a 

simulation, an area, around the well or wells, is selected and 

defined by the input of maximum and minimum x and y coordinates 

(Figure 44). The average discharge for three months (August 

1988, 1989, and 1990) was entered for each well. By 



TABLE VII 

INPOT REQUIREMENTS FOR GPI'RAC's SEMI-ANALYTICAL OPTION 

Program Variable 

For each problem -

!UNIT: 

NPWEU..: 
NRWEU..: 

XMIN: 
XMAX: 
YMIN: 

YMAX: 
DLMAX: 

TRANSM: 
GRAD NT: 

ALPHA; 
POROS: 

B: 
IBOUND: 

NFPAlH: 

NRPATH: 
TMSIM: 

TMCAPZ: 

Descriptloa 

Default units of input parameters (feet and days or meters and 
days) 
Number of pumping wells within the study art'JI · 
Number of recharge (injection) wells within the study area 

Minimum x-coordinatc of 1tudy area (ft or m) 
Maximum x-coordinatc of study area (ft or m) 

Minimum y-coordinatc of study area (ft or m) 

Maximum y-coordinate of study area (ft or m) 
Largest allowable step length, dt (see section 4.1) 

Transmissivity of aquifer (ft'/d or m1/d) 

Regional hydraulic gradient (ft/ft or mlm) 
Angle of ambient ground-water flow (0-360'") 
Aquifer porosity {dimensionless) 

Aquifer saturated thickness (ft or m) 

Boundary condition type (no boundary, or stream or barrier 
boundary on one side of study area) 
Number of forward-tracked pathlines 

Number of reverse-tracked pathlines 
Time period for which GPTRAC will be executed!' (days) 

Time value assigned to time-related capture zones«' (days) 

For each pumpiDc well (1=1, NPWELL)-
XPWEI.l.(I): x-coordinate of well (ft or m) 

YPWEI.l.(I): y-coordinate of well (ft or m) 

QPWEI.l.(I): Well discharge ratetl (W/d or mJ/d) 
NSTI...IN(I): Number of pathline£ to be computed to delineate time-related 

capture zone (default • 20) 

For each iDJectloa well (1=1, NRWELL) -
XRWEI.J.(I): x-coordinate of well (ft or m) 

YRWEI.J.(I): y-coordinate of well (ft or m) 

QRWEll.(I): Well recharge ratct' (W/d or rrr'ld) 

For each forward tracked pathliDe (1=1, NFPATH) -

FSTART(I,l): x starting coordinate (ft or m) 

FSTART(I,2): y 1tarting coordinate (ft or m) 

For each reverse tracked pathliae (1=1, NRPATH) -

RSTART(I.l): x starting coordinate (ft or m) 

RSTART(I,2): y starting coordinate {ft or m) 

Modified from Blandford and Huyakorn, 1990 
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Figure 44. Area Setup for the Wellhead Protection Area 
Delineation for Edmond's Municipal Water 
Wells 44, 34, and 39 Using GPTRAC's 
Semi-Analytical Option 
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using three months of high use to determine the pumping rate of 

each well, the effects of an exceptionally high or low use 

period should be minimized, and a more representative value of 

the peak use pumping rate obtained. Pumping rates 

representative of high use periods are used in order to 

delineate WHPA's that will provide adequate protection for the 

well-field during periods of extremely high pumping conditions. 

The pumping rates used in the GPTRAC simulations are shown in 

Appendix F. 

By incorporating rates from pumping periods, which precede 

the contribution of Lake Arcadia to the water supply, higher 

averaged peak rates were used for the GPTRAC delineations than 

would currently be expected. However, conditions might arise 

where the surface water reservoir may be unavailable for use 

and, given the increasing population growth in the Edmond area, 

the pumping rates used for the simulation may approximate 

possible future conditions. The discharge rate for each well 

was entered in units of ft3/day along with the direction of the 

regional hydraulic gradient. 

Some aquifer characteristics used for the simulations 

where held constant over the entire well-field, and these are 

shown in the Table VIII. 



TABLE VIII 

GPTRAC DEFAULT INPUTS 

Default Values 

Transmissivity ...... = 335 ft2/day 

Effective Porosity .. = 0.22 

Aquifer Thickness ... = 200 feet 

112 

The time step for the simulation was set at 365 days in 

order to simulate a 1 year zoe to meet the Zone I requirement 

for pr~tection against microbial contaminants. Time steps of 

3650 and 7300 days (10 and 20 years) were used to meet the Zone 

II requirement of providing a remedial action zone against 

chemical contamination. The number of pathlines to be traced 

was set at 20 for each well. Figure 45 shows the results of the 

GPTRAC semi-analytical simulation of the wells. 

Although the direction of groundwater flow was due east, 

the flowpaths of wells 44 and 39 show some deflection from a 

true east-west line. This deflection is the result of well 

interference. The extent of the flowpaths defines the boundary 

of the respective time-related WHPA. 

GPTRAC's Numerical Option 

GPTRAC's numerical option uses a distribution of hydraulic 

head values, supplied though an input file, to determine 
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groundwater flow velocities. This is done by using numerical 

integration of the hydraulic head values after they are compiled 

into a rectangular mesh-centered grid. An Euler predictor

corrector numerical integration scheme, with successive 

iterations, is used to accommodate any spatial variability of 

velocities and curvature of flowpaths (U.S. EPA, 1990). 

The numerical option of GPTRAC is capable of all the 

particle-tracking functions of the semi-analytical option. 

Because the numerical option of GPTRAC calculates groundwater 

flow velocities from the input file of observed or model 

calculated hydraulic head values, many of the assumptions and 

limitations inherent in the analytical option do not apply. The 

assumptions included in this model are that a steady flow field 

exist, that the flow of groundwater is two-dimensional, and that 

the wells are pumped continuously at a constant rate. Because 

the numerical option does not obtain flow velocities 

analytically, the aquifer need not be homogeneous. The 

delineation of time-related WHPA's for municipal wells 24 and 25 

were used to illustrate GPTRAC's numerical option in the 

delineation of time-related WHPA's. 

The input requirements for the model are shown in Table 

IX. The first step was to define a square area containing the 

wells to be simulated. Figure 46 shows the area that was used 

and the minimum and maximum x and y coordinates that define it. 

The input parameters are the same as for the semi-analytical 

option. 



TABLE IX 

INIUI' REQUIREMENTS FOR GPTRAC' s NUMERICAL OPTIOO 

Procram Variable 

For each problem

IUNIT: 

NPWEU.: 
NRWEU.: 

XMIN: 
XMAX: 
YMIN: 

YMAX: 
NZONES: 

NROWS and NOOLS, 
and XGRIDL(I), 
YGRIDL(J) for 

1•1, NCOI.S and 
J•l, NROWS 

FINAME 

NFPATH: 
NRPATH: 

TMSIM: 
TMCAPZ: 

Description 

Default units of input parameten (feet and days or meten 
and days) 
Number of pumping wells within the study area 
Number of recharge (injection) wells within the study area 
Minimum x-coordinate of study area (ft or m) 
Maximum x-coordinate of atudy area (ft or m) 
Minimum y-coordinate of study area (ft or m) 
Maximum y-coordinate of atudy area (ft or m) 
Number of aquifer zones that have dHferent material 
properties (if aquifer is nonuniform) 
Number of grill-line r()NS and columns, and (if non-uniform 
grid,) coordinates of each grid-line row and column 

Input file name that contains head values for each node 
of the finite element or finite dHfcrence grid. 
Number of forward-tracked pathlines 
Number of reverse-tracked pathlines 
Tune period for which GPTRAC will be executed!' (days) 

Tune value assigned to time-related capture zones!' (days) 

For each pampl.a& -u (1=1, NPWELL) -
XPWEI.L(I): x-coordinate of well (ft or m) 
YPWEI.L(I): y-coordinate of well (ft or m) 
QPWEU..(I): WeD discharp ra~ (ftl/d or rid) 

NS'Il.IN(I): Number of pathlines to be computed to delineate time
related capture zone (default • 20) 

For each lbrward tnc:kecl pethline (1=1, NFPATB) -
FSTART(I,l): x starting coordinate (ft or m) 
FSTART(I,2): y starting coordinate (ft or m) 

For eacb rnoene tracked pethllae (1•1, NRPATB) -

RSTART(I,l): x starting coordinate (ft or m) 
RSTART(I,2): y starting coordinate (ft or m) 

Modified from Blandford and Huyakorn, 1990 
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Figure 46. Area Setup for the Wellhead Protection Area 
Delineation for Edmond's Municipal Water 
Wells 24 and 25 Using GPTRAC's Numerical 
Option 
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Instead of entering hydraulic gradients, the hydraulic 

head file was created for the area. The potentiometric surface 

map for August, 1990 (Figure 30) served as the basis for the 

hydraulic head files. A grid was created, and hydraulic head 

values determined at the intersections of the grid lines (Figure 

4 7) . Some subjective judgment was used to interpolate values 

between points of known values. This interjected a degree of 

uncertainty into the model. The hydraulic head map created 

within the grid was then used to create an input file of 

hydraulic head values using a standard word-processor program. 

The input file (Figure 47) is read by the program and recompiled 

into the grid map, enabling the computation of groundwater flow 

velocities. The results of the delineation of time-related 

WHPA's for municipal wells 24 and 25 is shown in Figure 48. 

The flowpaths generated for wells 24 and 25 reflect the 

multidirectional groundwater flow in the area by showing 

pronounced separation. Figure 49 shows the results of the 

delineation of 10-year WHPA's for the same wells using GPTRAC's 

semi-analytical option. Compared with the results obtained with 

the numerical option, the inability of the semi-analytical 

option to accurately simulate conditions where groundwater flow 

is multidirectional can be seen. The longest flowpaths computed 

by the numerical option are about 350 feet shorter than those 

computed with the semi-analytical option. This could, in part, 

be the result of the more sinuous flowpath pattern produced by 

the numerical option. 
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Figure 47. Hydraulic Head File for the Wellhead Protection Area 
Delineation of Edmond's Municipal Water Wells 24 
and 25 Using GPTRAC's Numerical Option 
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Figure 49. 10-Year Wellhead Protection Area Delineations 
for Edmond's Municipal Water Wells 24 and 25 
Using GPTRAC's Semi-Analytical Option 
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While the numerical option is better suited for the 

simulation of multi-directional groundwater flow patterns, the 

semi-analytical option can better simulate flow conditions in 

close proximity to the wells and in areas with shallow, one

directional hydraulic gradients and low pumping rates. The 

numerical option is limited in these situations by the density 

of the grid spacings and velocity of groundwater flow. If the 

groundwater velocity is slow or the grid spacings large, too few 

nodes will be incorporated into the determination of flowpath 

trajectories, and a substantial amount of error will be 

incorporated in the results. 

To demonstrate the difference between the two options 

under the conditions of slow groundwater flow and a shallow 

hydraulic gradient, the delineation of time-related WHPA's for 

municipal well 28 was performed using both the semi-analytical 

and numerical options (Figure 50). A comparison of the 

resulting flowpath trajectories shows that the numerical option 

cannot adequately simulate flowpaths under these conditions. 

The semi-analytical option produces WHPA's which increase in 

size with an increase in the length of the time step of the 

simulations. The numerical option does not produce WHPA's that 

show a logical increase in size with an increase the simulation 

time step. In fact, the 1-year WHPA is actually larger than the 

10-year WHPA. Rearranging the grid spacings account for the 

limitations of the numerical option would be difficult, 

requiring a substantial subjective interpolation of hydraulic 

head values. 
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The conclusion reached, based upon the results of GPTRAC's 

simulations, is that a WHPA delineation effort for Edmond's 

municipal water well-field, combining both of GPTRAC's options, 

can better incorporate the actual conditions of the well-field 

than the use of another analytical model or either option 

individually. The potentiometric surface information available 

for the well-field enables the creation of hydraulic head files 

over most of the area. 

GPTRAC's semi-analytical and numerical options were run on 

each of the municipal water wells in the well-field and compared 

both with each other and with estimates of groundwater 

velocities. Based upon these comparisons, an option was 

selected for each water well that appeared to work best with the 

conditions present. Considering its superior ability in 

simulating flowpaths in close proximity to the wells, the semi

analytical option was used to delineate the 1-year WHPA's for 

all the wells. A list of the options used for the 10-and 20-

year WHPA delineations for each well is located in Appendix G. 

The resulting 1-, 10-, and 20-year time-related WHPA 

delineations for each well is shown on Plates 7, 8, and 9, 

respectively. These maps provide the basis for a management 

program to protect the municipal wells from contamination 

through the identification and assessment of potential sources 

of contamination within each WHPA. Any changes in information 

pertaining to aquifer characteristics or pumping rates would 

necessitate the delineation of new WHPA's. 



CHAPTER VII 

VULNERABILITY OF THE CENTRAL OKLAHOMA 

AQUIFER TO CONTAMINATION 

Introduction to Aquifer Vulnerability 

Assessment 

The WHPA's delineated for Edmond's municipal water wells 

define areas of the COA that should be properly managed in order 

to protect the wells, for the specified duration of time 

incorporated into the delineations. In order to identify 

potential sources of contamination, the general vulnerability of 

the aquifer must first be assessed. 

Factors that contribute to an aquifer's vulnerability are 

the population density, land use, and geology of the aquifer. 

An aquifer that is located in an area with a high population 

density, is heavily used, and is composed of a strata that make 

it vulnerable to contamination would need to be given a high 

priority regarding protection efforts (U.S. EPA, 1991). 
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Vulnerability Assessment of the Central 

Oklahoma Aquifer 

Population Density 

Central Oklahoma is one of the most densely populated 

areas of the state (Figure 51). Edmond has a population of 

about 60,000 within an area of 62 square miles. 

125 

Population centers are commonly associated with activities 

that have the potential to contaminate groundwater. In the 

Edmond area there is little heavy industry. Most of the 

commercial activity in the area can be classified as either 

light industry, agriculture, or as being associated with 

petroleum production. 

Water Use 

Water use from the COA has shown an increasing trend 

(Figure 52), although in Edmond it has declined in recent years 

due to the water treatment plant at Lake Arcadia. Even so, the 

municipal well-field supplied 1.3103 x109 gallons in 1991, or 

roughly half the city's water use. For the foreseeable future, 

the city is likely to rely upon the COA to supply a significant 

percentage of their needs and any contamination of the COA that 

impairs its use as a water supply would be cause for concern. 



Population Density of Oklahoma (Dot equals one 
person per square mile) 

Figure 51. Population Density Map of Oklahoma 
(U.S. EPA, 1987 A) 
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Figure 52. Reported Water Use from the Central Oklahoma 
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Geology 

The relative vulnerability of the unconfined and confined 

portions of the COA is illustrated in Figure 53. The cross

section represents a greatly simplified illustration of the 

geology of the aquifer as determined from actual cross-sections 

(Plates 2 and 3). 

The unconfined portion of the COA is represented as a sand 

unit that extends to a depth of 150 feet. At greater depths, 

the accumulative thickness of confining shale units would likely 

exceed 50 feet. This arbitrary thickness of confining layers is 

chosen as the thickness that will likely produce an adequate 

degree of hydraulic separation between the unconfined and 

confined portions of the COA. 

Shallow sources of contamination, such as a landfill, and 

a deep sources, such as an oil well with a corroded casing, are 

shown in order to illustrate the effect of the shale in not only 

causing hydraulic separation between shallow and deep portions 

of the COA, but also in producing a separation with respect to 

the relative vulnerability of these zones. Leachate produced 

from the landfill may contaminate the unconfined aquifer, but 

the leachate is not likely to directly impact the confined 

portion of the aquifer. Thus, the confined portion of the COA 

is naturally protected by the geology of the aquifer against a 

wide variety of shallow sources of contamination. In order for 

a contaminant to be present in the confined freshwater sand 

units of the COA, the natural protection afforded by the shale 
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must be compromised, providing a pathway for contaminant 

migration into the confined zones. 

Faults, fractures, and deep wells are ways in which the 

shale units can be compromised. No evidence was found of faults 

or fractures pervasive enough to likely breech the shale units. 

Deep well drilling activity associated with the petroleum 

industry and with groundwater development is common in the 

Edmond area. 

Identification of Potential Sources of 

Contamination 

Potential sources of contamination are usually categorized 

into three categories: 

* sources that originate on the surface; 

* sources that originate in the ground 
above the water table; and 

* sources that originate in the ground 
below the water table. 

Since the confining layers separate the unconfined portion 

of the COA from the confined portion, two categories of 

potential sources of contamination are relevant for the study 

area: 

* 

* 

sources that exist above a depth 
of 200 feet; and 

sources that exist below a depth 
of 200 feet. 
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These two categories separate potential sources of contamination 

into a group that can only directly effect the water quality of 

the unconfined aquifer and another group that can effect the 

water quality of both the unconfined and confined portions of 

the aquifer. Using land use maps obtained from ACOG (1991) and 

Herndon Map Service Inc. (1988), the location of some of the 

deep drilling activities in the area were plotted on the base 

map of the area (Plate 1). These sources are as follows: 

* 

* 

* 

* 

* 

* 

deep water wells; 

closed deep water wells; 

oil and gas wells; 

plugged oil and gas wells; 

secondary recovery (waterflooding) 
wells; and 

brine disposal wells. 

In addition to these potential sources of contamination, 

seismic test holes and unreported abandoned oil and gas wells 

and deep water wells also might be present. A few of these 

sources were plotted on a simplified cross-section of the COA to 

show how contaminants from these sources might migrate into the 

freshwater sand units supplying the city water wells (Figure 

54). These sources can threaten the city wells either by 

directly introducing contaminants into the sand units, as shown 

by the oil well with corroded casing, or by permitting low 

quality or contaminated water to migrate from another zone into 

the producing sand units through improperly plugged wells. 
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The natural hydraulic heads in the aquifer show that water 

will naturally migrate downward from the unconfined aquifer into 

the confined aquifer. Heavy pumping within the confined aquifer 

also will contribute to this pattern of water movement. Since 

the unconfined aquifer is more vulnerable to contamination any 

migration from the shallow zone into the confined zone would 

increase the risk of contamination. In addition, if pumping has 

reduced the hydraulic head in the confined zones below the level 

of hydraulic heads in the deeper brackishwater zone of the 

aquifer, water may be induced to migrate upwards from the 

brackishwater zone into freshwater zone. Secondary recovery and 

brine disposal operations either can directly introduce 

contaminants into the freshwater zones through openings in the 

casing or by increasing the pressure within deeper formations, 

influencing saline water to migrate upwards through improperly 

plugged wells or adjacent to the well bore. 

Seismic test holes and unreported abandoned wells may not 

have been plugged at all, and present a hazard for personal 

injury as well as groundwater contamination (Pettyjohn, 1989). 

Many of the oil and gas wells in the Northeast Edmond Oil

field were drilled in the 1950's. During this time, surface 

casing, intended to protect the freshwater portion of the 

aquifer, was commonly set to a depth of about 250 feet. At that 

time there were few deep water wells, and this depth was 

believed to be sufficient to protect the shallow water wells in 

the area from contamination. Thus, many of the active and 

abandoned oil and gas wells in this area do not have surface 



casing that extends to a sufficient depth to protect the 

confined sand units which are supplying the city water wells. 

In addition, since the age of these wells increases the 

probability that some casing corrosion has occurred, the 

potential for contamination is high (Canter and Fairchild, 

198 4) . 
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Under normal conditions, the majority of activities 

associated with oil and gas production is conducted in a manner 

that does not unduly increase the risk of contamination beyond 

levels inherent in such activities. Unfortunately, it only 

takes a small number of improperly constructed or plugged wells 

to threaten groundwater supplies with contamination. 

In addition to activities associated with oil and gas 

production, groundwater development using deep water wells can 

threaten the freshwater sand units if the wells are improperly 

constructed or plugged. Industrial, irrigation, and municipal 

water wells are present in the area and should be considered 

when addressing potential sources of contamination in the area. 

Locating Potential Sources of 

Contamination 

State and local agencies maintain list of potential 

sources of contamination that are under their jurisdiction. For 

the potential sources of contamination in the study area 

associated with oil and gas production, the Oklahoma Corporation 

Commission maintains records concerning their construction and 

plugging. The Oklahoma Water Resources Board (OWRB) and the 
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Oklahoma State Department of Health (OSDH) maintain records of 

water wells. In addition to these sources, the Association of 

Central Oklahoma Governments (ACOG) and mapping service 

companies can provide useful information as well. 

Within each WHPA delineated, an inventory of the potential 

sources of contamination present can be made. In addition to 

consulting the state agencies and other sources, field surveys 

could be conducted in each WHPA delineated. 

Figure 55 shows the 10-Year WHPA delineated for municipal 

well 36. A plugged oil well within the WHPA lies approximately 

750 feet southeast of the water well. A copy of the electric 

log run on the oil well was obtained from the Oklahoma 

Geological Survey's log library in Oklahoma City. From this log 

the well was identified as the Junker 1, which was operated by 

the sterling Oil Company beginning in 1952. Using the 

information available, the plugging report for the well was 

obtained from the well records department at the OCC (Figure 

56) . 

The electric log shows that the well was constructed on a 

ground elevation of 1102 feet using 248 feet of large diameter 

steel surface casing and over 5500 feet of 5 1/2-inch diameter 

steel casing. The surface casing is intended to protect the 

freshwater aquifer from contamination if any leakage occurs from 

the interior 5 1/2-inch well casing. 

In 1952, a depth of 248 feet was probably sufficient to 

protect most of the existing water wells in the area. With the 

later use of deep water wells, where the perforations usually do 
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Company: 

Well: 
County: 
State: 

Location: 

Sterling Oil Company 
Junker No. 1 
Oklahoma 
Oklahoma 
T14N, R2W, Sec.31 C-NW-SE 

EXPLANATION 
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Figure 55. Location of a Potential Source of Contamination in 

the 10-Year Wellhead Protection Area Delineated 
for Edmond's Municipal Water Well 36 
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not even begin until a depth of 250 feet is reached, surface 

casing extending to this depth is ineffective. The perforations 

for well 36 begin at a depth of 166 feet and extend to a depth 

of 562 feet. Thus, for 314 feet, well 36 is not protected by 

surface casing on the oil well. Most of the oil and gas wells 

in the Northeast Edmond Oil-field were constructed with less 

than 250 feet of surface casing. 

The plugging report indicates that when the well was 

closed, the 5 1/2-inch casing was removed and that mud was used 

to seal the hole. Cement plugs were put at depths of 5500 feet 

and 800 feet and the well was capped with cement. If the mud 

used to plug the well has settled in the 34 years since it was 

installed, or if the cement plugs have deteriorated, then a 

potential pathway exist for the migration of contaminants into 

the freshwater sand units supplying well 36 {Canter and 

Fairchild, 1984). 

Water Quality of the Central Oklahoma 

Aquifer 

In order to better estimate the risk of contamination 

facing Edmond's well-field, a general understanding of the water 

quality of the COA and the factors that can influence it must be 

addressed. A variety of groundwater compositions are present in 

the COA. Generally, calcium-magnesium bicarbonate groundwater 

is found in the unconfined portion of the aquifer; while sodium 

bicarbonate groundwater is found in the confined portion of the 

aquifer {McBride, 1985). Sulfate-rich groundwater is present in 
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some areas of the aquifer where ever it is overlain by the 

Hennessey Group. Sodium chloride-rich water is present beneath 

the freshwater zone throughout the COA. Using chemical and 

petrographic data in geochemical modeling, the predominant 

geochemical reactions controlling the composition of groundwater 

in the COA have been identified to be as follows: 

* 

* 

* 

* 

* 

uptake of carbon dioxide; 

dissolution of dolomite and, to a 
lesser extent calcite; 

cation exchange of calcium and magnesium 
onto clay minerals with the release of 
sodium; 

dissolution of gypsum; and 

dispersion of freshwater with 
pre-existing brines. 

In the unsaturated zone, recharge water picks up carbon 

dioxide from the respiration of plants. This appears to be the 

only source of carbon dioxide in the aquifer. As a result of 

this, dolomite and calcite within the aquifer are dissolved. 

The most significant reaction in the aquifer appears to be 

cation exchange on the clay minerals. In the confined portion, 

and in clay-rich areas of the unconfined portion, of the COA, 

sodium concentrations are large while calcium concentrations are 

small. In these areas, the clays contain a large fraction of 

exchangeable sodium, up to 50 percent of the exchangeable 

cations (Parkhurst, 1992). The transition in water compositions 

from small to large sodium concentrations is explained by an 

exchange of calcium and magnesium onto the clays with the 
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release of sodium into the water. The cation-exchange reaction 

causes a small amount of dolomite to dissolve to maintain 

dolomite equilibrium. The main effect of the dissolution of 

dolomite is to raise pH values in the aquifer to the range of 

8.5 to 9.1 with only a small increase in bicarbonate 

concentration (Parkhurst, 1992) 

Water analyses from some of Edmond's municipal wells were 

used to construct water quality maps with respect to certain 

constituents. These analyses are presented in Appendix H. 

Figure 57 shows the distribution of pH in the well-field. The 

values range from a low of 7.49 to a high of 9.2, with an 

average value of 7.82. The U.S. EPA recommends that pH values 

for drinking water be in the range between 6.5 and 8.5. With 

the exception of a single well, all the wells in the well-field 

meet the EPA's recommended limit. Figure 58 shows the 

distribution of total alkalinity values, reported as ppm as 

CaC03, in the well-field. The values range from a low of 232 to 

a high of 306 with an average value of 269. Figure 59 shows the 

distribution of hardness values, reported as ppm as CaC03. The 

values range from a low of 128 to a high of 308 with an average 

value of 218. The range of values for the well-field represents 

water that is considered moderately hard to hard. Figure 60 

shows the distribution of conductivity values, reported as 

micromhos/cm, in the well-field. The values range from a low of 

469 to a high of 624 with an average value of 527. Although 

there is no EPA standard for electrical conductivity, there is a 

500 mg/1 limit for total dissolved solids. This can 
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be converted to a conductivity value of about 800 micromhos/cm. 

None of the samples from the well-field exceed this limit. 

The general character of the water in the COA in the 

Edmond area is moderately hard to hard and alkaline, with high 

pH values. Water from the aquifer meets the EPA standards for 

drinking water concerning the constituents measured. Scaling 

and encrusting on pipes and fixtures may be a problem due to the 

alkaline nature of the groundwater. 

Natural Water Quality Concerns 

The COA contains naturally occurring trace elements that 

may locally be present in amounts that can be cause for concern. 

Vanadium, chromium, selenium, arsenic, and uranium have been 

measured in varying quantities throughout the COA. The 

concentration of these elements may be aggravated by over 

pumping of the aquifer, which cause leakage from or through the 

confining units, resulting in the release of increased 

quantities of these elements. MCBride (1985) described how the 

high pH values in the COA tend to decrease adsorption of these 

trace elements, increasing their concentration in the 

groundwater. 

High chloride levels have been encountered by wells that 

have been drilled too deeply into the COA and have penetrated 

the brackishwater zone. Apparently, during the early stages of 

groundwater development in the Edmond well-field, well 6 was 

drilled to such a depth that it encountered water with a 

chloride content of 266 ppm (Benham-Blair and Affiliates, 1965). 
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Harrington and Simpson (1990) reported that gross alpha 

radiation has been a sporadic problem in the Nichols Hills' 

well-field. Gross alpha radiation is derived from trace amounts 

of naturally-occurring uranium present in the Garber-Wellington. 

Radiation levels have slightly exceeded EPA's recommended limit 

for gross alpha radiation in a few well throughout the COA. 

Water Quality Concerns Associated with 

Human Activities 

The major concern regarding water-quality degradation in 

the COA from human activities is with respect to oil-field 

brines. Local water-quality degradation may result from oil

field activities, such as seepage from waste pits, defective 

well construction, defective well plugging, water flooding 

operations, or improper brine disposal. 

Conclusive evidence of oil-field contamination is not 

common in the study area. Several domestic water wells near the 

Northeast Edmond Oil-field have been contaminated by high 

chlorides and oil-field activity in the vicinity is generally 

suspected as the source. Evidence suggesting that degradation 

of the water quality of shallow sand units in the COA in the 

Edmond area has occurred can be seen from driller's logs of 

domestic water wells obtained from the OWRB. Figure 61 shows 

that the well, located near the Northeast Edmond Oil-field, 

penetrated brackish water at depths of 70, 130, and 180 feet 

into the COA. Normally, brackishwater is not encountered in 

this area before reaching a depth of at least 550 feet. Figure 
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Surface Seal: ~. p No Type: __ 5 .... c'-· f!"'-"f._Jic.....,.-,..,----, 

Depth of Seal. $''7' ft. ~ ~ 4 1-'a. "~J 
Gravel Packed: ~ 
Gravel Packed From · ft. tD ~ 4 i:' ft. 
Amount Used: "4 tf'!L 

PERFORATION RECORD 

1'ype ~" From :l(p 1./ fl. To 3 f .5 ft. 
Size ______ From ft. To ____ ft. 

~~ .. ~~F~~~· ft.To ft. 
~· ~~ 

. .J:!.~--'" of JJ.L '4 of ~14 of SEC ~: 
TWP I 'I ~ RGE__.a_EJM.W'iibtcM 

Th• work descri~d abov• was done under my supervision. and this report is 
true and correct to the ~st of my knowledge. 

Driller's Log of a Domestic Water Well in the Edmond 
Area Showing Possible Brackishwater Contamination 
of Three Sandstone Units in the COA 
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62 shows another well in the same area that encountered brackish 

water below a depth of 100 feet. 

The evidence suggesting there is probably some degradation 

of the water quality of the COA associated with oil-field 

activity in the vicinity of Edmond underscores the threat of 

contamination to the confined portions of the COA supplying 

Edmond's water. 
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V..'lute - Water Ruuurccs BoarJ 
MULTI-PURPOSE WATER WELL REPORT 

ApplicaUOII !lie. 

Canary- Onli<n Copy .o\~uiler 

Plftk- Drill•n Copy STAIT OF OKLAH0~1A Stnm System C«We 

WATER RES0l1RCES BOARD L' .. CoJ< 

J! 7330 County 
1000 N.£. Hllh St., P.O. Bo• 535K5 tOffklall'sc Only) 
Okl1honu City, Okl1hom• 73152 

l.OWNE~~~ ADDRESS I'J"If U/ 4~ . 
PHONE .2. ~G) - a2 £..2. 

2. LEGAL DESCRIPTION OF WELL 

PRGI:: 
~CtrcleOnel 

N-e. _ 1, .. uJ~ 1;,.of ~ 1'• of sec.~; n\'P I '+ 2 .COUNTY a~ 
~OF WORK ~ 

!110!1:-DOMt:STIC .5. DRILLING METHOD 
C'll Q Pluggma: Uam~stk 0 lrrit~uon &ROI.ry 0 Rev. Rotory 

C RcconJiuoning Work 0 Stock [; ~lunt~ip.al [1 C•hl• 0 Olh.r 

0 Test: Monnonng 0 Ttst Mcmllorine O lnJustn•l 0~ 
0 Commercial 
0 Other 

6. LOG ·- ; - ·:: ~~:t.;1_ i( ~ ·~!tOCATION PERMIT 

Mar erial From To S.1u• 
r.-.N" If lhiJ v.·cJI is Son·Uom.esti,, has this location been permmtd? 

»-<1~-~-~ ~b ~ 0 Yes 0 !llo Prnnit So. 

~~~ ~~ ~() a.:·Niw WELL CONSTKUCTION DATA 

~,I~~ ~t:) &:; 
DAITS: Stan_., "'~~~ Compl<teJ ~ 

~~ ~~ ~~ Contra<tor J.LJ. '1 "'' _,~~ 
Driller 1/ -'~ •J" 

Diamettr I hllr ~~ ... '"· Total O.plh /Oa ft. 

~ ~,# 
11. PLAT .. '~· ltJH:~_;;;'!,i(: 

5t'-'f/l-
..._ . ; .. -·-· . 

Figure 62. 

! p;, I 

' '--' 

I 

-+- le 
,.. I I 

I 

1li 
~--. ,._ 

~·.i:L . ~- l ~""-~.f, l. I',. !,1 
~p ')6 YBl £..£:._ ' , of _A./f... '• of S ~. of SEC .:J:::f..; 

O•i•ho 'w., tJJ fCirclr One) 

I fiP.;o. nn• I" S: Ml;F. 
2 EI~&.ECM rc,,. ... 

10. PLUGGING DATi· 

u •••• ,.,II"J ':(_/L ~ 
&<klilleJ 1\'llh L•~~. Ma1en.1l To ~ It 
GroutrJ or c~IMntt'J Frome L.lt y ;Jt2 lt. To ~~ ft 
Pto1 ~ation in hem 11 Shov.· DistAnces From 2 Sc-~.·tion Lanes. 

... 
16: CERTIFICATION 

The work JescribeJ abO\·~ •·as Jonc unJcr my supen·asion. anJ thJS IYJ'On 11 

IN< •n~-;;2_<1~10 th< bu1 of my kno~·leJI<. J. 
,_, ~u •• (4)./:l 
AJJress = Phone I ~~Y 

Sii"<J elate {~!:.~ , 

Driller's Log of a Domestic Water Well in the Edmond 
Area Showing Possible Brackishwater Contamination 
of Shallow Sandstone Units in the COA 



CHAPTER VIII 

SUMMARY AND RECOMMENDATIONS 

Summary 

The 1986 amendments to the Safe Drinking Water Act (SDWA) 

mandate the establishment of protection areas around wells 

serving as public drinking water supplies. These zones, called 

welled protection areas (WHP), are intended to protect areas of 

the aquifer supplying water to public water wells from 

contamination. The delineation of WHP's is intended to be a 

major part of state-level welled protection (WHP) programs. The 

WHP program for the State of Oklahoma requires that WHPA 

delineations follow a multiple zone approach. 

* 

* 

Zone I - to protect against the direct 
introduction of contaminants into the 
well and from microbial contaminants. 

Zone II - to protect against chemical 
contamination. 

In order to produce accurate WHPA delineations for 

Edmond's municipal water wells, the geologic framework and water 

bearing properties of the Garber-Wellington 
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formation, which constitutes the Central Oklahoma aquifer (COA), 

were examined. Previous geologic and hydrogeologic 

investigations, geophysical well logs from the municipal water 

wells and oil and gas wells, and aquifer test were used to 

characterize the properties of the COA. 

The aquifer is composed of a complex of interlayered units 

of cross-bedded, fine-grained, friable sandstone and silty to 

sandy shale. The thickness of individual units ranges from a 

few feet to around 50 feet and the thickness of the Garber

Wellington in the area is about 800 to 1000 feet. Estimated 

geologic and hydrogeologic properties of the aquifer are 

summarized in Table X. 

The withdrawal of water from the COA from Edmond's 

municipal well-field has produced a large cone of depression in 

the aquifer. Using monthly water level measurements and pumping 

schedules, the amount of water produced from the well-field was 

seen to have declined since 1988. This is believed to be the 

result of contributions from the water treatment plant at Lake 

Arcadia starting in 1988. The extent of the cone of depression 

has reflected the decreased withdrawal of water from the 

aquifer. 

The cone of depression produces a complex pattern of 

groundwater flow within the well-field. In some areas, the 

general flow of groundwater is one-directional and uniform. In 

other areas it appears to be multi-directional and highly 

variable due to the formation of localized areas of increased 
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SUMMARY OF THE GEOI.roiC AND HYDROOEOI.roiC PROPERITIES 
OF THE CENTRAL OKLAHOMA AQUIFER 

Geologic/Hydrogeologic Property 

Major Faults 

Fractures 

Strike 

Dip 

Folds 

Transmissivity 

Hydraulic Conductivity 

Storage Coefficient 

Recharge - Unconfined Aquifer 

Aquifer Thickness 

Elevation of the Base of 
Freshwater Zone 

Elevation of the Base of 
Brackishwater Zone 

Description 

None evident 

N. 80 W. and N. 40 W. 
N. 0 W. and N. 60 E. 

NW-SE 

40 feet/mile - W-SW 

Haooclinal 

2500 gpd/ft 

12 gpd/ft2 

.0002 

1.6 - 3.2 inches/year 

200 feet 

600 - 300 feet above sea 
level 

500 - 200 feet above sea 
level 



drawdown. 

The various criteria used to delineate WHP's are 

summarized in Table XI. The various methods used to produce 
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WHP's are summarized in Table XII. Given the characteristics 

of the aquifer and the well-field, the time of travel (TOT) 

criterion was selected upon which to base WHPA delineations. 

The methods chosen with which to produce the delineations were 

the analytical and numerical modeling methods. EPA's General 

Particle Tracking Module (GPTRAC) computer program was used to 

generate the WHP's for each of the water wells in Edmond's well

field. 

GPTRAC contains a both a semi-analytical and a numerical 

option. The model is capable of generating flowpath by 

performing particle tracking functions incorporating well 

interference effects on groundwater flow. The semi-analytical 

option uses the Theis non-equilibrium equations to determine the 

drawdown, and the resulting flow velocity, given the hydraulic 

properties of the aquifer, pumping rates, and time limits for 

the simulation. The numerical option uses numerical integration 

functions to determine the velocity of groundwater flow using 

hydraulic heads in an external file. 

The semi-analytical option proved best suited for 

generating WHPs in close proximity to the well, when the well 

was not heavily pumped, and when the groundwater flow pattern in 

the area was generally one-directional and uniform. The 

numerical option proved best suited to generate WHP's in areas 

where the wells were heavily pumped and the groundwater flow 



TABLE XI 

SUMMARY OF WELlHEAD PROTECTION AREA 
DELINEATION CRITERIA 

Wellhead Protection Area Delineation Criteria 

Distance 

Drawdown 

Time Of Travel 

Flow Boundaries 

Assimilative Capacity 

TABLE XII 

SUMMARY OF WELIREAD PROTECTION AREA 
DELINEATION METHODS 

Wellhead Protection Area Delineation Methods 

Arbitrary Fixed Radius 

calculated Fixed Radius 

Simplified Variable Shapes 

Analytical Models 

Numerical Models 

Hydrogeological Mapping 
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patterns were multi-directional and complex. The time-related 

WHP's were produced using the required multiple zone approach as 

follows: 

* 

* 

Zone I - 1 year TOT based WHPA; and 

Zone II - 10 and 20 year TOT based 
WHP's. 

The resulting WHP's were mapped on the base map of the area 

(Plates 7, 8, and 9). 

The vulnerability of the COA to potential sources of 

contamination was found to be primarily a product of its 

geologic framework. The shale units provide a high degree of 

hydraulic separation between the sand units supplying the 

municipal water wells and shallower or deeper units which might 

contain water of lower quality. However, activities exist in 

the study area which could provide a pathway that would permit 

contaminated water to migrate into the units supplying water to 

the municipal wells. 

Deep well-drilling activities associated with oil and gas 

production and groundwater development have produced the 

following potential sources of contamination: 

* 

* 

* 

* 

* 

deep water well; 

closed deep water wells; 

oil and gas wells; 

plugged oil and gas wells; 

secondary recovery (waterflooding) 
wells; and 



156 

* brine disposal wells. 

The quality of water in the COA is generally good. Some 

areas have problems with small amounts of naturally-occurring 

trace elements such as vanadium, selenium, chromium, arsenic, 

and uranium. These problems are mainly localized and are not a 

widespread concern. Brackishwater underlies the freshwater zone 

throughout the COA and can be a problem if it is induced to 

migrate upwards. 

Evidence obtained from driller's logs from domestic wells 

near the Northeast Edmond Oil-field suggest that there has been 

some degree of water quality degradation within sand units of 

the unconfined COA in the area. Many oil and gas wells in this 

oil-field were drilled in the 1950's without sufficient surface 

casing. Many of the wells have since been improperly plugged or 

possibly abandoned, contributing to any oil-field brine 

contamination present. 

Recommendations 

It is recommended that the City of Edmond formulate and 

implement a contingency plan in order to further protect its 

drinking water supply from possible contamination. Some of the 

general guidelines of such a plan might be as follows: 

* 

* 

locate all potential sources of 
contamination within the WHP's; 

asses the apparent risk of 
contamination from the identified 
sources; 



* 

* 

* 

* 

determine appropriate responses to any 
contamination risk and prioritize them; 

determine a chain of responsibility to 
be followed in the event contamination is 
detected in the well-field; 

insure that the city has an alternate 
source of drinking water; and 

identify resources available to the 
community with which to meet the 
objectives of a contingency plan. 

157 

Accurate records of the pumping schedules and water levels 

of the wells should continue to be maintained and made 

accessible to several individuals at all times. It would be 

advantageous to instruct individuals from different departments 

about the function and general operating procedures of the well-

field. 

The WHP's could serve as focal points for initial 

inventories of potential sources of contamination inventories. 

At some stage it would be prudent to expand these efforts to 

include a broader general aquifer protection plan designed to 

include all potential sources of contamination within the well-

field's zone of influence, or cone of depression. 

In order to supplement information concerning .the location 

of potential sources of contamination obtainable from various 

state agencies, field surveys could help identify those sources 

that are unreported. Communication with local citizens could 

prove invaluable in locating potential sources of contamination 

related to past activities of which there is presently little or 

no record (Pettyjohn, 1989). 

Through continuous monitoring of the chemical quality of 
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the water produced from the city water wells, sufficient 

background data can be maintained with which to detect any water 

quality degradation in time to facilitate the location of likely 

potential sources of the contamination. 
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Pump Test 
Observation well near Well #10 Nichols Hills Well Field 

7/ 5/90 
DISTANCE TO PUMPING WELL FROM OBSERVATION WELL IS 29 FEET 
PUMPING RATE 150 GPM 
MIDDLE OBSERVATION WELL 

TIME DEPTH (FT} s (FT) 
(DECIMAL MINUTES) 

.00 -222 0 
7.50 -233 -11 

10.27 -236 -14 
10.87 -237 -15 
13.60 -240 -18 
14.42 -241 -19 
15.45 -242 -20 
16.58 -243 -21 
18.30 -244 -22 
19.13 -245 -23 
20.58 -246 -24 
22.23 -247 -25 
24.03 -248 -26 
27.38 -249 -27 
27.83 -250 -28 
30.47 -251 -29 
40.00 -254 -32 
52.48 -257 -35 
57.95 -258 -36 
70.00 -260 -38 
80.00 -262 -40 
90.00 -263 -41 

100.00 -264 -42 
207.00 -274 -52 
304.00 -280 -58 
390.50 -283 -61 
494.95 -287 -65 
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PUMPING TEST DATA 

WELL NO. t -r;._.J- 1dl ~ 

JOB Q'4 k -z:;.,. Cr. If Cwo,...- LOCATION--'~N""'.-"w;x,.,.,. . .-:C:.tt.e._r: _____ _ 

DATE £/w 1&1 DATA REcoRDED av ~. ?· .s. /s . ~. ~. 
~ I J! 7 

PUMPED BY (co11pany) fflt=kl-< O.rlhttJr< PUMP TYPE & SIZE ___ _ 
ts. ,. ..... .-.'i ... ~.·.lt....... . 

STATICWATERLEVEL DTW29.9.! ELEV. MEAS. PT.ppTk,t· 

HEIGHT OF M.P. ABOVE G.L. ;:. 1' E!Ev. M.P. ___ _ 
t D ~ II:'~ 1/ r: --r-; RATE OF PUMPING MEASURE BY f!. ~=- (.2n:~·'-,Jrzitt£ 

REMARKS e.,mf. O,rv!! Mgfff '4"" ll•rct¥ 4 l.·lflr. .u.,ON/ 

k.sf, u \ ..), ,} &4:, "3*6 e ytr ''N fce,d~!TJ P4 M~ /'y_i( ~"<No 4 /y/r-, 

(i:.,~.,&,/nn .fo dlul {1- 4N i.~ f',-A • fi.,n r:.l./ z·;o9"e., 

WELL SKETCH ON BACK 

DATE TIME ~/r t t' OTW s 0 REMARKS 

r.itlet ~~· V\ C) ~'9' • .:a.o ~ .3~S" 

Jn:.n 
.. 

.!!.Jt. J.:J#. +"t. '.86.,, 

;~;.3~r "'.()If 
I 

I ;.9,0 7 l8t,8'f 

!J~~.,,s4' S. oR il3:J.,t:/'f 19':7-/ 

~;J~ 
II> 

~./, l;~.rf' ~~.:lYo 

/6.' '3..., '7' ii.M.?~ [fr. ,..J_ 
II)' .3~ !5 Ill". 97 f()if1 ! 
I(J'~ f' /'t/1.~~ ~l.J 

;#'t'. /. !!" 
I 

/{)I</() tO '/u.'/~ 

~~;til II /It, . .;;~ t!Jr. 07 

1/) ~ &./;.._ 1'- Jlf?,7J ~~~~ 

fb.' (/., 13 /~. t')~ Jof.9t 
r 

. 
l6'11'1' J{ ':"a·~D 'II·~ 
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PUMPING TEST DATA CONTINUED 
-r=~.;.;J,_ 

WELL NO._....:~~-- PAGE.,3_ of .::t_ 

1(\ .l(>~..iT~r. 

t or 
~-ffl',~"·" DATE TIME t/t' OTW s _Q REMARKS 

~~~/~/ i:~:.:-JtJ; /~- /5/~ I Jj~,/f/ 3;;;.Q" 
f' 

14:.Yt. J/, )!U.S~ Jlq,3~ 

10'·'1'?' 
,.., 

~~j.e' 11'1·'~"' 

/~'~A lA )t:J-.s-.~ nr,t.O 

I.A:).' '-'• I~ J~t.. ~~ 1/&.9-: 

l/o'O'o ~() 1$7.11 I 1'1. tf! 

1t1 'S.~ :;.5' JitJ,t">~ II.»&-

ll; oo ~0 11.'-/.(J~ 11..<'/..U 

111~ d -::> 3s ~7/J~ [;.21'..1d 

iiJVC "'Ji" iJ?J, <II !m . .aj 

VI'~" 3 () 4,-0 IN;. ?7 IJJ). 77 

';;/;~. ::z... -<''1 J ?.l....§:..'-t... JJ.J:.3Y·I 
l 

--- •... -·-·----··-· --· I 

I 

I JJ: ~~ taa 111#/.l?f' ~lo., v 

l;r '16 l7f5'e IJ;,;! i 
..,.~ I 

/,.q3 . ..:2 I j/<l~o I 
' 

J:Z: O..') 9.5 j 

/2.~10 IZO If?/. 34_ 1'11./o 

/'til~' l~o ,,z.~ IS''Z.~· 

l• 30 /jD t'91/. S"'- H:'~-.'JI. 

I 
I,' "i'~ Zoo I '15'.~ 15"(,,.!'1_ 

Z:$1 Z 'II ;q8.8~ '~'.I.e 

$;~() 3o0 2o7. ":) 1 lbi'.l/5 

J/.'00 770 Z09.1)" ,.,o_.s. 
1:f() 370 zu.Bt (11.1.1 

-
$":1~ '/Zo ZIS:-13 17/J,03 

G: 1/o 1/90 ~I 7.ol 178.61 

7: 'lo 5"S"o Zttl.! 1 ltv-• '1 

B: S'O 62.0 222·3S /~l.lf -· 
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;..t. ~,_ 
PUMPING TEST DATA CONTINUED WELL N 0 • -..:::4st--- PAGE_ of~ 

t or 
DATE TIME t/t' OTW s Q REMARKS S!o.tic. 3" 20 

S· 22.-!t I o: tO -;r ()() 223.97 181/.,., '325 

ls'. 22-gl I I :30 +.AD 2'2YI5 18~- 'fS 
~t·o.l~"' 't Q :t.c J.a ~ ,, ... 

,. .. 
5"·22·91 I: I 0 &so 22b.g2 187.62 

5"·22·81 2:so ~eo 226.5"1 189.31 

ls"-22-BI ~: ~D I 0 30 22'f.9b 190-76 

~2~11 4:30 'o eo 233 0/ /q3SI VB<i- II .. , 'P7 ies:t s .. ~ .. <:,.$ 

~,tz-81 L./." 5"~ II OS' 2 3'1.2'1 l'l$-01 
/i, ... 'i·•~ Q t<> )2S"<JI'"' 

S"-2~·81 5:2.0 1130 235.5? 11'-.37 

s. ;2-g/ 5.""/S" /155 23• .65" lq7.1./S 

#it ;•i 
s- .<Z.·&'' 6:30 /2. ~ 0 i 2 '-(0;3/S"" 16/. II 5), lA -t- rl ou" 

Ul I~~'·'' ~ fJ.- (l • ..f-7 ~ • 3o :o" 

':3 f: -:,,-;; Ci u:J,.( '~ 8-1-ts 

ao•·"~<l ,fat?~s::~7~Lt1 
l 

~: n:., r J.J.L •. ~ 
I 

--------- I 

j{:-31{;;~1 1¥:ir ~ ltH -~0 '"· 'o i r _, 
~ i 

h'3).'0~!~; ri 102-0Z.p.t'- I 

t}.'(, ~ 
! 

6 :3h. 06 q8b5 .1:,, .,_ 
I 

~ 95". gL/ ro:<J:o6 ,~, o'· t.-1 

i: 3&':o' '::f.: ~ 

~ 93. 45' s~ .zs-

'b:'3~:ob ';f.;' ; q, 18 ~!·'~ 

6: LID~ CJ/, ,~' ,I 
~ I 
~ sq·.ls lf~96'"" i 

6: 4S.ob I~ ~ r.;. , ~/.1.{2. J.(j ~ ::1. .. 
c:~a:o(, I~ I ~ lb Lf] I y-,: -' '1 

~:~5. {)' ~; 7 ;, 2" 3tl.o-,J 

·~ 
t: 

7:o~:Ot. ~ 70.SS"' L:JI._Gor 
., oj 

?:o~·t')e, ~ ~ o&.9A J'~.'l!J ".a .• I 

IJ•t·l 
... 

7."/0.'tJt-, ~ ~ ~7. '15' :zs.~~-

7.'20.'06 ~. ~ 61/. <}~ 2G . ., 1' 
I 

7'30.'06 ::.:?: ~ 1,3 03 a ,.8_! -· -u. I 



170 

Tt. 5 "" Ill: .:2-

PUMPING TEST DATA CONTINUED wELL NO._...&""'---- PAGE ~of ::i_ 

t or 
DATE TIME t/_t I OTW s _Q REMARKS 

:z -5;22·ft 7! 1./0:o~, I ~ ,,_ 1:/0 
;1. :1. :1() 

?:so·o~, ~ ~~·' ::: 6o:o7 :JtJ-6'! 

'~;IO.Ot. ~ ~ 67:-7..:)- Jt.s~-

IB' •t. ,.3o ~ , I ~~~9/ ://..'7/ ~N~ ~~ a1.,/4..) -

I I 
I -·---- ---··-· ----·-· _ .... _ --

I I i I 

I 
I 

I 

-
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* Perforations 
WlU. I 9 WELL LOCATION I4N-OJW-J5 ACD I 
Q(g.,.)-zfi(j ELEVATION (Ceet) 1190 TOTAL DEf71ll (Ceet) 643 
Sl'a:::lfiC CAPACITY SAND/SHALE RATIO 1.'51 

llEA!A I I lliill 
• ' _o __ __ 

~-; :-To-
-a.----' -:~ 

--~------:~ s --~-------·~ 
~----- -~L-------·~ 
~---- --~-----·~ 

--~------·~ 
s ' ·~ ....'!!!.._ _____ , '---rn-

~----·--~------:~-
:_112__ =------ -~~------,~ 

__ _LL_ ______ :_l[L__ 
~---- :_1!1___ 

~----- --~~------: ~~~ 
~----- --~--------,_11!___ 

s 
..§!I _____ I 

s 
sh 
s 
sh 
s 
sh 
9 

sn 
s 
!Hi 
s 

-~-------·~ 
-~--------·~ 
~----·~ 

·~ ~----.~-
12 272 
16 I __.2ilil_ 
10 1_300_ 

~-------•_JUL__ 
12 :......JU_ 
4 l......lll__ 

10 ·~ 
2 I 338 
50 : 340 

·~ ~----.~-
:__425_ 

s ' ~-------. __42L_ 
sh :~ 

sh 

s : ·~ 
sh 1~ 
s . 
sh -_ -; ~----·~ 

~----- : __4fiB,_ 

--~-------·~ 
~----- :_5UL__ 
s :_510_ 

2h ______ : _-----....4___ ______ : __5H___ 

s : ___ .l!a : ~--
-~!! __ : _ _32_. _____ : _51.2___ 

i!RAIA THICKNESS : ~ 
-"--- 6 : ---..5l.'L 

sh : ____5liQ._ 
_221_ 

_.5h... __ - __ : : __ 6QL 

5 I ~~ 

----------·-----

-----------·-----

-----------·------

-------

-----·--
-----------·------

-----------·-----

-------·-----------·-----

WlU. 4_1_0_ WEI.L UX:ATION 14N-OJW-25 DBA 1 
Q(gpn) 200 ELEVATION ( Ceet) 1224 TOTAL OEP'lll ( Ceet) 724 
SPECIFIC CAPACITY SAND/SHALE RAl'!O._....:I.:..· '!_,_ ___ 

STRATA THlCKNESS : !2Efi!:j 
__sh_ __ : 1' ·~ 

--~------·~ 
l___lf;9_ 

_ _.JL ___ : :___ill_ 

sh : 1 ___J&l_ 
s : : 183 
Sh I I 185 

s : ·~ sh 1 :_!2!L_ 
s : ~~ 

-so--, ~~-
s : :___202_ 

sh :_215..._ 
_s _____ : ~~ 

sh :~ 
s : ~~ 

sh : :_211_ 
S I I~ 
sh : : --112.._ 
s : :___l!!L 
sh : 302 
s .~ 
sh ,---ru-

_s _____ : 1 324 _ 
sh 1 326 
s ~~ 
sh 1 1 337 

s ·~ 
sh :~ 
s ~~ 
sh : _____1!i2_ 
S I )60 
-sh----, 1~ 

s : 390 
sh : 396 
s .~ 
sh :~ 
s 7 : ----;j2q 
-sh____ 5 : 431 

S 5 1 4J6 
sn--, 21 .~ _s ___ 

1 
14 : _____.462.._ 

sh , 8 :~ 
_L_: 6 ·~ 

31___: 4 ·-~ __ s _____ : _____ IO ______ :~ 
sh__ : 40 _______1Q:l __ 
L___ : _ ____L ______ :--544__ 

mAlA I : JrulH 
:m____: :.....5!i2._ __ 

:..._.__: :_5fill__ 

~----· :__56L__ 
L_l :_596._ 
_sh ___ , :JU12._ 
_s ___ : :Jli_ 
_sb ___ : :_§ll_ 
_s ___ , 

·~ _sh ___ 1 :.....22Q._ 
_s ___ : :_[li__ 
_sh ___ , :..Ml_ 
S I :_2_!lli_ 
sh 1 ·~ s 

·~ ·----
·-----, _____ 
I 

'-----
'----

-----·---------
----------·----
-------·----------------·-------------·----
--------------·-------

----------'-----

-----------·-----

--------·-----------'-----
..... 
....,J 
w 



* Perforations 
WELL I 14 
O(gpnl 200 

WELL IJJCATION 
ELEVATION ·..,.( -:-fee-,.t""J -ru""urrJ----='roT=A-:-L-:O::::EP'lll ( feet )_7_3_7 __ 

1411-0JW-25 OOA 1 WELL LOCATION 14N-02W-30 BBCI 
ELEVATIOO (feet) 1170 'roTAL OEP'Ill (reet)___221 

SPECIFIC CAPACITY . 71 SAND/SHALE RATJO,__,\l!... 3,_~'----

WELL t 16 
Q(g"'") 215 
SP£CiflC CAPACITY .60 SAND/SHALE RATIO I, bl. 

~ : : Q.Efill 1 ~ STRATA : THICKNESS : lliitl illAI.A : THICKNESS 1 llfiJi 
·-"'-----' _2_e__ '-<1&1- __s ___ , , ___a___ ____ 1 • ___ _ 

-~L-----' 32 1--'196-- 1 :_25,_ I ·----
:~ ~~ :___11 ___ 1__TI._ I 1 __ _ 

_ ...._!~----'--n- gh : 1-iOJ.._ _sll ___ , __ _a_ ___ :_JlL_ : ·---
_ _,_,_ ___ I~ : 1-5.2!i..,_ :--'l9.__ _ I 1 __ . __ 

=---' : --n- I 1--5<14_ : __llL__ : • ---
S I I -err-- I I _sse_ I --lJl._ I '----

sh I I~ 1...564._ I :__llL_ - I ·----
5 : \4 1--urr- 1_519__ J ____ : :~ 1 •---

sh I 1 1-m- 1...61l!L_ Sll__ • I~ I ~----
9 I -.r---, --rn- 1_6.21_ S ; :~ I '----
sh : :~ :_m_ sh :__12?._ 1 I ___ _ 

S I 1_1.49._ 1_6.32_ S I~ I '----
----- :__lfi.L_ : 26 :_652._ sh : ~ _ : 1 ___ _ 

--..,-----1--.lfid__ 9 l __ 16 1_6lll_ S : ~ I I ___ _ 
__ ,..,.. ____ :---1.1li__ sh 1 t- : ~ sh : :__iZL_ 1 I ___ _ 

--v-----1--lll2._ I 1____ S : :~ : 1 ___ _ 
--,..----- :__19.6_ I I____ ~h ____ l : _2lL__ I 1 ___ _ 

--r---- I ---..2ll!i__ I 1____ S : I~ I I ___ _ 

--,..-----~--.Z.H._ : 1____ sh : : _2!1__ 1 ~----
--..----- :_2.la._ I :____ S I I~ I ~----
--.,..----- :__lZL_ ____ 1 1____ sh ·---- :~ ------: 1 ___ _ 

-------: _lll__ I I____ S :_2] I -.!i25...Jt. I I ___ _ 
_ __,!!_ ____ 1___11i__ I I____ sh : ____) : __lll2___ I '----

--"----- :-...llL : 1____ S : _ 1__1.12_ I ~----
--~----I 246 I I Sh I : _JfJj,__ I I ___ _ 

__ ..._ ____ : 261 I I== I ·---- I 1----

---'-----:~ : I____ I ·---- : '----
__ JL. ____ I --2J6.__ I '---- I '---- I '----
__ .:!.. ____ :--..2M_ : '---- I 1____ I '----

5 I : -.2aa__ 1____ I ---- I ·----
sh I :_29.2._ : :____ : :____ I I ___ _ 

S l I __.lOi_ l ~---- I • ---- I I ___ _ 

Sh I ~~ : •---- I ·---- I ~----
S I t_l55__ : '---- 1 ---- I '----
Sh : 1 ____J§1_ I :____ : :---- 1 - '----

S : :___llL : I____ : I____ I '----

sh I :~ 1___ I --- : '---

9 I I 392 1 • : , ---- I • ----

Sh 1 : 402 1 I== ·---- : 1----

S : 1 407 : , : 1----

Sh 1 ~ : 1== I == '----
:h ~ ~~ : :=== 1 ~=== ;-------:=== 

_ _§_ __ : lQ :__!15Q_ 1___ 1 --- I---

sh : ___ J _____ :_..!I§JL_ _, ·---- 1 ·---- ______ : '----

- :_h ___ :--l : :~~-- - : :==: - : ·==== -_----- I=== ~ 
.t>o 



* Perforations 

Nl1L It 3 WELL UJCATIOO 14N-03W-26 DAC I 
O{ga:ml"285 ELEVATIOO (feet) 1190 roT.l.L D£P'lll (feet)_.:45::.:7 __ 
SPfl:IFIC CAPACITY SNID/SHALE RATIO. ____ _ 

~ THICKNESS Jruil! 
ch A _o __ 
-"-----' :_8 __ _ 
gh ' 1_1_6 __ 
-- - • 18 

!<h -~L----;~ 
~"-----149 

--~-------~~ 
--~~-----~~ 

~------I I:::::== :h : :-gz--___ _ 
g ' 1_91!___ 
sh 1 1 __.lll6___ 
s :__ll!l__ 
sh :__lil__ 
S 1 I ___112__ 
sh 1 1--l.21__ 

1 156 -~----, IW 

-~--------·~ --1::-----. 169 ___________ ; 176 

sh : :__!R__ 
s ' 1 __ 19_1 __ 
sh : : ---195--
s : 1__2l)(L_ 
sh : : .....2lJ6._ 
s : : ____2ll___ 
sh : :_246_ 
s : : ___l5!i_ 
sh : : __1.]],__ _ 9 ___ : :__]]1_ 

sh - 1_1J!L_ 

9 : ·~ 
sh 1 :__12__ 
9 : 16 ·~ 
sh : a : __.llL_ 
g : 4 : ___;;_eQ.__ 
sh : 22 :~ 
s : 16 :_1_06 __ 
sh : 4 : _:!ll__ 
s : :__j2_6_ 
sh • 1 ~30 
s : .~ 
sh · ;~ 
s : .~ 

sh ·~--
s ·~-

~ : THICKNESS ~ 
..sh.. ____ I 6 ___;ug __ 
s 1 ~ 
sh 1 7 ~ 

.JL_ ___ : 12 _J:jl_ 

sh 1 :564 
s : l-s72 
sh 1 : 576 

_ S I I --.519___ 

-------' ____________ I __ _ 

_______ I ____ _ 

-----·----------'---------·--__________ I 

--------'-----------'-------------------'------
-----' I ____ _ 

-----·--

-----·---

------·----

WELL I 8 WELL UJCATIOO 14N-03W-36 BOC I 
0 ( ga:m) -..llQ. 
SPECIF'IC CAPACITY 

ELEVATION (feet) 119() roT.l.L DEPm (feet)..;4,.;50JI,L ___ 
75 SNID/SfiALE RATIO I ? 

STRATA : THICKNESS : Jruil! llBAib THICKNESS lltf.lH .....§.L __ : :__a___ 
_s ______ : :_!L_ 

sh : 3 :.....li,_ ------·---_!!.._ ---: ___ 4 ______ : _l!L_ ------·-----sh : 2 ~~ -----·---s : 8 : __ 2_4 __ 
sh : 8 1_3_2 __ 

_ _______ I _____ _ 

s ' :<~ : __ 4_0 __ _ 
sh : :-lfl_ _________ I ____ • 

S I 1__112_ 
sh 1 ---l.B,__ ____ 1 -..l.Qji__ 

s '_fi : ___12_4__ 
sh : :_iJQ_ 

s : ·~ 
sh :~ 
g : 6 ' 144 
sh : 12 ~~ 
s : 12 : 162 X 
sh 1 B 1 174 
s ' 6 : 182 "' ------------~------sh : 3 :~ 
s ' 8 : _ _l'!l ]'._ 
sh : 9 :_~_1 __ _ --------·------
s ' ·~ 
sh : :~ 

__________ I 

.-----·~ 
:_ni_ 

s .-~--------.~ 

s 
sb 

__________ I _____ _ 

____________ I ___ __ 

---------·------sh : 7 : 235 -----·---s : 18 : 252 * 
sh 10 : 270 _s _____ : 52 : 280 ~ 

sh 1 14 : 332 
s 8 .~ 
sh 4 :~ 

" ' 27 .~· --sn--: 13 '-ru-
g : 8 .~ 
sh 1 2 .~ _s_____ 

.~ 

sh : ~ ; ---;mr-
s 10 .~ 

_________ I ____ _ 

________ I 

. . -------·-------·----------·--------·------'--- .... 
...,J 
(.J1 



* Perforations 
Wf:LL I 17 WELL lOCATIOO l4N-03W-30 BAAL 
Q(gpn)-m ELEVAT!OO (feet) 1210 TOTAL DEP'lll (feet) 750 
SPECIFIC CAP.O.CITY I OJ SNID/SHALE RATTO, ____ _ 

Wf:LL I 18 WELL lOCATIOO I<!N-OJW-25 C!JDI 
Q(giJll)-yjQ ELEVAT!OO (feet) 1175 TOTAL DEP'lll (feet) ___ _ 
SPEX::IFIC CAP.O.CITY SAND/SHALE RATIO._..J.I..;].__ __ 

llBAll I I ~ lliill : THICKNE:i:i I lllllli STRATA I IIH!::KME~:i : PEPTH llBAIA I IHI!:;JSNES:i I Qtlllj 
..sb._ ___ l 

I__()___ I '-----
,_o __ ______ I I ____ 

l_c ___ : ·---- :_12 __ I 
I ____ 

I I ·---- :_70 __ : 
I ____ 

. . :_76 __ I 
1 ____ 

·--------·----- - 102 sh I :__JY_ I 
I ____ 

:-1-15--
I 

I ____ 

s I l_!ll__ I 
I ____ 

I ·----
sh I 1--.l.01_ : ·---- ;~ I 

I ____ 

9 I ,__uz__ I 
I ____ 

·~ - I 
I ____ 

sh I 1--lJ!i_ I ·---- :_ill_ I 
I ___ 

9 I _____ 1_12!___ I 
I ____ 

1--222._ I 
I ____ 

sli ,---o- I~ : I ____ 
1_2.36._ I 

I ____ 

s I :_l!i_ I 
I ____ s I :_265__. I 

I ____ 

sfi : ·~ : I ____ sh : :_2IL_ I 
I ____ 

s I 1 259 : 
I ____ s : I __Jl)J__f. I 

I ____ 

sfi I .--vs- : ·---- sh : l_l1!)__ I 
I ____ 

s I :-m-- I 
I ____ 

·~ I ·----
sh I ;J~ I 

1 ____ 
:_11§_ : 

I ____ 

s I : """"J2'l1l I 
I ____ : _12Q____t_ I 

I ____ 

sh I .~ : I~ :_TI2_ I 
I ____ 

9 : ; 401 ~ I 
I ____ 

·~ I 
I ____ 

sh I :--1Ql_ I 
I ____ 

1 44 I ·----s : ·~ - I ·---- ~ m ._ _____ I I ____ 

sh : ·~ : I ____ : ·----
s I :__jll_L : : ____ ; 478 1'1- I 

I ____ 

sh I :__12L_ I 
I ____ 

·~ I 
I ____ 

s I :_2!Q_JL : 
I ____ 

1___.2R_k I 
I ____ 

sh : 539 I ·---- ·~ I 
I ____ 

s I I 547 !\ I ·---- ·~ I 
I ____ 

sli I ·~ I '---- • 567 I 
I ____ 

s : 1 60\__L I 
I ____ ;~ : ·----

sb I l_fulfo..._ I 
, ____ 

.~ : 
I ____ 

s I :..2!M.....L I '---- 1 640 J!- I 
, ____ 

sh : :_]Jfi__ : '---- l_fiM....._ I ·----
'---- I 

I ____ 
s I ·~ I 

I ____ 

'---- I '---- .. ~1! ___ : :---1llfl_ I 
I ____ 

'----I ____ 

·----
·----
·----

·---- ·---- ---- ·----
: ·---- : I ·--------·--------- ---- I ---- I ·----

·---- ·---- : ·----
------ ·---- ·---- : : ---- ·----

-------·---- _____ : : ____ 
: ---- ------· ·----

I ---- I ---- I ·---- 1-' 
·- ---- I ---- : ·---- -.) 

"' 



JJ 
11:1 

"" 

177 

~ ~ ~JJJJJJJJJJJJJJJJJJJJJJJJJJJJJIJJJJJJJJJJJJJJIJI! 
~ ~ I ~ i 
fJ ~ .. _I J '- .. - _I_ - - - - .. - - - - - - •. - - - - - - - .• - - - .. - - ' ...• - .•.•.. J .. _I .... 1 I 
j ~I I I I IiI ; ~ ~ I I ' I 

u ~ ~I I ' I I . Ill, 
"' "'2 ~ 
~ - !S :i1 ~ww~~~~~-~~~~~~~~~~~! llllllllllllllllllllllll 1 1 ! I~ : .. --~-~- ----.. ----------.. -~-- -.. --...... ----.... --~- .. ---.. ··1·· .. 

j ~ ~~~~~~~J~t.(~~~~~-UJ ---- I - - J I i 
,~ ~ I : 1111 I 1 1 11 1 I r r1 m ~~~~W·-~·····~·f·f~· i I 11 



* Perforations 

Wl'U. I-ll- WELL LOCATION l4N-02W-31 OCCl 
O(gl'f'l) 2l:O ELEVATION ((eet) 1095 1'01'~!. DEP'lll (feet) 6<4 
Sl'fX:lFIC CAPJ\CITY .44 SAND/SHALE RATIO I "1'j 

lll!hlA I I mill illill I I!ll!:;KNES~ I MUt! ,_o ___ 
--"'---' 

:_211 ___ 
. 3 :_...;!_ :_j]L_ '7-- :_1 :...1J!!L.._ :-rr-- __:;b....__: :_2.21 _ 

- ~~ : ·~ : 4 :_M1__ 
s ;~ I 12 :__ill__ 
sh I I~ 1-,---
s I I~ ·----sh 1_..9__ I~ : ·----s : ---~~ : I ____ 

sh : .~ I 
I ____ 

s : :--rz>r- : ·----sh : ;~ : '----s I :_tn_ : 
I ____ 

sh : :_j§Q_ I ·----s I I.J.2L__ I ----sli I 1-llL___ : ·----
• 186 I 

I ____ 

; 196 I ----
·~ I : ----
:_B.§__ ------ I 

I ____ 

:_l]J____ : ----
I :....zzr,__ I ----s : :_2M_ : : ____ 

sfi : ·~ I ·----
:_2ti!l_ : ·----

I l__l!ll_ - ' 
, ____ 

: :.J.I..Q._ : ·----
: :.....ll5__ : ----
' ·~ : '----
I :_J§]__ : ·----

:...l!!l.__ : I ____ 

:....1Q!!._ : ·----s I 
·~ 

I 
, ____ 

sh : 1-A..29..__ I_ I ----s 1_4<2Q..___ : ----sh I :_MiL_ ·----s I ·~ I ·----sh I :_122...__ : ----s :-.500._ : '----sh I :_ill_ I 
: ____ 

s : :__2JQ___ . . 
sfi ·-------·----: :...21Q__ : ----
s : :_211__ : ----
~--' I 

·~ : : -----s 
~-., ·~- -----· 

.. 
sh ----

·~- -----

W<LL t 21 WELL LOCATION 13N-OJW-ll BBBl 
O(gpn) 250 
SPECIFIC CAPJ\CITY 

ELEVATION (feet) 1170 TO'I'AL OEP'Ill (feet) 
2. 07 SAND/SHALE RATIO !. 2) 

STRATA : Itll!:;KNE~:i : lllli.tl llBAIA : I!!l!:;t~Nf,;~:i 
_st._ __ , :.JL_ ------ : 
....a._ ___ , :...:!Q_ ' ...s.n___: 4 ·~- -----' - , __!l.L ___ , _s_s __ ,_ 

lib 13 :_2_1_2 __ 
' 

I 12 1 2252]7 : 
~!J I II ~~ : 
s I 50 .~ - I 

-~h ____ , I .-m-- I 

s I ;--mr-- : 
sh ~~ I 

s ~~ : 
sh .~ I 
s I 

:-;m--
I 

sh ;-m- I 
s .--ur- I 

sh :---.rsr- : 
s : :~ I ·----
~ll : I~ : 

J ____ : :.5.ZL_ I 

~b ' 1....51L_ I 

s :_57_7 __ _ ____ I 

sh : :..fillS__ I 

s : :..fill.__ I 

sh : ..li.3J..__ I 

s : :_ML_ ' sh 
' :..fl!iL_ 

s :...2.el__ ------' sh :...2_25__. ' 
' ·--- I 

----- : ·---- : 

' : ----
: ---- ' : ·---- I 

'---- : 
: I ------ ----

: ---- I 

' : ----
: ---- ' ----

: ----
I ----

: ----
: ------ ----

------ ·---- : 
. . -----·-------·---- --~--

: - ----- -
- _, ____ 

~ 

: llR1l1 
'----'----, ____ 
·----I ____ 

I ____ 

I ____ 

I ____ 

1 ____ 

I ____ 

I ____ 
I ____ 

·----
'----I ____ 
I ____ 

·----I ____ 

I ____ 

I ____ 

I ____ 

I ____ , ____ 
1 ____ 

'----
·----, ____ 
·----
'----
·----I ____ 
I ____ 

·----
'----I ____ 
I ____ 

·----
'----I ____ 

1 ____ 

·----·----I ____ 

·----
·----
·----
: ---- I-' 
---- -.1 

co 



* Perforations 
ia:LL t 23 WELL LOCATION 13N-02W-07 BAA I WELL I-lL_ WELL LOCATION 14N-03W-34 OOAI 
Q(gpn) 250 
SPECifiC CAPACITY 

ELEV-'T!ON (teet) 1142 TOTAL DEPTH (feet)_::5c:9;:.B __ Q( g,:m) 275 ELEVATION (feet) 1140 TOTAL DEP'nl (feet)~ 
SPECifiC CAPACITY _1._2__ SAND/SHALE RATTO_..J!...,.}L-__ l. 'l !Wro/Sil.l.LE RATIO \.')j 

STRATA I ' rui!:l illAIA ' ....m._ __ , :_JL__ ___g-,_ ___ 
' _I 1 __ 26 __ - s ' Jt!__ ___ ,_a_ ___ l_.lQ_ ........sh,. __ , 

-~----' ' )8 -----·-sh I 1- 44-= 
s 

' 7 1 __ 65 __ 
s!i I 2 1 __ 1_2 __ 
s 

' 24 1--ll_ 
sli 6 ,____ga__ I 
s 

' 
4 

·~ sfi -----
·~---•--lruL_ s I • 114 

§fi ,-'1 ; 124 
, __ 1_33_ 

I~ : 
:_.lf>L_ 
:---l.16._ 
:--.l.aL_ 

- :___no_ 
:_lJ.L_ 

' :---.UJL_ 
s I l_.lTh_ -----sh 

' :_.11L_ 
s ' :___l]Q_ -----· sh : :---1Q2_ 
s ___ill_ : 
sh : :___JQ_ : -s I :___]21_ : 
sh ' :__ll1...__ ' s 

' :---112_ ' sli : :__na_ ' 
·~ 
·~ ' :_ill_ I 
I~ ' ·~ I I~ 

s ' ·~ ' sh 
' :___12Q_ 

s I ~~ 
sli 

' :__jQL_ 
s : ·~ sfi 

' ·~ -----s I 536 -----· 
~--' .~ : 

s ' '- 583 ______ : 
sh I :__lill__ ------s :__fi)Q_ -----

It!I!;KNESS ' l2IT1.!:l 
4'1 ·~~--13 :__b18__ 

·~ ·----

,_. ___ 
·----
·----·----

·----

'----
·----·----I ____ 

I ____ , ____ 
I ____ 

, ____ 
I ____ 

·----
I ____ 

·----

·----_I ____ 

~ : THICKNESS : ~ 
~---'- ·~ __..s,_ __ : '_J_9____ 

sh 1 17 :_n_ __ 

~---·_so__ 
-- l_lllL_ 
. 0 : ....l.Z1._L 
; I~ 

J~ ·~ 
·~ 187 

I --l.9.L..l:.. __ •• ----1_20CL__ 

.__ __ '....21L_lL 
_.... ______ , -25L_ 

~::---- :--..llL.JL 
~;"----' _l1L_. 
-~-----~~ 

•v 1 355 * 
'~ 375 

---;ros:;r 
•' I ---;rn--
-1i I 461 ~ 
:5 : .-SQ2.__ 

---=---- '__5ljl__:t_ 
-W~----·~ 
~~---~~ 
~~-----·~ 
~L------~~ _......_ ___ :.....Q5Q.._ 

illAIA THICKNESS l1tnJ1 
_ _____ I __ __ 

-------·---______ I ____ __ 

_______ I ___ _ 

______ I __ __ 

_______ I __ -
______ I ____ _ 

_______ I __ _ 

' I ___ _ 

' I ___ _ 

________ I __ _ 
_______ 1 ___ __ 

________ I __ _ 

-----·---________ I ___ _ 

_______ I ___ __ 
________ 1 ___ _ 

___________ 1 ___ __ 

-------~---------·--______ I __________ I ___ _ 

-----------·----________ I ____ __ 
_______ I ___ _ 

__________ I ___ _ 

---------~----, __________ , ____ __ 
-------'----
-----------·-----________ I ___ _ 

-----·---
-----·-------- 1-' 

-.l 
\0 



* Perforations 
liEU. t 2~ WELL l.£1CATIOO 13N-OJW-02 !!CCI WEU. t 26 WELL !.OCAT!tw 14N-OJH-10 CCCI 

ELEVATION (feet) 1224 TOTAL D£P'lll (feet) 'j]5 Q(gf'III)"JlXl ELEVATION (feet) ll50 TOTAL D£P'lll (feet) 7o5 Q(gpn)---'2Q._ 
SPECIFIC CAPN:ITY_ 3.06 SAND/SHALE RATIO SPECIFIC CAPACITY L.QQ._ SAND/SHALE RAT!O_-l'-\..!:..1. ___ 

llRAIA I : ~ ~ THICKNESS , ~ null ' _sh_ __ : ,_o ___ • ____________ I _____ _ 

~-----' .Ji_ __ : ,_,.c __ _______ I ____ _ 

___s ------ : 
sb I ,_76 __ ___________ I ______ _ 

sh : _.s_ ___ , l_.l2__ 
:ib : ·~ s : • 163 
sh I ~~ 
s I .~ 
sh : ;-m--
s ·~ sh : I 
s I I ~;; ~ 
sh : 1 ___ 

------·---
______________ I ____ _ 

----------'-----------------·------

___ s ______ : 
_sh _______ 1 

s I 
sn I 
s I 
sfi I 
s 
sn I 

_________ I _____ _ 

--------· '-------_________ 1 I _____ _ 

___________ I ______ _ 

_________ I _____ _ 

·~ 
_________ I ____ __ 

:...Alll_ -------------'-------I~ -----·---
1_22Q___ 
~~ 
I 570 

' ' ~---

' --- s : 

~-----~ 
' 597 * _s ______ : 
: 627 ------.---- _sh ______ 1 
: 633 }!-

' ·~ 
--------- ~ I-------

------------' 
s • -sh _____ • 

------------'------------------'-------------· ----------· ---------------·------
-----------·-----------------'------------------'-------_________ I ____ __ 

_____________ I _____ _ 

------------~-------

------------·-------
-----------·-----
------·----
-----------·-------

: PRill illill 
:_lL_ 

·~ I ___Ll!)___ 

·~ :__jjj]_ 
:___l2l._l 
:--llllL_ 
:__u!__k 
I 227 
I 240 f 
I~ 
1__1£_£ 
I 404 
I ~ 
I ---:m-
I ~ 
1----m-,--m---
1---smr--
.~ 
: ___fill2___ 
I ___lilll____ 
I ___6.ZB.___ 
I ______ 

·-------

-----·---

-----------·------

---------.------

------·---
------·---

THICKNESS l1.lli.II 
-----------· ---

I ___ _ 

' ---- ~ 
I ---

1 ·---

1 ----__________ I ___ _ 

-----------·---
I ---------

: ____ __ 
I--

I--

1 --
------- I ---

1 -------------, ~----

------·--
------------ '-----_______ , __ 
-----------~-------------·------------------·-----
---------:====== 
----------:====== -------------'------
-------~------------·--------------·----------·--------------·----------·--
-----------·-----
--------------~-------------------·----- ..... 

c:o 
0 



* Perforations 

Wl:U. t--22_ WELL LOCATION 14~-0JW-26 OCC1 

Q(gpn) 225 ELEVATION (feet) 1190 'rol'AL DEPill ( reet)_"7..;..;;:oo'-----

SPECIFIC CAPACITY SAND/SHALE RATIO Q.q 

: ll.UI.I:! 
--~-----·~ 
-~-------·~ 

l_gL_ 

-~----•-LUL__ 
.......,'---- I I .....J1iiL__ 
....._ ___ I 26 :-llil_ 

Sb I 6 I -lll.__ 

~-----' 16 ·~ 
sh 1 S4 1 ...2J.!i._ 
s : 25 : -l22....1L. 
sh 1 II 1--2.91._ 

s 1 48 r-lll5._L 
sh 1 18 1~ 
S 1 6 : ....J.1.L.!:. 
sh : 1_m_ 
s ' ~~ 
Sh I 1 40\ 
S 1 I 451 of 
sh ~~ 

" <h 
s 
sh 
s 
sh 

·---;;;;,-----·~ 
-~-------, so_ 
-~------'~ 
--~-----'~ 4. .~ 

41 :_ill_ 

----
----

·----·---
-----·--------------
________ I ___ _ 

----

----
----_______ I ___ _ 

ll.BA.U, THICKNESS lliTltl 
----·------ ----________ I ___ _ 

_____ I 

--------~---_______ , 
______ I ___ __ 

--------~------
I 
1 ______ _ 

---------~-------1 ____ _ 

--------, ______ _ 
------
------

I ------

1------

' ---
1------

-------I ___ _ 

-----------, 
-----
-----------
-------------------·-----I _____ _ 

~------I_--'-------
_________ I ____ _ 

------· -----

-----

Wl:LL t 29 WELL LOCATION 14N-03W-31 OOA1 

0(9f'") 300 
SPECIFIC CAPACITY 

ELEVATION (feet) 1!50 'rol'J\L DEPill (!eet)2X 

.74 SAND/SHALE RATI0_-"1·:..:~:.._ __ 

~ I I DEPTH 
_.. ____ , :..J) __ 

_sb__ __ : : ___lL_ 
_,._ __ , 18 :_]!!__ 
_.sb_ __ , __ll _____ : _22_ 

..__ ___ :_§L_ 

sh ~------· _7_3 __ 

~----' 1 75 .. 
Sh 1--1-1\---

_l ____ : 1 1~7 M 
sh 1 I 1 

S • I ~~ l'-
sh ;___10 1t 
s :39 ·~:t 
sh 15 1 

s sh ___ _ 
s 
sn 
s 
sn 

17 : g~ i 
7 I 

8 .~ 

~------·~ .,.,__ ______ ; 2971' 
~-----·-~ ,321'* 

~-----~--~52-======· 329 
~------ -~L-----' 381 ~ 

-~------' 392 -

~----- ·~ 
--------·~ 

•-i1!L..L 
~----- -L------·~ ------

------
------
-----

--------·---------

----
------
-----
-------
------
-------
------

~ ' THICKNESS Q.Ull:l 

------·--_______ 1 __ __ 

----
-----·--

'---
------------~------

---------:======-----------·----I-----

-----------~--------------I. -----

--------
1 -----
1 ----

-------·----______ I __ _ 

________ I ____ _ 

----------·------_______ 1 __ __ 

__________ I _____ _ 

----------~----________ 1 ____ _ 

_______ I ____ __ 

I 
I--

I ---

----
-----·------------------·-----------·---------·---
------------~---------------·-----------'-----------------I------------

------
-----·--------
-----·--
----------·-----------·--

-------
-----
-----

f-' 
co 
f-' 



* Perforations 

lft:LL # ll WELL !.OCATrON I•N-02W-ll COD I 
ocg.,..l ro 
SPECIFIC CAP~lTY 

ELEVATION (feet l 1080 TO'I'AL DEP1ll (feet )._7_:_09 __ _ 
0.04 SAND/SHALE RATJ0._-"1.'-'----

~ : THICKNESS : ~ 
~-----·- :_u___ _liL _______ :_JQ___ 

-lL...----- : _ _20__ 
------: ......2fl_. 

-"lJ... __ ' '_ll!__ 
s ' :_4_3 __ 
sh 1 : 52 

5 ' ' 57 
~h ____ , ,_6_6 __ 

s ' ' 70 sh · 1~ 

-..;----------: er
.!ls-

c 
sn 
s --r-----; --g-r-

_j,b._: .~ 

·-~----------·~ sh -~-------·~ s -~---------·~ sh -~---------·~ s --~-------------·~ sh -~-------------·~ 
-~----------·~ 
-~----------·~-

s 
sh 

5 ' :_lll__ 
5h : · 173 

------ ; 185 s 
sh A------'_JQL__ 
5 6 : 205 sn--. 6 · _2_1_1 __ 

--s----; 8 ; 217 
sh 1 22 1 225 

s • 8 • m *" 
~-. l . ..,.,---. ; ~~= lt 

--D~----'----_JU _______ ,~ 

--~-----'--2&2---
--L ____ :~t 

-~U-____ :_2~ 

------- : ___3.ll__f_ 
_ __. _______ : ___3.20._ 

s : ·~ 
sh : :__ng__ 

_JI____ 2 : _llL.L 
sh 1 2 :~ _ s_____ 2 :~ 

sh : 12 ~~~-
s , ____ 3 ________ :~-

S~f.&.I.l. THICKNm I!tfii:! 
_ _i ____ :~ ~ __ s_____ : ~ 

sh 1 1 ___l21_L 
s . : _11!;_. --sn----, ~~ 
: 
sn 

sh 
s 
sh 
~ 

sh 

1 400 
-~~--- 1 -.ro7 

----+----: ___1ljl___L 
-~"'-------- I • .J.1J._ 

-~----' • ..!Z!LJL 
-~-------·~ 1.......1lLlt.. 
-~~-----.~ 

s ' ·~ sh 1 : 462 
S I ~ 
sh : 486 
S I ~~ 

sh 1 1__502_ 
S : I ___lll)' __ 

sh 7 : _l1J..___ 
S 1 22 I 528 

-sn-------: 18 : 550. 

s 4 ·~ 
sh 1 17 5.72 
S 1 4 :--sag-
sh : : 593 

• : 600, 

-----r-------'~ 
~~-----'~ 

-~--------- :_b16_ 
------T.r------ '_b22-
-~--------·~ s :_21L_ 

s .. __ .__ ______ : ...Mi__ 
s ___ ../..L ____ ·~ 

------------·---------------·---
-------------·---------------·------

-----------'-------------'------
-------------.---

------.- . ----
------------·-------

wtLL It 30 WELL LOCAT!OO I<N-02W-ll DDA I 
Q(gpnl 2('0 
SPEX:!FIC CAP~ITY 

E!.EVATION (feet) 1070 TO'I'AL DEP1ll ( feet)__;7..:4c;.1 __ 
.18 SAND/SHALE RATIO,_LI :_S' __ _ 

~RATA : .Qtfil1 
_s ____ : : _4&._ 

__:;!1__ __ ' : ...9Q__ 
_s ____ :--- -:_sa__ 

_ sh ____ : ___g__ _______ : _ua_ 
s :_llL__ 
sh : :...121._ 
S I :...1.21._ 
oh • : 168 .----: .~ 

sh------; .~ -s----1 1_2_11 __ 

5h .~ 
s :~ 
sh 1 ; ....2lfL.._ 

s ' ·~ sh 1~ 

~----------- -~~----·~ 
~---- -~-----·~ 

I 289 It 
~-------- -~~------, 295 

_sa_ ___ : 
_.s._ ___ : 

sh 
s 
sh 
5 

sh 
s . _s_h _____ • 

_ _L ____ .~ 

--~-------·~ 
J.L, ____ :~-

~--------'~
~--------·~ 
J,!L ___ : _.l5L._ 

38 ·~ 
lO : ...!Ull...__ 
42 •....1Z!L..L 
12 ·~ 
24 :_11LL 
26 : 496 

~ 27 : 526 ?hq 
sh 9 : 553 
s . 20 -~ 
sh • 2 ;Sa2--
s : 6 .~ 
:ill.___ :. 6 : ....590._ 

~------' 13 : _59li_ 
sh 3 :_.fi.QL_ 

_5___: : _,UlL_ 
5h 7 :~ 
s : 16 : 664 s;;--- - 16 , 6ao-----

-"----- ---10-----, 698 
~---' __ a ______ ' ......!Q!! _ 

s , __ L ~~-

i!RAIA THICKNESS Iru.I.tl 

-----·---
-----·-·----

--------·-----_ _____ I __ __ 

. _______ 1 ___ _ 

------·-------------------'------
_______ I __ __ 

·----------'----------'----______ I ___ _ 

-----· I ___ _ 

--------·---------
_______ I ___ _ 

-----·---
------

-----·---

·---------·-----
-----·---
---------·------

-------'----·---------·------
--------.------

------------·--- 1-' 
co 
N 



* Perforations 
Wl"LL I 32 WELL LOCATION IJN-02W-C8 DBA I 
O(g~) 375 
SPECIFIC CAPACITY 

EU:VATION (teet) 10')() TOTAL DEP!ll (teet )_6:.:6:..:1 __ _ 
.83 S'.ND/SHALE RATIO_"-.'-'---

liMIA I 
JIL __ : 

THICKNESS 1 Utfitl 
10 :....a._ 

J_ _____ I 4 I ..lJl.__ 

~---' 4 •...l!L.-
s I 4 :Ja___ =Sh--: 16 :..22._ 
s 48 :...JJl_ 
sh 1 12 :_!&. __ _ 
s , ___ 2_2 ______ ,~-
sh 1 12 :..J1Q_ 
s I ___ 1_0 ------: ...11£__ 
Sh I 12 I 142 
...,~----: 16 : 1~ 

~---2" ' 170 
_.;:::.:_ ___ : 1 1 192 

-""-----~ ~ : 202 
~~-----·-2_1_1 __ 

--~-------'~ 
~----- -~n------'~ 

I ~~ -=5"'----, : ~ 
sh : :292_ 
S I :.2M._ 
sh : : ..228___ 
s : :..1QZ__ 
sh ___ : :...lU__ 

S I :..lll._ 
sh :~ 
s 
sh 
s 
5h 

sh 
s 
•h 
s 
sh 
s 
sh 
5 

sh 
5 

: :_m__ 
-~--------·~ : : 411 

-~~-----' 416 -
' :_ill_ 

-~------·~ 
--~~---·~ 
-~-------·~-
--~-----·~ 
--~~----·~ 

23 ·-~ 
--~-------·~ 

12 ·~ 
1~ • 6Jd 
28 ; 646 

---------'-------------' 

iiBAIA : THICKNESS !ru1l:! 
-------
-------
------

-------·- ·------
-------
-------
-------

------·--
-----------·--------·----

-----
-------'-----------

-------

-------
______ I __ __ 

------
--------·-----------' ------

--------------. ------
------
--------
-------
----______ I ___ __ 

------
_______ I ____ __ 

---------
-----
----
-----

-----------·------
-------

wtLL I 34 
Q(g~)~ 
SPECIF~ACITY 

WELL LOCATION 14N-03W-)3 DAA1 
ELEVATION (teet) llOO TOTAL DEP!ll (feet)_:t:!Q_ 

.12 S'.ND/S!lALE RATIO_-'-'I."'l __ _ 

STRATA : : ~ 
__sh_ ___ : : ....JL_ __ 
__s___ __ : : _2.0_ 

sb..,.___: : _l5__ 

-~----~--~-----·~ 
~-- __ _u._ ___ :_]Q___ 

:L----' _l!L_ 
--~-------~~ ~s~----, :_lllljL 

sh : :_llQ__ 
S I 100 ~ -Sh---, : ns-
s : .~ 
sh 1 : _3ill__. 

s : :......:l.4(L.!! 
sh 1 :~ 
s : :Jl.L..!_ 
sh 1 1~ 
s . 447 ~ 
sh :~ 
s :466T -ar---; 480 

~----- --mr----'~ 533 
~ ---rnr----, 598 -

s : : 632 
sh :~ 
s : .~ 
sh ,-no-

------·----------

-----------·---
-------

-----·-----------. . -------· --------.----
-----------·------

~ THICKNESS l2.ill:!l 
------. . ------------·---______ I ___ _ 

-·-----:- s --~ 

---------'------________ 1 __ __ 

----------·----______ I __ __ 

---------'---------------'-----_________ I ___ __ 

-----·--___________ I _____ _ 

__________ I __ __ 

-------------~------------·--
I 
I ---

1 ----

I t _____ _ 

-------------'-------__________ 1 ___ _ 

-----------·---
-------: i ------' I ____ _ 

__________ I __ __ 

: ·-----
----------'------: I ___ _ 

------------·---------------'---
·-------~------------- . -----
-----·--
-----·-------·--

I ___ _ 

------'------------'-----------------·---
-------: ----

-------:- . -------
1-' 
co 
w 



* Perforations 
wtl.L t_li_ WELL !.CCAT!CJI 14N-02W-32 DCD1 
Q( 9tJ11) 100 El.EVAT!CJI (teet) 1065 TOTAL DEP!ll (feet )....!.~Z,.,$'----
SPEC!F!C CAPACITY .91 So\ND/SHAI..E RATIO_,_. 9~--

~ THICKNESS lruill llBlli : IHICKNESS : m:IJj 
_s_ ___ '- ,_o ___ 

"h ----

--Sh_ ___ ' : _37 __ 
1 44 

--~----'~ 
-LL----:~ 

s ;--zror 
sh : ,~ 

I ____ 

I 

S I I ;;<; {<; 
sh : 1 

s '--UL----' ~!; rr sh 1 : 

s ' .~ 
sh : __!ffiQ__ 

s ·~ sh ~ 
s ~ 
sh 514 
s 620 

---------------1~ 

-----------·-----

wtl.Lt__)fL 
Q(gtJ11)--...ZQQ 
SPECIFIC CAPACITY 

WELL !.CCATICJI !4N-02W-31 CAA 
ELEV.a.TICJI (teet) 1120 TOT.a.L DEP'nl (feet)_lli 

.03 SAHD/SH.>.L£ RATIO_...!I"-'.<;'---

llRAIA I : rni.!1 ~ : THICKNESS 1 ~ __,._ ___ : :__Q__ ___ I I __ _ 

_ .sh._ ___ : ,_e ____ ------·--s.__: : 10 -----------·-----5b ' : 1\6 ______ 1 __ _ 

s.__: :72 
_sh ___ , 17 ,'l'l6-
_s ___ : 12 : m t _sh ___ , 8 
s 0 .~ sn-; 10 ,-n;r-
9 : 1~ ; t II t 
sh • :-.l.l.2...._ 
-s---; __ 1~ :_J2Li, sn-. 

·~ s ; : 70 

-----------·---------------' I ___ _ 

---------·------------·------------·-------------·----_________ I ___ __ 

-----------'------------'------------·------------·-----m__l I 302 
s.__: I 3~ -----·--
m__: :...._24_5_ 
JL_I :_)61 ..t. 
_sh ___ : :_J]L_ 
_s ___ : 

·~ _sh ___ : : ____.1ll._ 
_s ___ : 76 ·~ _sh ___ : II : 551 
_s ___ : Zll : 562 * 
sh 9 1...22Q__ 

I --

1 -·--

1 ---

--------·------------·---------------'--------------'--------------·----- ---------'---------------'-------------' '----______ I __ __ 

-------·-------------' '-------_______ 1 ___ _ 

-----·--------' ·---______ , __ 
----------·-------_______ , __ _ _______ , ___ _ 

1-' 
CD 

"" 



* Perforations . 
WELL I 37 WELL lOCATION I;N-OJW-11 BOO! 

O(gl"'!l 275 
SPECIFIC CAPACITY 

ELEVAT!<l'l (feet) 1160 TO'I'AL DEP'Ill (feet)_.~.;]00~--
3.6 SAND/SHALE RATIO ____ _ 

STRAT..\ : Il!ll:;KNESS : rui!1 llllAIA : tHICKNESS I DEPTH 
__st... ___ : 58 :_!L_ ------ : ·-----_,.____, :~ 

I ____ 

sb : 17 • 74 I '----..,_a_ ____ : 38 ; 91-= - ·- ·---
:Sb 6 . 129 I 

I ____ 

: 30 ;--m-- : ·----
sh I 12 .~ : 

, ____ 
s : lo .~ I ·----sh -~ I 

I ___ 

I ;m* I ·---· 
I I 

1 ____ 

I ~;~ J< I 
I ____ 

I : ·----
: ~~~ l\ 

: ·----
: '----; 32! 't : ·----

1_3Sl_ : I ____ 

·~ : : ----
:__3lill__ : I ____ 

I~ I 
I ____ 

:_l!U__ : I ____ 

·~ - I '----
:__iZB__ ·----
·~ -----· ·----
: 438 : '----
~~ I 

: ____ 
473 : ·----

: 477 i., : ·----
·~ : ·----s : ·~ : ·----sh : :_552._ : '----_s ____ l 
·~ : ·----sh 
·~ : ·----s : ·~ : ·----sli 

' : ~4~ f : ·----s : 5 I ____ -sn---: ·-
:_t!ll.L_ : ·----

·----
·----
·----
·----

----- ----
------ ----

--------·---- - - -----

WELL I 38 WELL LOCATION 13N-03W-II OCC I 
O(gl"'!)-- ELEVATION (feet):=-7l::':-l6~0,..,-~= 
SPECIFIC CAPI\CI'!""{ SAND/SHALE RATIO 

TO'I'AL DEP'nl (teet )__m 
1.1 

STRATA : l2ttl!l ll.BATh : IHICKN~SS I ~ 
_st.,_ ___ , I...Q._ __ ______ I ·----...s. ____ l 

·~ 
I ·----

_sh_ ___ l 1...9L,_ __ 
1 ____ 

:_llLL_ ----- I ·---
:-L55.,__ : 

I ____ 

:_16!i__ I 
I ____ 

I .-l.B.1___ I 
1 ____ 

s :-192__ - : ·----2h ____ l_lll_ I ·----
s : l_n1__ : 

I ____ 
_Sh ___ 

I 1_111._ I 
I ____ 

s :...liL_ I 
I ____ 

sh :_lg__ I ·----s : :~ : 
1 ____ 

sli I : ·----s ;~ I ·----sfi ~~ I 
I ____ 

-~ I 
I ____ 

:-m- I 
I ____ 

;Jl!l;- I 
I ____ 

-~ I 
I ____ 

: :~ _____ I 1 ____ 

:~ _E,_ __ : 
; 5lN .. -:: 

: ·----
I 

I ____ 

·~- I ·----
1__56Z_i_ I 

I ____ 

:_s:u___ : 
: ____ 

:_jjQJ__lL : ·----
:-Da_ I 

I ____ 

·~ I ·----
:_bB.L_ : ·----
·~ I 

I ____ 

:_:zu.,_ : 
, ____ 

'-736.-L I ·----
'-J82--- : 

1 ____ 

5 l-l9Q__ I_ 
I ____ 

------
---- : 

, ____ 
----- ---- : ·----

·---- : '----
·----

I ____ 

----- ---- : ·----
·---- ·-

I ____ 

: _______ I ____ 

·----
------ ---- ·----

---- ------ : ·----
: ----- ------ ·----

---- ----
fJ 
OJ 
U1 



* Perforations 
Wri.L t__il_ 
Q(gpm)_m_ 
SPOCIFrC CAPACITY 

WELL LOCATION I<N-OJW-27 BDDI 
ELEVATION (feet) 11)5 '11)1'M. DEP'lll (feet)__::_S-"'<o:;_ __ 

L 5 SAND/SHALE RATIO qJ 

~ 1 THICKNESS 1 DifiH 
st : 18 1_!L_ 

_Ji__ __ l 7 : _18 __ _ 
sh : __ 1_1 _____ : _ll_ __ 

_s_ __ : 36 : __]& __ 
sb : 75 : _12 __ _ 
S : 26 1 147 
Sh I--n I --rn--
9 11 ~~ 
Sb 1 J6 I '206j( 
S I I~ 
Sh I I ~~; )!-
S I ; 
sh : 1~ 
S 1 _2.J I -zu:z--
sh 1 28 ~~ 

~L-------~~ 
~-------·~ 
-~-------~~ 

v 1 411 1'< 
~: ~~ -- .~ 
•u ~~ :.: .~ 
~v ~~-
, ·~ 

~ THICKNESS : QIEIH 

-----I '-----

--------~---------

-------·--

_______ I ___ _ 

-----------·----------------·-----

wtLL t 42 WELL LOCATION 13N-OJW-12 ADA! 
Q( g,:m) ~ El.EVAT!ON (feet) 1160 '11)1'AL OEP'lll (feet )__.,.,,_,1:::;o> __ 
SPECIFIC CAPACITY 1 99 SAND/SHALE RATto. ____ _ 

~ 1 THICKNESS 1 ~ 
_sb_ __ : :_a____ 
_s__ ___ : ·~ ...m__ __ : I _35 __ __ 
JL _____ : : _43 ___ 
sh 1 :_2L_ 
9 I 59 : ___&2_.. 
sh 1 15 1__12L_ 
s 10 I....Llfi__ 
sh 1 8 :__ML_ 
~----: 34 1 _].51_ sh : __ 7 ______ : ....laL-
s : 17 :__122_ 
sh : 16 1 _2_12 __ 
s : -----;r.r : ....nJ!_ 
Sh I --;ji I _11] _ 
s : .~~~-
sh 1 :_DO_ 
~---- : I- J4_§_ __j,. 

~------· ·~ 
.;_..______ --.--------- I _ _IU_l!' 
~------ -~-----·~ 
L----- -~-------·_l[L__ -=------- -~------. 393 s : ;~~ 
sh --==~--- 1 414 -

s : ·~ sh : : 456 
s : .~ 
sh 1 : 476 
s : ·~ sh 1 __:,n____ 
s 16 .~ 
sh 1 _____3 , __§ll...__ 
s : ----1. : ___fiM___i', 
sh 1 1 --661l--
s : ·~ Sf!---: : _Jlll___ 

-----· ·---------·--
-----------·--------- ·- . ---------------·------
-----------·-----------------·----

illAIA THICKNESS 1 ~ 

--------·----------·---_______ I ____ __ 

-----------·-------------- I-------------·-----------·---
I ----

-----------~-----------------: ______ -------
__________ 1 ________ 

-----------. ----------: _______ ------
-----·---___________ , ____ __ 

I _____ _ -----------, ________ 
--------1 -----
______________ 1 ____ _ 

-----------·----
I ·-----

I---
-----~-

------·-------------·----------·-------------·-----------------·----_ _________ , __ _ 
----------·------I __ _ 

-----------·-----------------·----______ I ______ _ 

----------'-----------------·-----------·--__________ : ___ _ 
-------·-------------·-----------'---------·-----_ ____ : ·----
-----------·----- 1-' 

(X) 

0'1 



* Perforations 

wtLL t 44 WELL (,()CATION 14N-03v-34 BBA1 
Q(gpn) 250 
SPS:IFIC CAPACITY 

ELEVATION (feet) ltOS 1Ul'AL DEPill (feet )_.,"'to=:_ __ 
.!9 SAND/SHALE RATIO_It:.·!il&,__ __ 

~ : IHI!;Kt!f;SS : Q.tf1!j illlli THICKNESS ~ 
: 0 
.~--
,To--
: 90- _____ : 

---------'-----_______ 1 __ __ 

------
-----·----

I 105 
I 

lf4-
I ;-no-

s I ~~ 
Jh : ,--rss--

s : 1--rrr-
sh I ,--..xr-
s I .~ 
sli : .--zxr--
s : ~ ~:: J( sli : ·-------

---------·---------------·------------
-----------·-----------
---------·-----------------'------

------------'--------------·------s : ·~ sli I :__30ft__ ------' -------
-------

s : ·~ sfi : :-l.il_ -----------'-------------' '------s : :_lll_L -------' '------
l!h I : 373 ______ : '------
s : : 392 ,.. -------·------sh I : 414 
s : : ~ 
sh I : 471 -

-----------·-----------------'--------------·------_________ I ____ _ 

---------'----
--------; --

-----
------·------ ----________ I __ __ 

-----------·------_____ , __ _ 
-----------·------ -----

----
-----
-----
-----

-----------·-------------
----------·--------------·------------------·----------------·------------ '- . ------

-------:-----
·------ . ------

wtLL # 45 WElL ~AT!ON loiN-031i-27 81\A l 
Q(g,:m)--mo- ELEVATION (feet) ll•iO TOTAL DEPill (feet) S10 
SPEC I Fl C CAPACITY 51\ND/5111\LE RA TIO_...o,.w• S.__ __ _ 

STRAT~ : THICKNESS : Q.tf1!j 
-Sh-----: __:) : _!!. __ _ 
_,S. ______ : : _7 __ _ 

sb___: : __ 1_3-
_s_ _____ :_A_ ____ .~ 

sh : :_lQ__ 

sh 
5 
sh 

~----------·-~-0 __ 
2-----------' ·I~ 
~---------'~ .llL----' 81 

_§. ____ : I _21__ 
sh 1 _ :__ill__ 
s 
sh 
s 
sn 

sh 
s 

~~-----·~ 
-2~-----·~ 
~---------·~ 

4 : \60 
2 .~ 
3 :__l§JL_ 
16 : 169 
~ .~ 

s . .~ -sh _____ ; ; --rG: 
sh 

__ s ______ : 1 215 

sh :__151___ 
5 :_I15,___ 

_!!!. ____ : ·~ 
s 
sh 
s 
~h ____ _ 

s 
sh 

~L_ ______ :_JU__ 

~------·~ 
~2------·~ 
~L----·~ 
~~------·~ 
~~-------·~-

5 : :__11L_ 
~-: JlL : ____<!1Q__ 
s 9 • 448 

25 ;---m--
s : I B : ---;;ez--
sh : 30 --soo--
s~:-12 ,-5]0 

sh 

------·--
----------·----------------·---------------·-----------· -----
-----------·---------------·---------------·-----·-------. ------
------·---

illATh THICKNESS lli:I.l1 
-----------·------_ ______ I ____ _ 

______ I ___ __ 

-·-------.- . -----I _____ _ 

------·-------------·----------------·---------------·-----I ______ _ : _______ _ 
-------

1------------1-----
-----'-----
-------------'-----_____ 1 ___ _ 

-----------·-----______ , __ _ 
--------'----------------·------_________ I ______ _ 

-------------·-----------· I _____ _ 

-----------·-----------·--
-------------'-----------·--
------------·----------------.- :------
--------·------------·-------------·------________ I __ __ 

----------·------------·--------------·------
------------·------
-----------·-----------------·-----------------·----------------·-----------------'------

·--------. -----
-----------·-----------·--'----------'----- f.-> 

00 
-.1 



* Perforations 
wtU. I 46 WELL I.CCAT!OO 14N-03W-25 OCA I 
O(gpa)-zc;Q ELEVATIOO (feet) 1~00 toTAL DEP'Ill (f<>et)_2~ 
SPECIFIC CAPACITY • 34 SAIID/SH11LE RATIO__!_,_!j 

WFLL 4 •:7 WF.LL [llCATlON I JN-02W-IJ6 llCC I 
Q(g,:m)-IT5-· ELEVATION (feet) ll2'l toTAl. DEP'Ill (feet)_6_3_6 __ _ 
SPECIFIC CAPACITY 1.5 SAIID/SH11LE RATIO \.'le 

UMIA ' II!IC!SNE~:i ' »ttl!! .......... ___ , . 0 
; 84 
,_8_6 __ 

' 94 ·--m-'----

!lli:It1 STRATA 1 THICKNESS 

-------- ·-----
----·-----___________ I ___ _ 

-----

STRATA THICKNESS : DEPTH 
:-- ' 10 : 54 
~---- .--21 ,-&;:--
=-----. 6 . <I~ .s..__ ____ • • <"Jr-
.sn_ ____ ;-;----;~ 

sh B : --l1l(L___ 

lli:1l1 STRATA : THICKNESS 

----·--
------ ·-----

----- ·- . -----
----------·-------

I 1-l.JO.._ 
________ I ___ _ 

.s___ ___ l 10 :___lOll_ -------·-------s ' :-IJI!i_ 
sh I :--1.53_ ------'----

sh : 8 :__lllL_ 
~-----·-ll__ _____ ,~ ----------·---------------·--s 

' :_1.56._ 
sli I 1___Jji6_ 

----- I ~·-----
sh : 10 ,~ 
-.---.~ .~ ---------·-----_______ , ___ __ 

5 I l__llll_ 
sn 

' I~ 
s I ·~ sn I ·~ 
~ ' ' 250 * 

----
I '----____ : I __ _ 

I •-----

----

sh : :_l!Q__ 

s ·~ sh : : 247 
.s,_ ____ : ' 253 
.;>.IL ______ : I 212 

----------·----------·--
---------·---------------·---------------·------sb ' ' 263 

~ ' ' 271 10 
~b ' : 292 
~ I 1 317 it: 
§b : :___B2__ 

------·-------
I --

1 --

1 ---

1 --

77------' 260 
.;_;_ ____ , 305 

.~ 
""'-------: 345 

s :_lSS_ 

s 
sh 

.!!!_ __ _ 

-----------·-----------·--_______ , ___ _ 
----------·--------------·--

~ ' ' 349 'f. 
sh I ' 380 

1 ---· 

I --

sh :~-------~~ 
s ' :_3hll_ 

-----' ·----
------------·------5 ' ·~ sh ' :___A21_ 

----
-------·-----

..!!!________ ·~ 
s ' :_]]1___ -----------·-----------' ·----

s ' :_.5Qll__ 
sh ' :__5li_._ 

--------
sh _ : : ___112__ 
s :__1~ -----------·-----

-----·--
5 ' ·~ sh 

~ ;~ *' 74 

----------·------------
sh : :_ilL_ 

:__1!l!L_ 
sh ,--':":::----- 494 

-----------·-------------·-------·--
·---- ---- s : 506 -------·---------· ------

----
sh : 514 
s - .~ --------~-----

: ·----
I 
I --

1 --

sh : : 547 
5 • • 550 
sh ·- 1 ;~ 
_s ______ : 10 : ':60 

-----------·----
: '----

-----· ·----
---- sh : __£. : __51ll_ -----·--

s :__51Z___ : ·----
----
----

sh 2 : 57~ 
6 -m---5 

I ·----

-----------·----
I •---- ----

--------·---
23 : 582 
17 605 

"h _____ , _______ I ___ _ 

-----·--· 

1-' 
co 
co 



* Perforations 

wtu. t 4e WELL LOCATION 14N-OJW-36 BOO I wtU. • 49 
O(gt'l"l.25lL___ 
SPECIFIC CAPACITY 

WELL LOCATION 14N-OJW-25 BBB I 

o1 9..,., 3oo 
SPECIFIC CAPACITY 

El.EVATION (feet) 1160 T<YI'l\1.. DEP'fH (feet)_7_2_D __ _ ELEVATION '(f::-ee-,-t'"") --.,-,11"'50~- T<YI'AL OEP'fH (feet)___:6DO=--

~ SAND/SHALE RATIO \.~"!> O 66 SAND/~E RATIO·_~I-~b~--

1IBAIA : THICKNESS : ~ 
_§____' 4 :_11_1 --

!h : 2 :..J.i_ __ s _____ : __ 34 _______ : __1§__ 

sh , 13 :_5!1_ __ 

s : 26 ·~ 
sh 1 9 : _89 __ _ 
S 1 20 :_96 ___ _ 
sfi 1 : _11_8 __ 
5 1 1 12J 
sn , , 1s2 

--...----. t-lt!i_ 

Sh 

s 
sh 
5 

sh 

sh 
s 
sh 
5 

sli 
s 
sl\ 
s 
sh 
!I 

sh 
s 
sh 
s 
cth 

!lh 

sh 

sh 

sh 
s 
sh 
s 
sh 

-~-------·~ 
~!__ _____ I ....lliL__ 
...!!.. _____ t..2J.O..__ 

-ll_ ________ '_2ll___ 
2._ _________ , _zza.__ 

~-----•_2.25_ 
~--------- '...l15..__ 
~------·~ 
.5!_ _______ '_l1Q__ 
_ll_ ___ : ...lZ§__ 

10 :_JQL_ 
10 :_ll!_ 
10 :__ill___ 
2._ ___ , .Jl1._ 

~----·~ _g_ _____ '__l5Q__ 

16 ·~ 
14 :__ll§__ 
12 :_12Q___ 
12 :....1Ql_ 
23 :_i!i___ 
21 ' 437 
24 ·~ 

..fL._ ____ : __A8..2__ 

d tj811__ 
.lL. ___ ,~ 

-""------: ___50!L_ 
...LL ____ , _5M_ 

A-----·~ 'L__ ___ '_21!!__ 
£_ _______ : ...22!!.__ 

? :_2§Q___ 

3 ·~ s . 18 : 570 -.h----: 2 : ~ 
s ; _ _l6----.~ 
sh . __§______ : ---smr-

------. -. ---· 

llRlli : THICKNESS : PEPTH ~ : THICKNESS : Dttl!:! 
_L ___ : 0 '...§.!.1.___ ..._ ____ : :.....)b._ 

sb..__: 16 :_§11_ .sb___: :...Jill_ 
JL__: IS :~ :_so ___ 
l!h__: 9 ' 657-- t_jj(}_ 

S : I~ : _ful_____ 

·---- :__:n__ 
---------·----- t_fti____ __ _____ :____ ·~ 

-------··· ·------- :.-lila_ 
____ I '----- I t_.U..'l_ 
____ I ·------ I t-lJlL___ 

~-----· ·~ S I :...112_ 
sh : : ...1JiQ___ 

-"-;-----' : ___!1i_ 

~------ -~---------·~ 
=c----- -~~-----·~ 
~----- -~-------•_LKL__ 
'X--- -11>-------: -2.3fl_1L 

~----- -~~------·~ ---------·---- ·~ 
-;:.:---- ---'11-----·~ 
~------ --~-------·~ 
~------- -~----------•-XU___ 
~------- -~~-------·~ 

-A--------·~ 
~------- -~L------·~ 

--~-------·~ ____ : ·----- ·~ 
-w--- -~---•_ill_ 

--UL------·~ 
.. h 

sh 

sh 

sh 

" 

---'"-:--------' ~ __ ......_ _______ ,~ 
--~-------·~ 
--~-----·~ 
-~-------·~ 

I~L 
--~-------.~ 

:_21l__ 

---------·---

illAIA THICKNESS truii1 
---------·---
-------·--
·--------'-----·-----·--

-----------·-------------·-----
----------·-----------·-------------·------------·--------------·------------·----·----------·-----------·--------------·-----------·-------------·-----------· ·-----
----------·-------------·----------·---------------·-----------------·----------------·----------------·------------·-------------·------------·-----

-------' ·-----------·--------------·------
--------' ·------. --------------. ---------------. _______ 

I -----

1---

-----·---
-----------·--------------·---------------·------------·----
-------·-----------·-----
-----·-----
-----------·------ 1-' 

co 
\D 



* Perforations 
WELL LOCATION 14N-OJW-35 9BB1 ..rE:LL#....-!!Q. 

J(gpo)-lll. 
SPU:IFIC CAPN:ITY 

ELEVATION (feet) 1170 1UI'AL DEP'ltl (feet l.o-6.::.08'----
0.16 SAND/SHALE RATI0. _ _,.2._,o,_ __ 

liBlill. I ' Qrr[!1 llRAU, : It!IC~Nt;~S I !ruitl ..._ ____ : ,_o __ : ·-----
______ , 

24 ·----: ;~ : : 
.~ ----

ah : ---- : ·---
:__!Ill__ ' ----

.. h : :--22._ ' 
: ____ 

:_liM_ : ·----
:__ill__ - I 

: ____ 
:__nL_ ' ·----
:_lli__ I 

, ____ 
I 141 I ·----.~ ' ' ----1-15_1 __ 

I 
, ____ 

: 160 : I ____ 

:.-!§.~!_ I 
: ____ 

186 
' ·----: ~()() t : I ____ 

' : II : '----• I :m* I I 
sh ----

: ·---- I '----s I 1...25.L....t. '----sh 
' l__lll_ I 

, ____ -s I ' __l2§__X:_ I 
sfi ----

I I 320 I ____ 

s : I 327 K ' 
I ____ 

sh 
' 338 ' 

, ____ 
: 345 lt ·----

~l! ' :_3Sfi_ ' ' ----s ' ·~ : : ____ 
sh : :_36ll__ ' : ----s : __.ll5__jL : ·----sh - 6 :....J!Ji_ : '----s : 34 ·~ I ·----sh '--n--;_m__ ' '----s 

·~ ! : ----sh 
·~ I : ----s : : _lli___l\_ : '----sh :.2Q1_ : ----s : 516 

sh ---m- ·----
: , ____ 

s : : 535 
' sfi ·----

:_5!1L_ '----
·~ ' ----
:___55<L_ : ----
:_51Q__ -----.--- ------------- ' 

WELL lOCATION IJN-OJW-12 9981 W!:LL I 51 
Q(g.,..,)_JQQ_ 
SPECIFIC CAPN:ITY 

El.EVATION (feet) 1170 1UI'AL OEP'lll ( feet)_7:.:0:.::3 __ 
I • 52 SAND/SHALE RATIO 1. 0 

SIRAT.a. : llli:U:! UMIA : IHIQ<NE~~ I ~ 
.,s_ ____ : :_Q___ ------· '----
~---' :_4 __ - : '----.s__ ___ : :_10 __ -----' '----.sh_ ___ : __ Ji.__ __ : _24 __ ------'- ·----
~----' 

:_30 __ : 
, ____ 

_s_h ____ ,_44 __ I ·----
s ,_so __ -----' ·----
sh : ' 66 - I 

, ____ 
s I .--n-- I '----sh :~ I '----s ' 

;~ I 
I ____ 

sh 
' :_lOlL_ I '----

s I l__l_!l_ ' 
, ____ 

sh : IJ6 - : 
I ____ 

s I : 1-10 : 
I ____ 

sh I :_!11!_ I ·----
S I :-l.!i&._ ' '----Sll---, :_lllL_ ' 

, ____ 
s I 1_11§__ I 

I ____ 

sfi :_!2l__ ' 
, ____ 

9 200 ~ ' 
, ____ 

' 226 -----' 
I ____ 

~~ I 
1 ____ 

_sb__ __ : 
·~- ' '----

: : --21fi._1L ' 
I ____ 

_sh._: :__352__ I 
, ____ 

:__]6QJ:_ : '----
..sh__: :___.ll!Q_ ------

·~ ·----
:_.11\L_ : 

, ____ 
:_JJ~ ·----
:_412.._ 

, ____ 
s : ·~ : ·----
sh __1§1.__ ' 

I ____ 

s I : _i1§_1l;_ I ·----_w__ ___ : :_2QQ__ 
s :_25Q_l!;_ -----
sh :--2§2_ ·----
s :_222_± 
sh :___2_17 __ 
s ·~ ·----sh ·~ ·----s 

' .~ : _______ , ____ 
·---- : ·----

-------·---- ------
, ____ 

~ 

1.0 
0 



APPENDIX C 

PERFORATION RECORDS 

191 



WELL# 

44 
46 
37 
34 
27 
16 
17 
18 
24 
25 
29 
35 
40 
41 
42 
38 

LENGTH OF PERFORATIONS 

126 
134 
268 
212 
195 
170 
210 
208 
258 
177 
202 
167 
183 
151 
126 
287 

Average 193 feet 
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APPENDIX D 

RESULTS OF THEIS WELLFIELD SIMULATIONS 

193 



THEIS ~ELL FIELD 

This Theis well field 1odel calculates the heads anywhere in an 
infinite/ho1ogeneous artesian aquifer with given trans1issivity and storage 
under the influences of up to 20 injection and/or pulping Mells operating in 
the aquifer with natural flow. Injection or pulping well input include pulping 
rate (Q, in gp1l, tile of pulping (t in daysl,and X and Y coordinates. Both 
positive (puapingl or negative (injection! flow is allowed. All coordinates 
are in units of feet. The grid is 10x10. Unpu1ped natural flow gradients are 
input by specifying the head value at the chosen X=O and Y=O origin, the 
gradient (ft/ftl of the potentioaetric surface, and the angle (aoving in a 
counterclockwise direction fro~ the +Y axisl of the potentioaetric surface. The 
Theis well functions are calculated by polynoaial approxi1ations taken froa 
Stegun and Abra1owitz, Handbook of Kathe1atical Functions, Dover Publications, 
Inc., New York, Mew York, 1970. 

194 



10000 
9000 
9000 
7000 
6000 
5000 
4000 
3000 
2000 
1000 

1000 2000 

TRANSMISSIVITY = :500.00 
STQRAGE COEFFICIENT = O.OOO:OOO 
INITIAL HEAD = 1000.00 
GF:ID S!ZE <FT> =100(!.00 
GRADIENT <FT/FT> 
ANGLE OF GRADIENT 
WELL # 1 

= 0.0010000 
<DEG> = 0.0100000 

IS LOCATED AT < 3000.00, 3000.00> 
PUMPING 180. 00 GPM FOR 200. 01) DAYS 
WITH A RADIUS OF 0.50 FEET 

WELL # 2 
IS LDC~TED AT < 3000.00, 5000.00) 
PUMPING 166.00 GPM FOR 200.00 DAYS 
WITH A RADIUS OF 0.50 FEET 

WELL # 3 
IS LOCATED AT < 5000.00, 5000.00> 
PUMF'IN(3 137.00 GPM FOR 200.00 DAYS 
WITH A RADIUS OF 0.50 FEET 

Wells 12, 21, 37 

3000 4000 5000 6000 7000 8000 

195 

9000 10000 
+------+------+------+------+------+------+------+------+------+------+ 

924.43 922.01 920.58 920.37 921.40 923.54 926.49 929.95 933.62 937.32 
918.90 915.54 913.48 913. 15 914.62 917.61 921.61 926.08 930.65 935.08 
912.56 907.66 904.53 904.01 906.22 910.60 916.20 922.09 927.77 933.03 
905.50 897.95 892.74 891.98 895.47 902.34 910.51 9!8.31 925.26 931.38 
898.42 886.0221875.56 875.95~80.71 992.96 905.36 915.36 923.53 930.39 
893.38 875.4.1 JF752.83 861. 65•780. 58 986.16 902.70 914.12 923.00 930.28 
892.59 874.79 859.48 864.72 874.87 890.16 904.23 915.19 923.96 931.21 
896.32 878. 6~48. 52 872.71 886.29 898.01 908.89 918.32 926.32 933. 1S 
904.20 892.6 84.12 888.99 897.86 906.65 915.08 922.84 929.79 935.94 
913.82 907.22 903.55 904.83 909.54 915.56 921.92 928.14 933.99 939.38 



10000 
9001) 
801)0 
7000 
6000 
5000 
400•) 
3000 
20<)0 
1000 

1000 2000 

TR;.t·ISM ~ 33 [IJ 1 T 'f -= 2500. ')1) • • • 

STORAGE COEF'=" [C: ENT = ,:, • 0•.••~2'-''-'') 
HI:TI.;L HEAD .:: lOOC.(•(> 
GRID SIZE !FTl #1000.00 
•3R~D I ENT 1 F7: FT i "' 0. 0t) l UO(,I) 
ANGLE OF GRADIENT <DEG> = 0.0100000 
WELL It 1 
IS LOCATED AT < ~0<)0.00, ~0•)0. ,)1)) 

PUMPING 1::;1.00 GPM FOR ::ZOO.OO DAYS 
WITH A RADIUS OF 0.50 FEET 

Well 12 

301)0 4000 5000 6000 7000 8000 

196 

9000 10000 

+------+------·------·------·------·------+------+------·------+------+ 
971.55 970.41 969.43 968.76 968.52 968.76 969.43 971). 41 971.55 97:.70 
971.04 969.52 968.14 967.13 966.76 967.13 968.14 969.52 971.04 972.55 
970.52 968.49 966.4-:" '764.8:3 964.18 964.83 966.47 968.49 970.52 972.41 
970.14 967.47 964.44 961.50 960.11 961.51 964.44 967.47 970.14 972.43 
970.13 966.83 962.50 956.76 952.42 956.76 962.51 966.84 970.13 972.76 
970.76 967.18 962.11 953.42•957.95 953.42 962.11 967.tB 970.76 973.52 
972.13 968.83 964.50 959.76\11954. 42 958.76 964.51 968.84 972.13 974.76 
974. !4 97!.47 968.44 96~.56 964.11 965.51 968.44 971.47 974.14 976.43 
976.52 974.49 972.47 970.83 970. 18 970.83 972.47 974.49 976.52 978.41 
979. 1)4 977.52 976.14 975.13 974.76 975.13 976.14 977.52 979.04 980.55 



10000 
9000 
8000 
7000 
6000 
5000 
4000 
3000 
2000 
1000 

1000 

TRANSMISSIVITY = 2500.~) 
STORAG~ COEFFIC:ENT = 0.0002000 
INITIAL HEAD = 1000.0~ 

GRIC SIZE <FTl =1~00.00 
GRADIENT <FT/FTI 0.0010000 
ANG~E OF GRADIENT <DEGl = 0.0100000 
WEL.L. # l 
IS LOCATED AT I 3000.00, 5000.001 
PUMPING 166.00 GPM FOR 200.00 DAYS 
WITH A RADIUS OF 0.50 FEET 

Well 21 

2000 3000 4000 5000 6000 7000 

197 

8000 9000 10000 
+------+------+------+------+------+------+------+------+------+------+ 

965.08 964.26 963.97 964.26 965.08 966.26 967.65 969.11 970.56 971.96 
963.30 962.08 961.63 96:.os 96::.30 9<!:>4.97 966.81 968.65 970.39 972.02 
961. 06 959.08 958.29 959. t)8 961. Oo 7'63.51 965.97 968.26 970.33 972.19 
958.40 954.84 953.15 954.84 958.40 962.06 965.30 968.08 970.46 972.53 
955.84 948.88 943.61 948.88 955.84 961.08 965.08 968.27 970.89 973.11 
955.14 944.61•828.94 944.61 955. 15 961.29 965.63 968.97 971.69 973.96 
957.84 950. 88~~45. 61 950.88 957.84 963.08 967.08 970.27 972.89 975.11 
962.40 958.84 957. 15 958.84 962.40 966.06 969.30 972.08 974.46 976.53 
967.06 965.08 9o4.29 965.08 967.06 969.51 971.97 974.26 976.33 978.19 
971.30 970.08 969.63 970.08 971.30 972 .. 97 974.81 976.65 978.39 980.02 



10000 
900(< 
8000 
7000 
6000 
5000 
4000 
3000 
2000 
1000 

1000 201)0 

TRANSMlSSIVITY = :500.00 
STORAGE ~OEFFICIENT = 0.0002000 
n;:TIAL HEAD = 1000.00 
GP:D SIZE <FTI =1000.00 
SRADIENT <FT/FTI 0.0010000 
ANGLE OF GRADIENT <DEGI = 0.0100000 
WELL tt 1 
IS LOCATED AT < 3000.00, 3000.00) 
PUMPING 180.00 GPM FOR 200.00 DAYS 
WITH~ RADIUS OF 0.50 FEET 

Well 37 

3000 4000 5000 6000 7000 8000 

198 

9000 10000 
+------+------+------+------+------+------+------+------+------+------+ 

967.81 967.34 967.18 967.34 967.81 968.52 969.42 970.43 971.51 972.61 
966.56 965.94 965.72 965.94 966.56 967.50 968.66 969.92 971.22 972.51 
964.98 964.09 963.78 964.09 964.98 966.26 967.76 969.34 970.92 972.43 
962.97 961.64 961. 15 961.64 962.97 964.78 966.77 968.76 970.66 972.42 
960.45 958.31 957.44 958.31 960.45 963.11 965.78 968.26 970.51 972.52 
957.48 953.62 951.78 953.62 957.48 961.45 964.97 967.98 970.56 972.81 
954.62 947.08 941.36 947.08 954.62 960.31 964.64 968.09 970.94 973.34 
953.78 942.36.816.94 942.36 953.78 960.44 965.15 968.78 971.72 974.18 
956.62 949.0eS'943.36 949.08 956.62 962.31 966.64 970.09 972.94 975.34 
961.48 957.62.955.78 957.62 961.48 965.45 968.97 971.98 974.56 976.81 



APPENDIX E 

ARTESIAN PRICKETT LONNQUIST AQUIFIER 

SIMULATION MODEL IMPUT INFORMATION 

AND OUTPUT 

199 



GRID NOTATION 

INCREASING I ------------> +-----+-----+-----+-----+ 
(1, 1) <2. 1) <3, 1> (4, 1) <5. 1) 

(1~;;;> <~;*> '~·*' <4;*' <~;*> < 1, -·> <~, _,) <:::, -·> <4, _,) L..J, ...)) 
<1.4> c~.4> c~.4> <4,4> <5~4> 
(1~5) <2~5) <3;5> <4;5> <5,5) +-----+-----+-----+-----+ 

Sample Node 
U.L. 

Inputs 
(U.L.) 4,8 

(L.R.) 5,9 

INCREASING 
J 
'' '' '' \i 

200 

DL.R. (Q) 51363 (gallons/day) 

Withdraw! Nodes 

4,8 
5,9 
83071 gal/day 

4,9 
5,10 
123677 gal/day 

5,1 
6,2 
92177 gal/day 

5,6 
7,7 
108315 gal/day 

5,8 
6,9 
193548 gal/day 

6,9 
7,10 
261605 gal/day 

7,6 
8,7 
360000 gal/day 

7,7 
8,8 
49355 gal/day 

7,8 
8,9 
161129 gal/day 

7,10 
8,12 
308613 gal/day 

7,12 
8,13 
696339 gal/day 

8,6 
9,7 
66048 gal/day 

8,7 
9,8 
41589 gal/day 

8,8 
9,9 
388800 gal/day 

8,9 
9,10 
85548 gaql/day 

9,6 
10,7 
41032 gal/day 

9,8 
10,9 
248903 gal/day 

9,10 
10,11 
234460 gal/day 

9,11 
10,12 
114532 gal/day 

9,12 
10,13 
285677 gal/day 

10,4 
11,5 
85645 gal/day 

10,11 
11,12 
168532 gal/day 

11,8 
12,9 
51290 gal/day 

11,9 
13,10 
30910 gal/day 

11,11 
12,12 
110806 

11,12 
12,13 
427452 gal/day 

14,9 
15,10 
131516 gal/day 

13,12 
14,13 
53042 gal/day 

14,12 
15,13 
156774 gal/day 

8,4 
10,6 
55742 gal/day 

10,12 
11,13 
142984 gal/day 



OUtput for the APLASM Simulation of Edmond's Well-Field 

2500 5000 7500 10000 12500 15000 17500 20000 22500 25000 ·------------------------------------------------------------------------------
?5015 ' 98~.89 98;.60 978.00 963.9~ 93J·•~ ;3~-ij4 9;7.3§ 928.45 97~.0~ 97J·l2 
~(H)I I 

I 98 .77 98~.67 978.66 966.0 94 -~~ 41. 6 9~6.4~ 9 4.41 96 .6 97 -~-
7500 I 98B.OQ 99~.02 978.69 96~.84 9;~.1;17 951.04 9~!-~4 9~3-go ;~~.o~ ;6g. ~ I 

l~(li)O ' I 986.29 98~.~7 975.56 96 .84 9~--~8 944.69 9~ "!~ 9~6. 7 ~ .7 3 -~~ 
1e:50Q 982 . .,~ ;18.a1 96~.2-z ~~2.44 931. ~ 9~ . .,-~o 829.. ~~6-•z 9o~·~i 9~~- ~ l ... ooo 978.~~ 71. 9 95 .1~ ~1.67 ~90.7~ 8 1 • ..J4 8~9.67 ~6.~~ 87,. 8 •• 
7500 973.85 964.79 944.33 908.88 58.21 827.11 814.4~ 817.44 83~-~0 '5 .37 

~0000 969.90 958.~7 9~1.15 879.~6 ~20.14 782.~4 764.~ 743.16 7~ .,2 97.28 
'"'500 968.08 955.~1 9~4.65 864.~9 0~.42 75~. 0 735.~4 735.~~ ~3~.§5 765.96 

;5oo<) 962·1o 957. J6 92s.~~ a1a. 2 al~-ta 74 .62 7oo. 3 71Q.o 1..,.~6 75o.~~ 
7500 97£. 5 962.~? 9~o.~~ 9Q~.4j 8--'?·~g 777.~4 626.79 t6~.1Q ~~-~a 7~~-~1 ~O(l(ll) 976.68 969.oo 9..J1.64 9Lo.9 87 .u~ ~86.uo 6~1.9 1o.a~ ~o9. 3 ~~ .... ~ 
2500 980.86 974.91 96~.36 93~.7$ 894.24 18.66 ft75.93 ~5~. 6 49.90 89. 0 

35000 984.45 979.99 96 .91 95~.o 923.20 879.71 25.ee 1~.90 ~9.98 61. ~ 
37500 987.07 983.71 976.31 963.85 945.38 921.41 897.64 89.44 91·~~ ~Q7.~~ 
400(1!) ' 988.43 985,66 979.68 970.03 956,65 940,92 926.93 20.95 92~. ~ L9o ~ ' 

27500 30000 32500 35000 37501) 40000 42500 45000 47500 -----------------------------------------------------------------------2500 984.00 988.07 991.59 994.29 996.21 997.50 998.32 998.81 999.03 
5(l(H) 979.29 984.92 989.68 993.~6 995.52 997.07 998.05 998.61 998.87 
7500 967.67 977.83 985.56 990. ~ 993.~9 99 •• 08 997.38 998.15 998.50 

10000 944.12 966.69 979.41 986.8 991. 7 99 .38 996.23 997.33 997.85 
1?5(10 929.52 956.55 972.24 981.65 987.64 991.69 994.4~ 996.07 996.86 
1sooo 921.79 946.11 962.99 973,95 981,61 987,44 991.6L 994.23 995,46 
l ?~<;~~~ 898.84 928.06 948.58 96\.48 971.57 980.75 987.52 991.70 993.~4 
lii;I_II)I)Q 8~0.6~ 899.25 927.10 91~-7; 9~ .2~ 970.62 98i.01 98~.;8 991. a 
.,:;2500 8~~-~~ sz6.96 90Q.z2 9u5.i~ 9~2.6• 9~7.48 97~.89 98~-~9 989.4 • 
25000 81-.Jo 6 8~4.41 884o~4 890,~1 911.40 9~0.44 971.86 98~.1 6 987.8~ 
27500 791.j,3 82J.20 868.25 892.66 917.63 949.02 970.14 981.88 986.98 
:-""01)1)1) 779.~6 77 .96 846.55 870.18 898.91 945.01 969.32 981.72 986.94 
12500 eo5.85 79z.~5 s~9.73 8~o.3~ 9o~.57 942-Z2 97J·~~ 98~.o9 987.~o 
~501)0 874.64 8B~.u8 9o7.14 9L4.6 94~.65 96~.~7 97 .~..J 98~.67 9~9.,9 
.:;..7500 ' 9!7.09 925.?8 9~~·i3 950.2~ 961.9~ 973.6~ 98~-~~ 988.1~ ~ o. i I 

40000 ' 9~6.67 944.U4 9..J~. 1 961,7 970.5~ 978.7~ 98~.~~ 989.-.JL 91.6 I 

I'V 
0 
...... 



APPENDIX F 

GENERAL PARTICLE TRACKING MODULE 

OPTION USED FOR EACH WELL FOR 

EACH TOT BOUNDARY 
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Well Discharge Rates Used for the GPTRAC Simulations 

T = 4.9081 x 108 gallons 

~: 
~ e:h 'loel.1 a:nt:.ribltes . 1\\9.% . A*T (gal)-744~ . ~~( 
tx:l Au}.St W:!l.l-field d:ia::tBrg:! . ..6) mirv1r = 1\\.e:cge c:lis:tBrge • X 192.5 Wc:Bylg:m 

g:n;) 

. fcc 3 }et'S (Tl . . (!PI) ter' lol2l.l. CM![" 3 1u}.5t . fcc CD"M3l'Si.al tx:> . Aug. Aug. Aug. . • p.Jtpirg perlcds, ass.miJ'g ~ . ~c:By \l'lits . 1.988 1989 1990 . • lr/c:By c:mt.im.1s ~ . 
3 I 2.9 I 2.9 106 20460 
9 1 0.9 7.1 3 llO 21165 

10 0.8 I I 0.8 29 5644 
15 2.2 2.6 2.1 2.3 84 16277 
18 0.6 I I 0.6 22 4233 
19 3.9 3.1 4.3 3.8 140 26809 
20 2.5 2.1 0.9 1.8 66 12699 
21 5.6 4.1 4.3 4.7 172 33159 
22 2.3 3.5 0.9 2.2 81 15521 
23 2.5 3.5 4.0 3.3 121 23282 
24 2.6 3.2 4.8 3.5 128 24693 
25 4.1 3.4 5.6 4.7 172 33159 
26 1.9 1.2 1.6 1.6 59 ll288 
27 0.56 1.8 .76 1.0 37 7122 
28 1.1 1.1 1.0 1.0 37 7122 
29 1.5 0.4 1.5 1.1 40 7760 
30 4.0 3.2 3.2 3.5 128 24693 
31 2.5 1.9 1.0 1.8 66 12699 
32 3.4 0.12 2.8 2.1 77 14816 
33 3.5 1.6 0.9 2.0 73 14110 
34 3.5 3.1 1.5 2.7 99 19049 
36 2.9 2.1 1.3 2.1 77 14777 
37 4.6 4.5 4.7 4.6 170 32453 
38 4.2 4.9 I 4.5 165 31748 
39 3.2 4.2 2.2 3.2 117 22576 
40 1.4 2.0 1.~ 1.5 55 10583 
41 1.3 0.9 1.9 1.4 51 9877 
42 4.6 1.4 2.6 2.9 106 20460 
43 2.5 3.3 3.0 2.9 106 20460 
44 2.3 3.3 3.5 3.0 110 21165 
45 1.3 0.2 I 0.75 27 5291 
46 1. 7 0.9 0.7 1.1 40 7762 
47 1.0 2.0 2.0 1.7 62 ll994 
48 2.6 3.0 1.0 2.2 81 15521 
49 1.9 3.0 1.2 2.0 7,3, 14ll0 
50 2.1 3.2 2.8 2.7 99 19049 
51 3.1 3.9 5.2 4.1 150 28926 
52 2.0 4.2 2.6 2.9 106 20460 
53 1.1 0.9 3.9 1.9 70 13405 
54 1.8 3.9 2.3 2.7 99 19049 
8 I 0.6 3.5 2.1 77 14816 

11 I 3.3 1.5 2.4 88 16952 
12 4.2 I 3.6 3.9 143 27515 
35 I I 2.4 2.4 8& 16932 
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Explanation for the Input Files for GPTRAC•s Semi-Analytical Option 

q 

a 1 1 0 0 1 
b 0. 0 C687S.O d 0. 0 e6875.0 

f10.0 
i335.0 j200.0 k 0.22 

n 3650,00 0 3650.00 
9 4 hO 

21 1 r 2906.0 s 4612.0 t 33159.0 
37 2 2906,0 2812.0 32453.0 
12 3 4500.0 4612.0 27515,0 
30 4 5250.0 2875.0 31748.0 

1 0. 016000 m68,00 pO 
w 0 
X 0 

a feet and days 
h m~n~mum x coordinate 
c maximum x coordinate 
d minimum y coordinate 
e maximum y coordinate 
f maximum spatial step length 
g # of pumping wells 
h # of recharge wells 
i transmissivity (ft2/day) 
j aquifer thickness (ft) 
k porosity (decimal) 
1 hydraulic gradient (decimal) 
m angle of ambient flow (degrees) 
n time limit for simulation (days) 
o time limit for capture zones (days) 
p no boundaries 
q well number 
r x coordinate 
s y coordinate 
t discharge (ft3/day) 
u delineate capture zones 
v # of pathlines 
w # of forward tracking pathlines 
x # of reverse tracking pathlines 

u1 
1 
1 
1 

v20 
20 
20 
20 



Sa•i-Analytieal Option 

Input File 

1 0 0 
o.o 5000.0 o.o sooo.o 

10.0 
33S.O 200.0 0.22 

36SO. 00 36SO.OO 
1 0 

25 1 2800.0 2600.0 7122.0 l 
0.003000 27a.aa a 

0 
0 

Semi-Analytical Option 

Input File 

1 0 0 l 
0.0 6250.0 0.0 S62S. 0 

10.0 
335.0 200,0 0.22 

36S.OO 365.00 
2 0 

52 1 1562.0 1718.0 20460.0 1 
53 2 3000.0 1800.0 13460.0 1 

o.osoooo 340.00 0 
0 
0 

Semi-Analytical Option 

Input Fila 

1 1 0 0 l 
o.o 4375.0 o.a 5000.0 

10.0 
335 .o 200.0 0.22 

365.00 365.00 
1 0 

50 1 2906.0 2187.0 19049.0 1 
0.000100 0.00 0 

0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
0.0 9375.0 0.0 sooo.o 

10,0 
335.0 200.0 0.22 

3650.00 3650.00 
3 0 

42 1 6062.0 1125.0 20460.0 1 
54 2 6812.0 2187.0 19049.0 1 
23 3 8375.0 2187.0 23262.0 1 

0.050000 180.00 0 
0 
0 

20 

20 
20 

20 

20 
20 
20 

205 

31 
36 

Saai-Analytieal Option 

Input File 

1 1 0 0 l 
0.0 9375.0 

10.0 
335.0 200.0 

36SO.OO 36SO.OO 
2 0 
1 4781.0 U37.0 
2 487S,O 3375.0 

0.020000 170.00 0 
0 
0 

o.o 7500.0 

0.22 

12699.0 
H777 .a 

Semi-Analytical Option 

Input File 

1 0 0 1 
0.0 37SO.O 

10.0 
o.a 812S. 0 

335.0 200.0 0.22 
36SO.OO 3650,00 

3 0 
44 1 2812.0 5812.0 21165.0 1 
34 2 212S.O 362S.O 19049.0 1 
39 3 2250.0 1468.0 22S76.0 1 

0.042000 o.oo 0 
0 
a 

Sud-Analytical Option 

Input File 

1 1 0 0 1 
0.0 687S.O o.a 687S.O 

10.0 
335.0 200.0 0.22 

3650.00 3650. en! 
4 0 

21 1 2906.0 -'612.0 33159.0 1 
37 2 2906.0 2812.0 32453.0 1 
12 3 4500.0 4612.0 27515.0 1 
28 4 5250.0 287S. 0 31748.a l 

0,016000 68.00 0 
0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
0.0 937S.o 0.0 5000,0 

10.0 
335.0 200.0 0.22 

7300.00 7300.00 
1 0 

51 1 1562.0 2187,0 28926.0 1 
o.oosooo 4S.OO 0 

0 
0 

20 
20 

20 
20 
20 

20 
20 
20 
20 

2( 



Seai-Analytical Option 

Input rile 

1 1 0 0 
0.0 7500 0 o.o 6875.0 

10.0 
335.0 200.0 0.22 

3650.00 3650.00 
3 0 

52 1 4062.0 4844.0 20460.0 1 
20 2 4062 .o 2343.0 12699.0 1 
53 3 5531.0 4844.0 13405,0 1 
0.060000 90.00 0 

0 
0 

Semi-Analytical Option 

Input File 

1 1 1 0 0 
0.0 7500.0 o.o 6875.0 

10.0 
0.22 335.0 200.0 

3650.00 3650.00 
2 0 

5291.0 1 45 1 1563.0 4625.0 
9877,0 1 41 2 1563.0 2925.0 

0.020000 315.00 0 
0 
0 

Semi-Analytical Option 

Input Fih 

1 1 0 0 1 
0.0 8125,0 o.o 6875 .o 

10.0 
335.0 200.0 0.22 

3650.00 3650.00 
1 0 

16 1 6500.0 4390.0 10000.0 
0.003000 0.00 0 

0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
0,0 8125.0 0.0 6875.0 

10.0 
335.0 200.0 0.22 

3650,00 3650.00 
1 0 

16 1 6500.0 4390.0 10000.0 1 
0.003000 0.00 0 

0 
0 

20 
20 
20 

20 
20 

20 

20 

206 

29 

1 

Seai-Analytical Option 

Input File 

1 0 0 
0.0 4375.0 0,0 

10.0 
335.0 200.0 0.22 

3650.00 3650.00 
1 0 

5000,0 

1 2812.0 1562.0 7760,0 l 
0. 029000 llO .00 0 

0 
0 

Semi-Analytical Option 

Input File 

1 0 0 1 
0.0 4375,0 0.0 3750.0 

10.0 
335 .o 200,0 0.22 

3650,00 3650.00 
1 0 

35 1 2187.0 1562.0 16932.0 1 
0.019000 135.00 0 

0 
0 

Semi-Analytical Option 

Input File 

l 0 0 1 
0.0 4375,0 0.0 3125.0 

10.0 
335.0 200.0 0.22 

365.00 365.00 
1 0 

ll 1 813.0 1875.0 16932.0 1 
0.027000 195 .oo 0 

0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
0.0 8125.0 0,0 6875.0 

10.0 
335 .o 200,0 0,22 

3650.00 3650.00 
2 0 

49 1 1062.0 5312.0 14110.0 1 
46 2 2312.0 4218.0 7762,0 1 

0.010000 210.00 0 
0 
0 

20 

20 

20 

20 
20 



Semi-Analytical Option 

Input File 

l 1 0 0 1 
0.0 6250.0 0.0 4375.0 

10.0 
335 .o 200.0 ·0.22 

3650.00 3650,00 
1 0 

42 1 3000.0 2375.0 20460.0 1 
0.060000 90.00 0 

0 
0 

Semi-Analytical Option 

Input !'ile 

1 1 0 0 1 
0.0 10000.0 0.0 10000.0 

10,0 
335 .o 200.0 0.22 

3650.00 3650.00 
2 0 

25 1 4062.0 3125.0 35159.0 1 
24 2 3500,0 6250.0 24693.0 1 
0.060000 225.00 0 

0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
0.0 8125.0 o.o 6875.0 

10.0 
335.0 200,0 0.22 

3650.00 3650.00 
2 0 

10 1 4812.0 2619.0 
14 2 6062.0 1456.0 

0.015000 340.00 0 
0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 

5644 .o 
20000.0 

1 
1 

0.0 4375,0 0.0 4375.0 
10.0 

33:i,O 200.0 0.22 
3650.00 3650.00 

1 0 
17 1 2187.0 1562.0 20000.0 1 

0,050000 350.00 0 
0 
0 

20 

20 
20 

20 
20 

20 

207 

Semi-Analytical Option 

Input File 

l 0 0 l 
0,0 4000,0 0.0 4000.0 

10.0 
335.0 200.0 0.22 

365.00 365.00 
3 1 0 

1 800.0 1300.0 
0.025000 190.00 0 

0 
0 

1 

Semi-Analytical Option 

Input File 

1 0 0 1 

20460.0 1 

0,0 8125.0 0.0 6875.0 
10.0 

335.0 200.0 0.22 
3650,00 3650.00 

2 0 

"' 1 
1062.0 5312.0 14110.0 1 

~· 2 2312.0 4218.0 7762.0 1 
0.016000 255.00 0 

0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
o.o 9375 .o 0.0 6875.0 

10.0 
335.0 200.0 0.22 

365.00 365.00 
1 0 

1'5 1 4000.0 2000,0 16277.0 1 
0.010000 0.00 0 

0 
0 

-. 
Semi-Analyt!cal Option 

Input File 

l 1 0 0 1 
0.0 8125.0 0.0 8125.0 

10.0 
335.0 200.0 0.22 

365.00 365.00 
l 0 

8 1 4000.0 2250,0 14816.0 
0,030000 255.00 0 

0 
0 

1! 

20 
2C 

16 

15 



Se•i-Analytical Option 

Input File 

1 1 0 0 1 
0.0 6875.0 

10.0 
0.0 6875.0 

335.0 200.0 0.22 
3650.00 3650.00 

2 0 
33 1 2688.0 4375.0 14110.0 1 
32 2 5750.0 2680.0 14816.0 1 

0.005000 227.00 0 
0 
0 

Semi-Analytical Option 

Input rile 

1 
1 1 0 0 

0.0 9375.0 o.o 6875.0 
10.0 

335.0 200.0 0.22 
3650.00 3650.00 

2 0 
43 1 4250.0 2250.0 20460.0 l 
15 2 2031.0 2188.0 16227.0 1 

0.054000 0.00 0 
0 

·a 

Semi-Analytical Option 

Input File 

1 1 0 0 1 
o.o 9375,0 0.0 6875.0 

10.0 
33S.O 200,0 0.22 

3650.00 3650.00 
1 0 

19 1 3750.0 4561.0 26809.0 1 
0.054000 315.00 0 

0 
0 

Semi-Analytical Option 

Input rile 

1 
1 1 0 0 1 

0.0 9375.0 0.0 7500.0 
10.0 

335.0 200.0 0.22 
3650.00 3650.00 

1 0 
30 1 7250.0 2400.0 31748.0 1 

0.080000 180.00 0 
0 
0 

20 
20 

20 
20 

20 

20 

18 
48 

Semi-Analytical Option 

Input File 

1 0 0 1 
0.0 8125.0 

10.0 

208 

0.0 8125.0 

335.0 200.0 0.22 
3650.00 3650.00 

2 0 
1 6094.0 35 30.0 4233.0 1 
2 5762.0 900.0 15521.0 1 

0.038000 222.00 0 

8 

9 
3 

27 

0 
0 

Semi-Analytical Option 

Input File 

1 1 0 0 
0.0 8125.0 

10.0 
335 .o 200.0 

7300.00 7300.00 
l 0 
1 4000.0 2250,0 

0.000100 200.00 0 
0 
0 

Semi-Analytical Option 

Input File 

1 0 0 1 
0.0 8125.0 

10.0 
335.0 200.0 

3650.00 3650.00 
3 0 
1 2480.0 1230.0 
2 2813.0 4900.0 
3 1750.0 3150.0 

0.050000 200.00 0 
0 
0 

o.o 8125.0 

0.22 

14816.0 

0.0 8125.0 

0.22 

21165.0 1 
20460.0 1 
7122.0 1 

Semi-Analytical Option 

Input File 

1 1 0 0 
0.0 937S.O 0.0 7500.0 

10.0 
335.0 200.0 0.22 

3650.00 3650.00 
l 0 

22 1 2812.0 4186.0 15521.0 
0.040000 315.00 0 

0 
0 

20 
20 

20 

20 
20 
20 

20 



Semi-Analytical Option 

1 
Input 

1 
0,0 

10.0 

File 
0 0 
8125.0 

335.0 200.0 
3650,00 3GSO,OO 

2 0 

1 

18 1 6094.0 35 30. 0 
'ie2 5762.0 900.0 
0.025000 285.00 0 

0 
0 

0.0 8125.0 

0.22 

4233,0 1 
15521.0 l 

7 
20 

209 



Explanation for the Input Files for GPTRAC's Numerical Option 

a 1 b 1 1 1 1 
aO.O e 8125.0 f 0.0 g8125.0 

h 14 i 14 j 0 
m 335.0 n 2 00. 0 0 0.22 

c TRIAL 9 . TXT 
p7300.00 q7300.00 

27 
9 

8 
48 

3 
18 

k6 
1 
2 
3 
4 
5 
6 

xO 
YO 

1 0 
s 1750.0 t 3150.0 

2480.0 1230.0 
4000.0 2250.0 
5762.0 900.0 
2813.0 4900.0 
6094.0 3530.0 

u 7122.0 v 1 
21165.0 1 
20460.0 1 
14816.0 1 
4233.0 1 

15521.0 1 

w 20 
20 
20 
20 
20 
20 

a Rectangular Finite Element Model or Mesh-Centered 
Finite Difference Model 

b feet and days 
c Head Data File 
d minimum X coordinate 
e maximum x coordinate 
f minimum y coordinate 
g maximum y coordinate 
h # of grid line rows 
i # of grid line columns 
j nodes numbered along y axis 
k # of pumping wells 
1 # of recharge wells 
m transmissivity (ft2/day) 
n aquifer thickness -(ft) 
o porosity (decimal) 
p time limit for simulation (days) 
q time limit for capture ~one~ (days) 
r well number 
s x coordinate 
t y coordinate 
u discharge (ft3/day) 
v delineate capture ~one 
w # of pathlinea 
x # forward tracking pathlines 
y # reverse tracking pathlines 

210 



211 

Schematic Representation of Head Data File Format 
for Finite Element or Mesh-Centered Finite Difference 
Model Output With Nodes Numbered in the y-direction 

(4) 905.0 (8) 895.0 (12) 885.0 (16) 877.0 

{3) 894.0 (7) 888.0 (11) 876.0 (15) 871.0 

(2) 887.0 (6) 880.0 (10) 872.0 (14) 865.0 

(1) 882.0 (5) 876.0 (9) 868.0 (13) 862.0 

(1) = node number 

1 882.0 2 887.0 3 89~.0 4 905.0 5 876.0 
6 880.0 7 888.0 8 895.0 9 868.0 10 872.0 

11 876.0 12 885.0 13 862.0 14 865.0 15 871.0 
16 877.0 



Nu••~lcal Option 

Input FUe Nu•er1ce1 Option 

Input Pile 

1 1 1 1 
1 1 l 1 o.o 6875.0 0.0 6875.0 1 

12 12 0 o.o 9375.0 0.0 6875.0 
335.0 200.0 0.22 16 12 0 

TRIAL7.TXT 335.0 200.0 0.22 
7300.00 7300.00 TRIAL12.TXT 

4 0 3650.00 3650.00 
21 1 2906.0 4612.0 33159,0 1 20 4 0 
37 2 2906.0 2812.0 32453.0 l 20 15 1 2031.0 2188.0 16227.0 1 20 
12 3 4500.0 4612.0 27515.0 1 20 19 2 3750.0 4561.0 26809.0 1 20 
38 4 5250.0 2875.0 31748.0 1 20 43 3 4250.0 2250.0 20460.0 1 20 

0 47 4 6562.0 2625.0 11994 .o 1 20 
0 0 

0 

GPTRAC HYDRAULIC HBAD FILB TRIAL7.TXT GPTUC arDUULIC IUD riU ftlALU.TIT 

1 870. 2 870, 3 860, 4 855. 5 852. I IOJ. 3 IOJ. , IOJ. 4 119. s lit. 
6 845. 7 836. 8 829. 9 825. 10 813. 6 IZO. 7 127. I no. t llZ. 10 I:JS. 

11 809. 12 807. 13 863. 14 865. 15 863. 
11 no. 12 no. u 132. u uz. 15 132. 
16 121. 17 122. II 132. It 121. 20 122. 

16 852. 17 851. 18 841. 19 834. 20 829. 21 no. 22 • ,0, 23 llO. 2< no. u 120 . 

21 825. 22 815. 23 807. 24 805. 25 859. u IJO. 27 130. 21 no. n no. so IJO, 
ll no. u no. JJ IJO. ,. no. IS no. 

26 860. 27 855. 28 853. 29 851. 30 849. ,, no. J7 120. Jl IJO. lt 129. 40 Ut. 

31 834. 32 821. 33 815. 34 805. 35 800. 41 nt. 42 Ill. u 127. .. 12S. 4S us. .. us. 47 no. .. us. " no. so us. 
36 770. 37 856. 38 854. 39 851. 40 850. Sl 122. sa 120. 5) liS. S4 liS. " liS. 
41 849. 42 849. 43 834. 44 822. 45 807. S6 120. 17 IU. II no. St us. 60 140. 

46 BOO. 47 770. 48 720. 49 850. 50 850. 61 Ill. 62 110. ., 100. u 7t0. 61 710. 
66 710. 67 710. 61 100. " 110. 70 120. 

51 849. 52 848. 53 848. 54 848. 55 831. 71 no. 72 140. 7) 710. 7t no. 7S 100. 

56 820. 57 800. 58 780. 59 720. 60 670. 76 no. 77 no. 71 710. 7t 7U. 10 754. 
ll 770. n lOS. n no. .. 141. " 700. 

61 847. 62 849. 63 849. 64 848. 65 848. 16 no. 17 670. 11 no. " 611. to 610. 

66 848. 67 831. 68 820. 69 800. 70 780. tl 700. 93 700. ,, 7SO. M 765. 95 lOS. 

" IZO. 97 6SS. " 650. " &SO. 100 650. 
71 no. 72 670. 73 845. 74 847. 75 847, 101 650. 102 650, 103 170. 104 700. lOS 730. 
76 847. 77 847. 78 840. 79 835, 80 822. 106 750. 107 770. 101 lOt, lOt us. 110 650. 

81 815. 82 800. 83 765. 84 715. 85 836. 
Ill 160. 112 us. llJ 665. 114 us. liS 665. 
IU no 117 no. Ill 730. 119 750. uo 770. 

86 839. 87 839, 88 837. 89 839. 90 833. 121 700, IU "'· 123 no. 1H 670. us 110. 

91 832. 92 827. 93 820. 94 806. 95 800. 126 170. 127 670. Ul 671. Ut no. IJO 710. 
131 745. IJ2 770. us 140. 134 730. Ill 721. 

96 770. 97 835. 98 832. 99 832. 100 821. 136 720. U7 700. Ill 610. Ut 675. 140 610. 

101 829. 102 815. 103 820. 104 820. 105 821. 141 610. 142 710. IU 730. 144 7SO. us 100. 
146 790. U7 710. 141 7SO. 149 700. uo no. 

106 815. 107 806. 108 805. 109 830, 110 825. lSI 70S. IU 705. IU 710. u• no. ISS 730. 
111 825. 112 825. 113 812. 114 810. 115 820. 156 750. 117 160, 151 ISS. 159 130. 160 100. 

116 820. 117 822. 118 821. 119 808. 120 807. Ill 770. 163 755. IU 140. 164 740. liS 7<0. 
166 740. 167 750, 161 7SO. "' e&O. 170 MS. 

121 821. 122 822. 123 820. 124 819. 125 814. 171 13S. 173 us. 17J 120. 174 800. 17S 710. 

126 812. 127 812. 128 812. 129 819. 130 812. 176 770. 177 714. ,,. 750. 17t 750. 110 7U. 
Ill 160. 112 lOS. IIJ 132. 114 IZS, liS no. 

131 802. 132 813. 133 820. 134 817. 135 815. 116 no. 117 110. Ill 100. lit Tit. ItO 714. 

136 813, 137 811. 138 810. 139 810. 140 810. It I 714. 192 770. ltl ISO. IM MO. ItS IJS. 

"' ns. 197 120, ltl lit. Itt IU ZOO ILl. 
141 813. 142 816. 143 821. 144 822. 145 816. 201 110. 302 lOt. 301 100. 304 100. 
14 6 812. 147 812. 148 811. 149 810. 150 809. 
151 809. 152 810. 153 810, 154 812. 155 818. 
156 820. N 

~ 
N 



Numerical Option Numerical Option 

Input File Input File 

1 1 1 1 1 1 1 1 1 1 
0.0 6250.0 o.o 4375 .o 0.0 7500.0 0.0 6875.0 

11 8 0 13 12 0 
335 .o 200.0 0.22 335 .o 200.0 0.22 

TRIAL32.TXT TRIAL8.TXT 
3650.00 3650.00 365.00 365.00 

1 0 5 0 
42 1 3000.0 2375.0 20460.0 1 20 45 1 1563.0 4625.0 16227.0 1 20 

0 41 2 1563.0 2925.0 9877.0 1 20 
0 52 3 4062.0 4844.0 20460,0 1 20 20 4 4062.0 2343.0 12699.0 1 20 

53 5 5531.0 4844.0 13405,0 1 20 
0 

GPTRAC HYDRAULIC HEAD INPUT FILE TRIAL32.TXT 0 

1 830. 2 830. 3 825. 4 815. 5 615. 

6 810. 7 615. 8 615. 9 625. 10 82~ .. 

11 815. 12 607. 13 607. 14 609. 15 610. 
GPTRAC HYDRAULIC HEAD INPUT ~ILE TRIAL8. TXT 

16 760. 17 620. 16 620. 19 809. 20 eo~ .. 
601. 22 600. 23 760. 24 700. 25 820. l 8111. 2 892. 3 900. ~ 910. 5 918. 21 

30 720. 6 923. 1 930. 8 935. 9 9•0. 10 9~5. 26 820. 27 805. 28 600. 29 770. 
ll 950, l2 955. l3 882. 10 881. IS 892. 

31 690. 32 655. 33 870. 34 620. 35 800. 16 906. 17 913. 18 92,. 19 930. 20 932. 
760. 37 720. 38 680. 39 670. 40 655. 21 937. 22 94.0. 23 9~2. 2• ... 7. 25 8113 • 36 

45 690. 26 1187. 27 893. 28 900. 29 912. 30 930. 41 620. 42 820. 43 600. 44 740. 
31 927. 32 930. 33 930. 3~ 932. 35 937. 

46 670. 47 690. 48 700. 49 820. 50 820. 36 942. 37 88~. 38 182. 39 882. ~0 892. 

51 815. 52 780. 53 760. 54 750. 55 740. ~~ 910. 42 922. 43 925. .... 930. 45 930. 

820. 59 820. 60 810. • 6 937. .., 935. •• 938. 49 885. 50 ~~~ . 56 740. 57 620. 58 51' 889. 52 892. 53 897. 5~ 900. 55 915. 
61 800. 62 790. 63 800. 64 600. 65 620. 56 930. !17 930. 58 931. 59 932. 60 93~. 

820. 67 835. 68 827. 69 627. 70 855. 61 887. 62 882. 63 812. 64 867. 6!1 867. 66 
620. 74 820. 75 830. 66 870 .. 67 880. 68 900. 69 910. 10 920. 71 860. 72 860. 73 11 930. 72 932. 13 890. 1. 860. 15 835. 

76 827. 77 827. 78 655. 79 860. eo 860. 76 800. n 790. 78 809. 79 830. 80 850. 

81 820. 82 820. 83 830. 64 827. 65 827. 81 880. 82 900. 83 920. 84 930. 85 890. 
86 860. 87 835. 88 800. 89 182. 90 181. 86 855. 87 860. 86 660. 89 820. 90 820. 
91 192. 94 812. 95 900. 92 800. 93 ••o. 

91 830. 92 827. 93 627. 94 855. 95 860. 96 918. 97 881. 98 867. 99 850. 100 835. 
96 860. 101 800. 102 784. 103 115. to• 793. 105 800. 

106 830. 107 880. 108 920. 109 88•. 110 867. 
111 855. 112 850. 113 839, 114 820. 115 800. 
116 793. 117 788. 118 812. 119 862. 120 907. 
121 883. 122 875. 123 en. 12• 872. 12!1 860. 
126 850. 127 840, 128 820. 129 820. 130 1130. 
131 862. 132 907. 133 881. 13• 890. 135 890. 
136 890. 137 890. 138 881. 139 810. 100 860. 
101 870. 142 885. 143 900. lU 920. 105 907. 
146 910. 147 920. 148 92!1. 109 920. 150 91!1. 
1!11 910. 152 907. 153 910. 154 920. 155 931. 
1!16 931. 1117 920. 158 920. 159 930. 160 930. 
161 930. 162 932. 163 929. 16. 922. lU 930. 
166 937. 167 942. 168 947. 

N 
..... 
w 



Numerical Option 

Input File 

1 1 1 1 
0.0 9375.0 0.0 5000.0 

16 9 0 
335.0 200.0 0.22 

TRIAL13.TXT 
3650.00 3650.00 

4 0 
51 1 1562.0 2187.0 28926.0 1 20 
42 2 6062.0 1125.0 20460.0 1 20 
54 3 6812.0 2187.0 19049.0 1 20 
23 4 8375.0 2187,0 23282.0 1 20 

0 
0 

8P1AAC HYOA .. Ul.IC HEAO FILE lAI"L 13. TXl 

I 81!L 2 IUS. 3 815. • 810. 5 807. 
6 807. 7 907. 8 819. 9 819. 10 1115. 

ll 815. 12 810. 13 807. .. 812 • 15 822. 
16 822. 17 822. 18 922. 19 820. 20 920. 
21 910. 22 905. 23 820. 2• 925. 25 930. 
26 830. 27 830. 28 920. 29 820. 30 910. 
31 805. 32 820. 33 825. 30 829. 35 829. 
36 829. 37 1115. 38 819. 39 1115. 00 1115. 
01 820. 02 825. OJ 822. •o 1120. 05 815. 
06 815. 07 815. 08 810. 09 815. 50 815. 
51 810. 52 900. 53 790. 50 790. 55 807. 
56 807. 57 809. 58 810. 59 780. 60 760. 
61 700. 62 720. 63 720. 60 805. 65 801. 
66 800. 67 780. 68 700. 69 690. 70 670. 
71 630. 72 615. 73 800. 70 720. 75 720. 
76 690. 71 655. 78 650. 79 650. eo 650. 
81 650. 82 780. 83 720. 110 680. 85 670. 
• 6 655 . 87 650. 88 660. 89 665. 90 661. 
91 740. 92 690. 93. 680. 90 690. 95 700. .. 695 • 97 690. 98 670. 99 680. 100 780. 

101 760. 102 750. 103 740. 100 700. 105 730. 
106 725. 107 720. 108 700. 109 810. llO 800. 
Ill 790. 112 1100. Ill 1100. 110 790. 115 790. 
116 750 117 740. 118 827. 119 827. 120 855. 
121 860. 122 860. 123 790. 120 780. 125 800. 
126 770. 127 850. 128 850. 129 1155. 130 860. 
131 860. 132 8•5. 133 1135. 13• 825. 135 820. 
136 860. 137 960. 138 860. 139 860. uo 860. 
141 845. 142 832. 103 825. IU 820. 105 860. 
146 860. 147 860. 109 960. 149 850. 150 840. 
I!U 835. 152 825. 153 820. 

Numedcal Option 

Input rue 

1 1 1 1 
0.0 4375.0 0.0 4375.0 

8 8 0 
335.0 200.0 0.22 

TRIAL18.Tl<T 
3650.00 3650.00 

1 0 
17 1 2817.0 1562.0 20000.0 1 

0 
0 

GPTRAC HYDRAULIC HEAD INPUT FILE TRIAL18. TXT 

1 915. 2 915. 3 916. 4 917. 
6 920. 7 921. 8 922. 9 900. 

11 905. 12 907. 13 910. 14 915. 
16 920. 17 865. 18 865. 19 880. 
21 890. 22 905. 23 915. 24 920. 
26 839. 27 815. 28 815. 29 850. 
31 910. 32 917. 33 835. 34 829. 
36 815. 37 860. 38 880. 39 909. 
41 840. 42 839. 43 839. 44 845. 
46 890. 47 913. 48 919. 49 845. 
51 855. 52 865. 53 880. 54 900. 
56 920. 57 ass. 58 856. 59 865. 
61 890. 62 912. 63 920. 64 920. 
66 865. 67 870. 68 885. 69 900. 
71 920. 72 920. 

20 

5 
10 
15 
20 
25 
30 
35 
40 
45 
so 
55 
60 
65 
70 

920. 
905. 
920. 
880. 
849. 
875. 
815. 
917. 
860. 
846. 
915. 
875. 
860. 
915. 

N ...., 
~ 



Numerical Option Numerical Option 

Input File Input File 

1 1 1 1 1 1 1 1 1 1 
0.0 6875.0 0.0 10000.0 0.0 4375.0 0.0 4375.0 

12 17 0 8 8 0 
335 .o 200.0 0.22 335.0 200.0 0.22 

TRIA.L31.TXT TRIA.L16.TXT 
7300.00 7300.00 7300.00 7300.00 

2 0 1 0 
25 1 4062.0 3125 .o 33159.0 1 20 16 1 2812.0 1562.0 11288.0 1 20 
24 2 3500.0 6250.0 24693.0 1 20 0 

0 0 
0 

OPTRM: HYDRAIA.IC HEM INPUT P'JL! TRI"'t-31. TXT 
GPTRAC HYDRAULIC HEAD INPUT FILE TRIAL16. TXT 

I 820. 2 820. 3 8!!3. 4 815. a 8111. 
6 810. 7 810. 8 809. 9 806. 10 80!1. 1 790. 2 810. 3 815. 4 820. 5 825. II 805. 12 807. 13 810. 14 820. 15 83!1. .. 850. 17 850. 18 82(). 19 820. 20 81!1. 6 830 . 7 830. 8 830. 9 788. 10 800. 

21 81!1. 22 81!1. 23 810. 24 810. 25 809. 11 815. 12 822. 13 827. 14 830. 15 830. 
26 806. 27 80!1. 28 805. 29 807. 30 810. 16 830. 17 786. 18 795. 19 810. 20 820. :n 820. 32 83!1. 33 850. 34 850. 35 820. 
36 820. 37 81!1. 38 815. 39 815. 40 810. 21 826. 22 830. 23 830. 24 830. 25 782. 
41 810. 42 809. 43 806. 44 805. 45 80!1. 26 790. 27 805. 28 817. 29 825. 30 828. 
._6. 807. 47 810. 48 820. 49 835. 50 850. 31 830. 32 830. 33 730. 34 790. 35 800. Ill 850. 52 820. 53 820. !14 815. 5!1 810. 
!16 eos. 57 800. 58 79!1. !19 790. 60 785. 36 810. 37 820. 38 830. 39 830. 40 830. 
61 770. 62 78!1. 63 78!1. 64 790. 65 810. 41 779. 42 787. 43 795. 44 805. 45 815. 
66 uo, 67 850. 68 850. 69 815. 70 815. 46 825. 47 830. 48 830. 49 787. 50 785. 71 802. 72 790. 73 no. 74 750. 7!1 730. 
76 715. 77 70!1. 78 700. 79 700. eo 705. 51 790. 52 805. 53 850. 54 821. 55 829. 
81 750. 12 73!1. 13 820. 84 850. 8!1 8ao. 56 830. 57 777. 58 782. 59 789. 60 802. .. 810 • 87 810. 88 790. .. 760. 90 740. 61 810. 62 820. 63 825. 64 829. 65 776. 
91 700. 92 690. 93 670. 94 670. 9!1 671. 
96 67!1. 97 680. 98 719. 99 750. 100 eoo. 66 782. 67 786. 68 800. 69 800. 70 820. 

101 850. 102 8!10. 103 eoa. 104 80!1. 1011 no. 71 827. 72 835. 
106 730. 107 690. 108 620. 109 670. 110 690. 
Ill 670. 112 67!1. 113 67!1. IU 680. 11!1 700. 
116 760 117 810. 118 8!10. 119 850. 120 80!1. 
121 80!1. 122 no. 123 730. 124 690. 1211 620. 
126 640. 127 660. 128 770. 129 680. 130 700. 
131 70!1. 132 740. 133 790. 134 829. 135 850. 
136 850. 137 807. 138 807. 139 780. uo 740. 
141 720. 142 700. 143 700. 144 705. 14!1 710. 
146 730. 147 740, 148 760. 149 780. 150 820. 
151 837. 152 850. 1!13 850. 1!14 807. 155 807. 
1!16 80!1. 157 790. 158 770. 159 770. 160 760. 
161 760. U.2 no. 163 780. 164 800. 165 810. 
166 820. 167 82!1. 168 837. 169 11!10. 170 8!10. 
171 807. 172 807. 173 815. 174 809. 17!1 80!1. 
176 805. 177 80!1. 178 805. 179 805. 180 809. 
181 110. 1112 1115. 183 825. 184 830. Ill !I 8411. 
1No 84!1. 187 84!1. 188 1107. 189 807. 190 811. 
191 809. 192 80!1. 193 805. 1U 805. 1911 801. 
196 80!1. 197 809. 198 1110. 199 1130. 200 8:10. N 
201 830. 202 Ull. 203 84!1. 204 114!1. 205 807. 1-' 
aGe 807. 207 81!1. 208 809. 209 80S. 210 -· (J1 
211 80!1. 212 80!1. 213 805. 214 809. 215 810. 
216 8:)0. 217 830. 211 830. 219 845. 220 .... 
221 845. 



Numerical Option 

Input File 

1 1 1 1 1 
0.0 4375,0 0.0 3125 .o 

8 7' 0 
335.0 200.0 0.22 

TRIAL20,TXT 
3650.00 3650.00 

1 0 
11 1 813.0 1875,0 16932.0 1 

0 
0 

GPTRAC HYDRAULIC HEAD INPUT FILE TRIAL20. TXT 

1 820. 2 825. 3 635. 4 840. 
6 843. 7 845. 8 820. 9 825. 

11 840. 12 840. 13 842. 14 845. 
16 835. 17 840. 18 840. 19 840. 
21 840. 22 835. 23 835. 24 835. 
26 835. 27 835. 28 835. 29 827. 
31 827. 32 827. 33 827. 34 827. 
36 821. 37 821. 38 822. 39 822. 
41 822. 42 822. 43 815. 44 817. 
46 820. 47 830. 48 840. 49 eso. 
51 790. 52 80S. 53 817. 54 820. 
56 850. 57 750. 58 750. 59 770. 
61 810. 62 821. 63 840. 

20 

5 840. 
10 835. 
15 830. 
20 840. 
25 835. 
30 827. 
35 827. 
40 822. 
45 819. 
50 770. 
55 821. 
60 800. 

Numerical Option 

Input File 

l l l 
0.0 4375.0 0,0 5000.0 

8 9 0 
335.0 200.0 0.22 

TRIAL19,TXT 
365.00 365.00 
1 0 

50 1 2906.0 2187,0 19049,0 1 
0 
0 

GPTRAC HYDRAULIC HEAD INPUT FILE TRIAL19. TXT 

1 820. 2 835. 3 859. 4 669. 
6 880. 7 890. 8 900. 9 920. 

11 835. 12 835. 13 869. 14 875. 
16 890. 17 890. 18 910. 19 790. 
21 859. 22 869. 23 875, 24 890. 
26 890. 27 890. 28 770. 29 825. 
31 880. 32 880. 33 885. 34 845. 
36 840. 37 770. 38 825. 39 860. 
41 880. 42 870. 43 83S, 44 800. 
46 800. 47 830. 48 860. 49 880. 
51 880. 52 830. 53 800. 54 780. 
56 830. 57 860. 58 870. 59 880. 
61 880. 62 835. 63 805. 64 820. 
66 855. 67 855. 68 880. 69 880. 
71 880. 72 850. 73 829. 74 835. 
76 865. 77 880. 78 890. 79 690. 
81 890. 

20 

5 
10 
15 
20 
25 
30 
35 
40 
4S 
50 
55 
60 
65 
70 
75 
eo 

875. 
810. 
890. 
839. 
890. 
860. 
845. 
880. 
790. 
880. 
810. 
880. 
840. 
880. 
855. 
890. 

tv 
f-l 
0'\ 



~rical Option 
Nu~erical Option 

Input File 
Input File 

1 1 1 1 
0.0 8125.0 0,0 8125,0 

14 14 0 
1 1 1 1 335 .o 200.0 0.22 

o.o 4 375.0 0.0 5000,0 TRI~L9.TXT 

8 9 0 7300.00 7300,00 
335,0 200.0 0.22 4 0 

TRIAL17.TXT 27 1 1750,0 3150,0 7122 .o 1 12 
365.00 365.00 9 2 2480.0 1230.0 21165.0 1 12 
1 0 8 3 4000,0 2250.0 14816.0 1 12 

29 1 2812.0 1562,0 7760,0 1 20 48 4 5762.0 900.0 15521.0 1 12 
0 0 
0 0 

GPTRAC HYDRAULIC HEAD INPUT FILE TRIAL17.TXT 
GPTUC IYD~AUL1C ft!AO PILl TaULt.TXT 

1 970. 2 972. 3 974. 4 976. 5 978. 

6 980. 7 981. 8 982. 9 983. 10 971. 1 715. 2 110. 3 130. 4 140. 5 110. 

11 973. 12 974. 13 976. 14 977. 15 979. I 110. 1 160. I uo. 9 130. 10 100. 

17 982. 18 983. 19 972. 20 974. 11 115, 12 790. u 190. u 100. 15 105. 
16 980. 11 112. 17 130. 11 142. 19 857. 20 150. 

21 975. 22 976. 23 978. 24 979. 25 980. 21 140, 22 130. 23 131. 24 815. 25 110. 

26 982. 27 984. 28 973. 29 974. 30 976. 21 800. 27 790. 21 799. 29 120. 30 127. 

982. 35 984. 31 827. 32 130. 33 135. 34 131. 35 850. 
31 978. 32 979. 33 980. 34 36 150. 37 850. 31 850. 39 150. 40 150. 

36 985. 37 974. 38 977. 39 978. 40 979. u 100. 42 120. 43 130. .. 130. 45 1)7, 

43 989. 44 985. 45 986. .. 850. 47 860. 4t 170. " 172. 50 110. 
41 980. 42 981. 51 890. 52 190. 53 eeo. 54 870. S5 150. 

46 975. 47 977. 48 978. 49 975. 50 980. 5l 170. 57 835. 5I 123. St 823. 60 140. 

52 985. 53 986. 54 987. 55 977. 11 890. 62 900. 63 905. 64 910. 65 915. 
51 982. " 915. 67 910. " 905. " 900. 70 904. 

56 979. 57 980. 58 983. 59 984. 60 985. 71 135. 72 U9. 13 150. 74 900. 75 910. 

61 986. 62 987. 63 988. 64 979. 65 981. 76 910. 11 915. ?I 920. 79 925. 80 925. 
11 911. 12 911. 13 911. 14 915. 85 135. 

66 983. 67 984. 68 985. 69 986. 70 987. " 130. 11 190. .. 931. ., 930. 90 no. 
71 988. 72 989. 73 980. 74 982. 75 984. 91 927. 92 917. 93 917. 94 916. 95 920. 

986. 78 987. 79 988. 80 989. " 922. " 931. 98 931. tt 840. 100 IU. 
76 985. 77 101 890. 102 930. 103 930. 104 930. 105 922. 

81 990. 106 917. 107 911. 101 912. 109 912. 110 910. 
Ill 920. 112 932. 113 832. 114 852. 115 177. 
IU 923 117 921. 111 930. 119 911. 120 til. 
121 t19. 122 til. Ill 910. 124 906. 125 910. 
121 940. 127 130. 121 11$7. 129 864. 130 900. 
ill 917. 132 920. 133 920. 134 920. 135 920. 
136 919. 131 917. 131 910. 139 930. uo 940. 
141 120. 142 130. IU •••• 144 880. 145 907. 
141 920. 147 920. HI no. 149 920. 150 920. 
151 920. 152 920. 153 no. 154 9)1. !55 111. 
lSI 120. 157 132. IU 169. 159 900, 160 920. 
161 920. 112 920. 163 920. 164 920. us 920. 
161 920. 167 929. 161 927. 169 100. 170 117. 
171 129. 172 850. 173 180, 174 900. 175 tiO. 
176 920. 177 no. 171 920. 179 920, 180 922. 
Ill 920, 112 920. 183 190. 184 105. 185 129. N 
Ill 150. 117 875. 181 880. 189 900. 190 910. ...... 
191 919. 192 922. 193 922. 194 922. 195 922. -.] 
191 922. 197 780. 191 800. 199 825. 200 150. 
201 170. 202 ItO. 203 191. 204 900. 205 907. 
20' 915. 207 no. 201 no. 209 920. 310 920. 



Nu••~lce1 Option Nume~icel Option 

Input Pile Input Pile 

1 1 1 1 . 1 1 1 1 
0.0 9375.0 0.0 7500.0 0.0 8125.0 o.o 6875.0 

16 13 0 14 13 0 
335 .o 200.0 0.22 335 .o 200.0 0.22 

TRIAL11.TXT TRIALl 0. TXT 
3650.00 3650.00 7300.00 7300.00 

4 0 5 0 
22 1 2812.0 4186.0 15521.0 1 20 49 1 1062.0 5312.0 14110.0 1 20 
36 2 4875.0 3375.0 14777 .o 1 20 46 2 2312.0 4218.0 7762.0 1 20 
30 3 7250.0 2400.0 31748.0 1 20 10 3 4812.0 2619.0 5644.0 1 20 
31 4 4781.0 14 37.0 12699.0 1 20 14 4 6062.0 1456.0 20000.0 1 20 

0 16 5 6500.0 4390.0 20000.0 1 20 
0 0 

0 
GPTUC IYDUDLIC IUD PILl ftiALil.TIT 

I 742. a 754. 3 7711. 4 lOS. 5 Ill. IIPTIIAC HYDIUU.IC HEAD nLI TRIM.IO. Till 
6 141. 7 159. I 171. ' too. 10 910. 

It 922. 12 9ZZ. IJ nz. 14 700. IS 730. 1 too. :a 900. , 90S. 6 910. s 110. 
16 7SO. 17 765. II 105. 19 120. 20 140. 

' 915. 7 910. I 905. 9 900. 10 905. 
21 110. 22 119. 23 910. 2t 920. zs 922. 

ll 915. 12 925. 13 935. 14 910. IS 910. 
26 922. 27 670. 21 700. 29 730. 30 750. 

II 915. 17 t2D. 11 925. 19 9as. 20 911. 770. 32 109. l3 IZO. 34 140. 35 860. 
21 Ill. 22 til. u 920. 24 MO. 25 949. ll 

39 923. 40 765. 36 189. 37 910. 38 920. 
26 949. 27 no. 21 930. 29 927. 30 917. u 720. " 7SD. 4S 770. 41 680. u 190. 
31 917. 32 916. l3 920. 34 922. 35 931. 810 • 47 uo. 48 110. 49 820. so .... .. 

55 610. 36 925. 37 960. 31 951. 39 960. 60 930. 5I 910. sz 915. u 670. 5t 675. 
61 no. 922. 917. 9111. 45 912. 51 770. 59 790. 60 liD. 42 u 44 56 710. 57 745. 

so 950. n 860. 63 160. .. 119 • 65 905. u 912. 47 910. .. 920. 49 140. 11 140. 
730. 51 951. 52 960. 53 925. 54 no. 55 911. 67 no. II 610. " 710. 70 66 175. n IZO. 75 140. 56 911. 57 919. 51 911. 59 910. 60 906. 71 750. 72 795. 73 105. 

705. 10 705. 61 910. 62 940. 63 947. .. 953. 65 961. 76 160. 77 160. 71 115. 79 
750. IS 750. 66 917. 67 920. 920. " 920. 70 920. II 710. 12 730. 13 730. 14 

" ., 140. 90 140. 71 919. 72 917. 73 910. 74 930 • 75 940. 16 780. 17 110. .. 115 . 
91 ISO. 92 no. 93 no. 94 no. 95 750. 76 947. 77 953. 78 962. 79 907. 10 920. 

7SO. 97 750. ,. 750. 99 770. 100 790. II 920. 12 920. 83 920. 84 920. 85 920. " 800. 102 115. 103 130. 104 140. 105 710. 16 920. 17 930. .. 931. " 947. 90 953. 101 
109 '760. 110 762. 106 770. 107 714. 101 750. 91 962. 92 900. 93 920. M 920. 95 920. 

Ill 7U. llZ 770. 1U 710. 114 790. 115 110. 

" 920. 97 920. ,. 920. " 920. 100 927. 120 719. 116 820 117 140. Ill liD. 119 100. 
101 929. 102 947. 103 953. 104 963. IDS 880. 

Ul 714. U2 714. 123 770. U4 770. 125 775. 
106 900, 107 910. 101 920. 109 920. 110 920. U6 715. U7 790. 121 110. U9 120. 130 140. 
Ill 921. 112 922. 113 928. 114 921. 115 940. Ill 113. 132 113. 133 810. 134 109. us 100. 
116 950 119 180. 120 900. 139 100. 140 lOS. 117 913. 111 875. 136 100. 137 100. 131 100. 

145 125. 121 910. 122 919. 123 922. 124 922. 125 922. 143 140. 144 Ill. 141 110. IU 120. 
130. ISO 130. 126 922. 127 925. 121 935. 129 937. 130 942. IU IZO. 147 130. 141 130. 149 

115. 154 154. 155 120. 131 862. 132 180. 133 191. 134 900. us 907. 151 129. 152 115. 153 
156 13S. 157 en. 151 13S. 159 135. 160 840. 136 915. 137 920. 131 920. 139 920. 140 922. 
161 840. 162 140. 163 140. 164 12t. 16S 120. 141 9ZS. 142 130. 143 937. 144 149. 145 149. 
166 820. 167 120. 168 122. 169 122. 170 140. 146 869. 147 172. 141 880. 149 900. ISO 90S. 
171 140. 172 140. 173 140. 174 140. 17S 140. lSI 907. IS2 912. 153 919. u• 920. 1SS 920. 
176 140. 177 832. 171 127. 179 127. 180 127. 156 922. 157 130. lSI 142. 159 ISO. 160 159. 
Ill 125. liZ 125. 113 140. 114 140. liS 140. 161 162. 162 872. 163 172. 164 110. 165 110. 
116 140. 117 140. Ill 140. 189 140. 190 840. 166 192. 167 900. 168 907. 169 915. 170 112. 
191 140. 192 132. 193 132. 194 829. ns 122. 171 122. 172 132. 173 140. 174 8SO. 17S ISO. 196 137. 197 840. 198 140. 199 140 200 840. 176 150. 177 140. 178 140. 179 140. 180 ISO. 201 140. 202 140. 203 140. 204 140. 20S 832. 

Ill 110. 182 900. 183 790. 114 110. 185 822. N 206 129. 207 129. 201 120. 209 140. 210 840. 
U6 837. 187 145. 188 850. 119 137. 190 837. ...... 211 140. 212 140. 2l3 140. 214 140. 215 140. 
191 liS. 192 130. 193 ISO. IM 17S. 19S 900. 216 140. U7 140. 211 132. 219 130. 220 825. CD 

221 120. 



APPENDIX G 

LIST OF GENERAL PARTICLE TRACKING 

MODULE OPTION USED FOR EACH WELL 

FOR EACH TOT BOUNDARY 

219 
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s - Sernd-Analytical Option 
N - Numerical Option 

WELL No. 1 YEAR 10 YEAR 20 YEAR 

3 s s s 
8 s s s 
9 s N N 

10 s s s 
12 s s s 
14 s N N 

16 s s s 
17 s N N 

18 s s s 
19 s N N 

20 s N N 

21 s N N 

22 s N N 

23 s s s 
24 s N N 

25 s N N 

26 s s s 
27 s N N 

28 s s s 
29 s s s 
30 s s s 
31 s s s 
32 s s s 
33 s s s 
34 s s s 
35 s s s 
36 s N N 

37 s s s 
38 s N N 

39 s s s 
41 s s s 
42 s N N 

43 s N N 
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WELL No. 1 YEAR 10 YEAR 20 YEAR 

44 s s s 

45 s s s 

46 s N N 

47 s N N 

48 s s s 

49 s N N 

50 s s s 

51 s s s 

52 s N N 

53 s N N 

54 s s s 



APPENDIX H 

CHEMICAL ANALYSES FROM EDMOND'S WATER 

WELLS 

222 



PARAMETER 

ALKALINITY 

CONDUCTIVITY 

ORTHDPHOSF'H!~TE 

pH 

TEMPERATURE 

APPROVED METHODOLOGY FOR WATER QUALITY PARAMETFRS 

!-1ETHODOLOGY STANDARD METHODS 

Tt 1 RIMETR IC 

CONDLICTANCf 

EDTA TITRINETRIC 

2320 

-
35CH)-Ca D 

COLORIMETRIC:ASCORBIC ACID 4500-F'-E 

El ECTROMETRIC 45(1(;-!-< 

THERMOMETRIC 2550 

1 
STANDARD METHODS. 1989. 17TH EDITION 

223 

2 
ASTM 

D1125-82B 

AMEF:ICAN PUBLIC HEALTH ASSOCIATION~ W?'1SHINGTON, D.C. 

2 
ANNUAL BOOK OF STANDARDS, 1987. 
,:,MER I CAN SOCIETY OF TESTING MATERIALS, PH I LA DELPH I A, PA. 



WATER QUALITY ANALYSIS 
CITY OF EDttOND ARCAD lA WATER PLANT 

PWSI D e 1020723 POPULATION SERVED a It 71< 

SOURCE WELL# 3 WELL# 8 WELUt 9 WELL#ll 

DATE 3-30-92 3-30-92 3-30-92 3-30-92 

T II'£ COLLECTED 8:56 8:35 J 8:47 9:3:5-

COLLECTED BY: .JD JD .JD .JD 

TIHE ANAL./INITIALS RB/11:35 RB/11:50 RB/11t58 RB/12:45 

TEMPERATURE c 17 17 18 17 

pH 7.70 7.49 7.69 7.69 

P. ALKALINITY 0 0 0 0 

T. ALKALINITY 237 250 249 240 

TOTAL HARDNESS 214 250 249 240 

CALCIUI"' 47 64 47 41 

CONDUCTIVITY 481 525 499 469 

ORTHOPHOSPHATE *** <0.01 <0.01 <0.01 <0.01 

SOURCE WELL#33 WELL#43 WELLtt52 WELL* 

DATE 3-30-92 3-30-92 3-30-92 

TIHE COLLECTED 10:23 10:58 9:04 

COLLECTED BY JD JD JD 

TIHE ANAL./INITIALS RB/13:40 RB/13:48 RB/13:54 

TEt'F'ERATURE c 17 17 17 

pH 7.74 7.79 7.75 21 
P. ALKALINITY 0 0 0 

T. ALKALINITY 245 260 237 

TOTAL HARDNESS 2(19 252 215 

CALCIUI"' 44 54 56 

CONDUCTIVITY 510 513 492 

ORTHOPHOSPHATE *** <0.01 <0.01 <0.01 

C0111'1ENTSt*** ORTHOPHOSPHATE FINISHED WATER • .01 

. 
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WELLtt18 WELL#30 

3-30-92 3-30-92 

9:22 10:30 

JD .JD 

RB/12::55 RB/13.0;; 

17 19 

7.55 9.20 

0 30 

278 301 

278 301 

60 6 

590 624 

<O.Ot <0.01 

LEGEND 

.JW 
JOHNNY WEAVER 

:JD 
.JCHII DOYLE 

PT 
PATRICIA THORNTO 

RB 
RON BIRQSQNG 

pH '"" pH UNITS 

HARDNESS•PPt1 AS 
eaco 

• 
CONDUCTIVITY• 
1'1 I CROOI'IHOS/01 

CALC I Ul"' • PPI'I 

0. PHOSPHATE a PP1 

AL.KAL.IN!TY • PPI'I 
AS CaCO 

• 
TEMPERATURE • 
DEGREE CELSIUS 



WATER QUALITY ANALYSIS 
CITY OF EDt10ND ARCADIA WATER PLANT 

PWSID • 1020723 POPULATION SERVED: 471< 

sOuRcE WELUt15 WELUtE6 WELL4t27 WELL434 

DATE 3-2-92 3-2-92 3-2-92 3-2-92 

TIHE COLLECTED 11:05 9:32 10:15 9:20 

COLLECTED BY; JD .JD .JD .JD -
TIME ANAL.IINITIALS RB/12:35 RB/12:45 RB/13:00 ~B/13: 15 

TEI'IPERATURE c 17 12 17 14 
-.~ pH 7.79 7.79 7.71 7.73 

P. ALKALINITY 0 0 0 0 

T •. ALKALINITY . - 250 236 274 284 . 
TOTAL HARDNESS- 214 180 264 220 

CAL..Ciut1 .... 52 < 36.4 60 49.2 

CONDUCTIVITY 475 484 610 558 

ORTHOPHOSPHATE <0.01 <0.01 <0.01 <0.01 

SOURCE WELL#4(l WELL#42 WELL#S1 WELL#S3 

DATE 3-2-92 3-2-92 3-2-92 3-2-92 

Tit1E COLLECTED 10:1)3 11: 16 10:52 9:37 

COLLECTED BY JD 3D JD JD 

TIME ANAL./INITIALS RB/14:00 RB/14: 15 RB/14:30 RB/14:45 

TEI'F'ERA~ c 15 17 18 17 

pH 7.97 7.53 7.92 7.53 

P. AU<ALINITY (I 
i 

(l 0 0 

T. ALKALINITY 235 265 r 280 243 

' TOTAL HARDNESS 191 . ·243 156 235 -
CALCIUM 41.2 54 l 33.6 57.2 ' 

... CONDUCTIVITY 512 513 556 518 

225 

WELL#35 WELL4t37 

3-2-92 3-2-92 

11:40 10:32 

.JD .JD 

RB/13:30 RB/13:4 .... 

17 18 

8.08 7.73 

0 0 

258 285 

160 190 

33.2 37.6 

496 568 

0.02 <0.01 

LEGEND 

.JW 
JOHNNY WEAVER 

.JD 
.JOHN DOYLE 

PT 
PATRICIA THORNTD 

RB 
RON BIRDSONG 

pH = pH UNITS 

HARDNESS=PPM AS 
CaCOJ 

"' CONDUCTIVITY= 
MJCROOMHOS/CM 

CALCIUM = PPM 

O.PHOSPHATE = pp 

ORTHOPHOSPHATE I <o.<::_J (0.01 I <0.01 I <0.01 I ALKALINITY = PPMl I AS CaCO-a 
I I C01"1MENTS:*** ORTHOPHOSPHATE ANALYSIS WILL BE PREFORMED BY I ,. 

_j TEMPERATURE = 
CITY COUNTY HEALTH DEF·T , UNTIL OUR CHEMICALS ARRIVE. .. J DEGREE CELSIus I 

-
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WATER ~ IAI I TV ANALYSIS 
CITY OF EDt10ND ARCADIA WATER PI ANT 

PWS I D 4t 1020723 POPUI AT l ON SERVED: 4 7V 

SOIIR CE ~l~FI L; l 9 t.-IFI I #?? 
-·-- ----~- I ------ . -

DATE 3-25-"?2 3-?~·Ci'? 

- - ---·-
Til'£ COU.ECTED ~: 2'• 9:40 

---------- ' 
t__ 

COLlE CTED BY: JD Jl) 
--------- - --

TilE ANAL/INITIAl s RB i 14:20 RFti 14:30 

--------
TEI'PE RATURE r. 18 18 

··---- -
8.21 7.90· 

---------
P. ~ XALINITY (I (l 

T. AL KALINITY 2A6 264 
.. . . --

TOTAL HARDNESS 128 19(1 
--· 

CALC I IJI'1 28 44 
. -·- ·----

CONDl JCTIVITY 607 545 .. __________ -
---

ORTHOPHOSPHATE I <0.01 <0.01 
-- 4= 

----=-=~ - --:a::: 

SOURCE WEIL#46 WEil#47 
--------------· 
DATE 3-25-9? 3-25-9? 
--- - -
TII''E COLLECTED 11 :43 13:18 
----- -------- --
COlt ECTED BY JD Hl 

-- ·-
Til'£ ANAL./INITIAI s RB/ 15: 10 RBI t 5:18 

------ --
TEI'PERATURE r. 18 18 
-- ····-· ---------1-·---- -----· 
pH 7.61 8.06 
-· ... 

P. ALKALINITY 0 0 
-----~------· - 1--·-- r----·---
T. ALKALINITY 244 270 ---···------------ -
TOTAl. HARDNESS 236 193 
----~- ------- --·· 
CAL.Ciut'l 56 4•) 
------------· ------r-------
CONDUCTIV lTV 1411 ,. ----- ·---· 
ORTI«lPHHSPHATE *•* .<0.01 <0.01 
------ ---
COt1t£NTS I*** ORfHClPHOSPHAfE FlNISHEil 

------------

= 
l.IFI I fP3 

----
3-2~-92 

J ():55 
.. ---

JD 

RBi14:39 

18 

8.08 
f--

0 
f .. 

258 
. -

131 
-· .. -

C!7.2 
.. ----

5?2 
-------I <0.01 

t.IHLf48 

3-25-9? 

.13:30 

JD 
---· 
RF-1/15:25 

... - ··-

15 

8.02 

0 
--

232 

178 
--

39 

·-
WEll .. ?B llFI I #?9 WEI I #31 

- --.- ---- --
3-2':'-9? 3 ?~-C,.? 3-25 Q? 

- . ~ ... - -- --- -----
1 1 :25 11 :~5 12:22 

r-·-- - f--· --
JO .1o :rn 

.... -----. ---- -- -
RA/14: '•4 F!H/14:5~ RA/15.0: 

18 17 17 
--------r------fl 

7.65 7.65 7.71 
--

0 (l 0 
---- ---.. ·-+--- ·-

?55 256 

2~5 308 244 
---- ... ---

57 
---·---

51(1 
1-------

7\ .6 54 

<o.o• --1 ~o~:: J~~:. 
·-=-==·---=--=-:=.1 -· 

-· 
WEI I #4~ 

--------
3-25-9i~ 

---
1 1:48 

-----
Jf) 

---~-· 

RB/1 '5:3? 
----

18 
---

... 

p 

LEGEND 

J'W 
JOIINNY WEAVER 

.1n 
JOliN DOYLE 

PT 
ATRICJA THORNT 

RB 

7.64_-i p 

(l 

RON ~ LR~I:l!'ffi 
It ::-. pH UNITS 

HARDNE'SS=PPH AS 
ar::n ----

C"40 
--------

216 
-

51 

r. 

r. 
t1 

ONDIICTTVTTV= 
l CROOMHOS/f'.t1 

r. Al.f:lll'1 = PPH 
- --· ----- -·-
503 
.. - --··· 

(0.01 
... 

WAIER = .o 1 

471 [\ • PHOSPHATE = PP 
-- ------
(0.0\ A U(ALJ H lTV = PPM 

S CaCO A 

T EI'IPERATIJRE = 
DEGREE CELSIUS 

_j 
I! 
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