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ABSTRACT 

DISTRIBUTION OF GROUNDWATER RECHARGE 

The pri mary objective of th i s s udy was to determine 

the average annua l net r ate a nd areal v ari a tion of natural 

recharge to the Ogallala For mation in the Northern High 

Plains of Color ado o This unconf ined aqui fer underlies 

approximately 9300 squar e miles in northeastern Colorado 

and is c apable o f y i elding large amounts of water to wel l s . 

Natural recharg to the Ogalla l a Format i on i s derived 

from precipita i on f alling within the bas in. However, none 

of the prev ' ous i nv e stigations has a ttempt ed to describe 

the areal variati o n of g r oundwater r echarge a Assumi ng tha t 

the Ogallala For mati on was ' n a state o f dyn ami c equilib-

rium prior t o l arge scal e dev elopment , he s teady state 

form of the Bouss inesq equation was wri t ten i n f i n ' t e dif -

ference form and a solution f o r the ne recha r ge rate wa s 

obtained on the CDC 6600 d i gi a l comput e r . 

To obt a i n the area l vari ati on in n e t natural recharge, 

the Northern Hi gh Pl a i n s was s ubdi vided i nto s ix square-

mile grids, and a net r echar ge rat e obtained for each gr i d a 

A wide variati on i n ne t r echarge was obtained . In general, 

net recharge rat es i n exc ess o f two i nches pe r year are con-

fined to the sandhi ll portion of the s tudy area o Most o f 

the area with surf ace exposures of Peor i an Loess and 
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Ogallala Formation have net r echarge rates o f one inch per 

year or less. 

The total volume of net recharge to the Ogallala Forma-

tion was computed to be 405,000 acre- feet per year or an 

average of about 0 . 82 inch pe r year. The subsurface under-

flow across the state line into Kansas and Nebraska was 

175,000 acre-feet per year and the net groundwater runoff 

into the North and South Forks of the Republi can River and 

Ari karee River was cal culated t o be 75,000 acre- feet per 

year. Another 50,000 acre- feet per year of groundwater is 

consumed by evapotranspiration . 

An area of subs tantial discharge was d isclosed along 

the subsurface outcrop of the White Riv er Group and it is 

hypothesized that groundwater i s being d i scharged from the 

Ogallala Formation into the White River Group . Another 

area of unexplained natural d is charge i s along the Smoky 

Hill River near Cheyenne Wells. Thi s may also be the result 

o f subsurface discharge, and a thorough i nvestigation of 

the subsurface geology i n the area is needed. 

Donald L. Reddell 
Agri cultur al Engi neering Department 
Colorado State Un i versity 
Fort Collins 6 Colorado 
June, 1 967 
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Chapter I 

INTRODUCTION 

Natural groundwater reservoirs formed by rock fbrma -

tions generally have enormous storage capacities . In 

general the large volume of water stored underground is the 

result of receiving small amounts of recharge over long 

periods of time . If the withdrawal of ground water by 

wells should exceed recharge , eventual depletion of the 

groundwater reservoir may occur. Thus, recharge rates 

for aquifers need to be determined before groundwater 

resources can be evaluated and the consequences of develop-· 

ment forecast. 

Description of Problem 

The Northern High Plains of Colorado is underlain by 

the Ogallala Formation. This unconfined aquifer underlies 

approximately 9300 square miles and is capable of yielding 

large amounts of water to wells. The number of large 

capacity wells increased from approximately 400 in 1960 

(24) to 1350 in July 1966 (27) . Irrigation wells comprise 

the largest percentage of these wells . With the increased 

demand for high capacity irrigation wells, a question 

naturally arises concerning the effects of large scale 

development on the aquifer. Before aquifer management 

practices are recommended , the amount of natural recharge 

to the Ogallala Formation should be evaluated . 
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Recharge involves the vertical movement of water from 

the land surface to the aquifer under the influence of ver-

tical head differentials. Thus, recharge is defined as the 

net quantity of vertical leakage reaching the water table 

per unit of time. The most commonly used units for re-

charge are acre- feet per year, inches per year, or gallons 

per day per square mile a 

Since the Ogallala Formation is an unconfined aquifer, 

the major sources of recharge are : (1) deep percolation of 

precipitation on the land surface and (2) infiltration of 

surface water from streams or lakes a The portion of the 

precipitation which penetrates to the water table is the 

residual item after all other demands on rainfall, such as 

runoff and evapotranspiration, have been met. The greatest 

percentage of annual precipitation occurs during the spring 

and summer months when evapotranspiration is highest. 

Therefore, it would appear that most recharge in the 

Northern High Plains area occurs during periods of ex-

cessive or prolonged rainfall a 

Recharge to the Ogallala Formation is a variable in 

both time and space and depends upon several factorso 

Among these are the type and thickness of the soils and 

other deposits overlying the aquifer : the vertical hy-

draulic conductivity; the topography; the various methods 

of land use; the type and amount of vegetation; the soil 

moisture content; and the intensity, duration, and sea-

sonal distribution of rainfall. 
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Purposes and Objectives 

Preliminary investigations indicate that the rate of 

recharge to the Ogallala Formation is small and any devel-

opment of groundwater, even to a small extent, could lead 

to a mining situation. Present estimates of recharge are 

reported as average values for the entire basin (3, 24 ). 

However, since groundwater demand and use are not uniform 

over the entire basin, an average figure for recharge is 

inadequate and a need exists for evaluating the areal d i s -

tribution of recharge. 

The primary objective of this study is to determine 

the average annual rate and areal variation of natural 

recharge to the Ogallala Formation in the Northern High 

Plains of Colorado. This information is vital for the 

sound management of the aquifer as a natural resource. 

The results will also be beneficial in implementing the 

Colorado Ground Water Law. 

Method of Calculating Recharge 

Before development, the groundwater in the Ogallala 

Formation is assumed to have been in a state of dynamic 

equilibrium. This means that the average recharge was bal-

anced by an equal amount of natural discharge, and these in 

turn determined the rate of groundwater flow 9 Hence, by 

determining the rate of groundwater flow, the rate of re-

charge can be estimated. This would appear to pe the most 

logical approach since the slow movement of groundwater 
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tends to average out the effects of unequal recharge rates 

of short duration at different times o 

Assumi ng dynamic equilibrium, a finite difference 

approach was used to evaluate the natural recharge rates 

necessary to maintain the groundwater gradient in a 

steady state prior to development. The steady state form 

of the Boussinesq equation was written in finite dif -

ference form and a solution for the recharge rate obtained 

on the digital computer. 
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Chapter II 

DESCRIPTION OF STUDY AREA 

Location of Area 

The study area, located in northeastern Colorado, i s 

shown i n Fi gure l o The area is a part of the High Plain s 

Secti on of the Great Plains Physiographic Prov ince (16 ) 

and underl i es all or parts of the following counties ~ 

Sedgwi ck, Phill i ps , Logan, Yuma, . Washington, Kit Carson , 

Lincoln , Ki owa and Cheyenne. The boundaries of the study 

area are the eastern boundary of the State of Colorado a nd 

that portion of the Ogallala Formation south of the Sout h 

Platte Ri ver and east of Big Sandy Creek. The area con-

tains approximately . 9300 square miles. 

Topography 

The topography of the area is characterized by an 

eastward sloping, gently rolling plai n. Large portions of 

the area have low undulating sand dunes which contrast with 

the relati vely flat surrounding area. Also, throughout 

much o f the area, numerous shallow depressions i n the l and 

surface are present , After heavy rains, these depress i ons 

retain runoff water to form temporary ponds. The elevation 

of the land surface ranges from about 6000 feet at Cedar 

Point north of Limon to about 3400 feet at the confluence 

of the Arikaree River and the North Fork of the Republican 

Riv~r . 
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A lar ge portion of the study area is covered by loose 

silty and sandy soils. However, there are several areas 

with tight clay soils o Much of the soils of Kit Carson 

County are in this classification. The southeastern part 

of Phillips County, the northern half of Yuma County, -the 

eastern half of Washington County and the northern part o f 

Kit Carson County are covered with sand hills. 

The boundary of the study area corresponds very close-

ly to the easternmost surface water divides of the South 

Platte River and Arkansas River within Colorado. As a 

consequence, all streams of the area have their headwaters 

withi n the study area. The three major streams are the 

North and South Forks of the Republican River and the 

Arikaree Ri ver. All three discharge into Kansas and 

Nebraska. These streams are ephemeral and influent except 

for the lower reaches f which are effluent near the state 

line . Numerous small intermittent streams in the we$tern 

port i on o f the study area discharge into the sand hills 

where they disappear. 

Climate 

The climate of the study area is semi- arid and is 

characterized by hot summ~rs and cold winters. The temper~ 

ature ranges from an average of about 33°F in the winter to 

66°F i n the summer. The average growing season is about 

155 days. 
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Precipitation in the study area averages about 16-18 

inches per year. Most of the precipitation occurs during 

the spring and summer months generally in the form of 

scattered thundershowers. Moderate to strong winds are 

common throughout the year. These winds cause blizzards 

in the winter and remove much of the soil moisture during 

the summer o 

General Geologx: 

The rocks that crop out in the Northern High Plains 

are sedimentary in origin, range in age from Mesozoic to 

Cenozoi c, and include rocks belonging to the Cretaceous, 

Tertiary and Quaternary systems. Rocks ranging in age 

from Precambrian to Mesozoic are · present in the subsurface . 

However, the geologic history pertinent to this study 

begins with the Cretaceous and a discussion of the1 older 

subsurface rocks is omitted. The following discussion has 

drawn heavily on the previous work of Cardwell and Jenkins 

(10 ) , Weist (34 ) , McGovern (23) and Boettcher (5) o 

Geologic History-=At the beginning of Cretaceous time f 

the present area of the Northern High Plains (see Figure 2) 

was being subjected to erosion o In late Early Cretaceous 

time the sea advancing from the southeast was joined by the 

southward advancing waters of the Arctic Ocean. · The broad 

structural trough formed by this sea encroachment is called 

the Rocky Mountain geosyncline o Deposits in these seas 

were removed by erosion during the subsequent emergence o 
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During La t e Cretaceous time, the seas again invaded 

the area resulting in the deposition of several thousand 

feet o f sandstone, limestone and shale. The Northern High 

Plai ns f o rma tions i ncluded in this marine deposition are 

the Dakota y Gr aner os, Greenhorn, Carl i le, Niobrara and 

Pi erre Formatil.ons o Near the close of the Cretaceous period 

orogenic movement along the Rocky Mountain geosyncline be-

gan and the sea r eceded o This was- the last marine in-

vas i on o f the North Ameri can i nterior. 

The orogeni c movement, upl i ft and volcanic activity 

along the Rocky Mountain geosyncline continued throughout 

Late Cretaceous t i me and at intervals during much of 

Cenozoi c time. These widespread and repeated orogenics 

result ed in the development of the Rocky Mountains. Also , 

there was extensive eros i on during this time period which 

removed some o f the ro~ks of Cretaceous. age. 

The Cenozoic era was marked in the Northern High 

Plains by e r os i on and by the deposition of continental 

sedi ment s der ived l argely from the rising Rocky . Mountains. 

The build ing o f the Northern High Plains by stream depo-

s ition was cl i maxed during the Cenozoic era. 

The rise of the Rocky Mountains increased the grad-

i ents and debr i s - carrying power of the streams. The re-

sulting sediments were d€posited along areas bordering the 

east s i de of t he mountains. Most rocks of Early Cenozoic 

age are absent i n the Northern High Plains due to ~ 
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(1 ) the sediments were never deposited in the area and ( 2 ) 

the sediments were deposited but removed by subsequent 

eros i on o For i nstance, the Castle Rock conglomerate of 

Oligocene age is composed of coarse detrital material and 

probably was not deposited as far east of the mountains as 

the Hi gh Pla ins. However, the White River Group of 

Oligocene age is present at various depths in the northern 

part of the High P l a i ns area and it is probable that it 

once e xtended farthe r south but was removed by subsequent 

eros i on during Mi o cene and early Pliocene time. 

During Pl i ocene time the Rocky Mountains were uplifted 

again, increas i ng the gradients of the streams flowing 

eastward from the mountains. As the streams moved east 

with their sediment load , the gradi ents became smaller and 

the sediment began to be deposited . Erosion and sedimen-

tation continued until the stream valleys were filled o 

Then the streams began to meander, and covered the eroded 

surfaces of the o l der rocks with enormous quantities of 

sediment . 

This elastic sediment constitutes the Ogallala Forma= 

tion which underlies the entire Northern High Plains. To-

ward the mi ddle of Pliocene t i me the aggradation process 

came to an end and an era of erosion began which extends 

to the present time o This eros i on removed the Ogallala 

Formation from areas ad j acent to the mountains o Evidence 

of th i s eros i on i s given by the bold escarpment on the 
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western side of the Northern High Plains which exposes the 

older rocks underlying the Ogallala . This erosion has re-

sulted . in the isolation of the Ogallala Formation from the 

Rocky - Mountains and surrounding geologic formations. 

The early part of the Quaternary period consisted 

largely of erosion. Although no glaciers extended into 

the Northern High Plains, their presence elsewhere affected 

the deposition i n the area. The melting of continental 

glaciers f ormed streams which laid down the Grand Island 

Formati on. The Sappa Formation and the Peorian Loess were 

deposited by winds blowing during the dry interglacial 

stages. 

Dune sand of Pleistocene and Recent age covers approx-

imately one- fifth of the Nort~ern High Plains surface. 

Also, dur i ng these periods, the present drain~ge pattern 

was developing and the alluvium was being deposited along 

the stream channels. 

Ni obrara Formati on--The Niobrara Formation of 

Cretaceous age is the oldest rock to crop out in the 

Northern Hi gh Plains. It is exposed in that part of the 

study area south of the Cheyenne- Kiowa County line, 

(Figure 2 ). The Niobrara Formation underlies the entire 

Northern High Plai ns and is the b~drock on which the 

Ogallala Formation rests in the southern part of the 

Northe~n High Plains. This formation ranges up to 700 feet 

thick in some areas and consists of a gray to blue-gray 
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shaly marl o Weathered exposures may be yellow to light 

orange . The upper part of the formation contains numerous 

thin beds of bentonite and of gypsum crystalso Because of 

its character, the Niobrara Formation has an extremely low 

permeability and is not known to yield appreciable quanti-

ties of water to wells o 

Pierre Shale--The Pierre Shale of Cretaceous age is 

distributed widely throughout the Great Plains Province. 

It underlies a large area of eastern Colorado, northwestern 

Kansas , Nebraska, South Dakota, North Dakota and parts of 

New Mexico, Wyoming 9 Montana and Minnesota o The formation 

underlies all of the study area north of the Cheyenne-

Kiowa County line and is the bedrock underlying the 

Ogallala Formation in a large part of the area. 

The Pierre Shale is primarily a fissile shale, but 

contains some siltstone with calcareous concretions o It 

ranges in color from dark gray to black with the upper few 

feet usually weathered to a yellowish=brown clayo The 

Pierre Shale may be as much as 4500 feet thick and outcrops 

at several places along the stream valleys o 

The Pierre Shale is of little importance as an aquifer 

in the Northern High Plai ns. The small pore size and com-

pactness of material inhibit the flow of watero However 9 

fractured or sandy zones may yield small quantities of 

poor quality water . The shale serves as a nearly itnpervi -

ous boundary underneath much of the area and generally 

prevents the downward movement of water. 
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White River Groue--Rocks of Oligocene age are repre-

sented in the Northern High Plains by the White River 

Group. Thi s group consists of two formations, the Chadron 

Formation at the base and the Brule Formation at the top. 

The White River Group is limited to the northern portion 

of the study a r ea i n Logan , Phillips and Washington 

Counti es a It l i es unconformably over the Pierre Shale and 

immediately beneath the Ogallala Formation. 

The Chadron Formation consists mainly of olive- green 

to bri ck- red s ilty to sandy clay and claystone which be-

comes siltier and lighter in color as it grades into the 

overlyi ng Brule Formation. Channel deposits of sand and 

gravel are found in the Chadron Formation. These deposits 

are generally tightly cemented with siliceous cement. Be-

cause of its low permeability, the Chadron Formation is not 

cons i dered a major source of ground water o 

The Brule Formation was probably deposited by streams 

whose sediment load was mainly silt and clay. This for-

mation gene r ally consists of a buff to olive-green clayey 

silt and siltstone which grades into the upper Chadron 

Formation and the contact is therefore indistinct a The 

Brule Formation is hydrologi cally similar to the Chadron 

Formati on and therefore is not a major source of water. 

Although the formations of the White River Group are 

generally low in permeability , locally there may be 

channel- like deposits of sand whi ch will serve as a water 
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supply o Also, the formations may have fractured zones 

which would yield water to a well. In . such cases the 

White River Group and the overlying Ogallala Formation are 

hydraul i cally connnected and the water in the White River 

Group is probably recei ved by leakage from the overlying 

Ogallala Formation. 

Ogallala Formation--The Pliocene Ogallala Formation 

underl i es a l l of the Northern High Plains except for a few 

small areas along streams where it has been eroded away o 

It ranges i n thickness from a few feet to about 460 feet 

and lies at the surface in a large part of the area. The 

Ogallala Formation consists of red and yellow clay; silt; 

fine to coarse, gray and buff-colored sand; gravel and 

caliche. On close examination, the formation seems to 

lens and interfi nger in short vertical and horizontal 

distances i ndicating a highly heterogeneous nature~ How-

ever, ·a study of well logs and several geologic sections 

of the Ogallala Formation along the North Fork- of the 

Republ i can River i ndicate the beds actually are more con-

tinuous and better sorted than they at first appear. An 

apt description of the Ogallala Formation may well be that 

it is homogeneous in its heterogenity. 

The Ogallala Formation is the most important source 

of ground water in the Northern High Plains and is the ob-

ject of this study o Nearly all irrigation, stock, domestic 

and public- supply· wells tap this formation. Well yields 
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range from a few gallons per minute for small domestic and 

stock wells t o as much as 2500 gallons per- minute for some 

of the larger irrigati on wells . 

Grand Island For mation==The Grand Island Formation is 

a mi nor strati graphic unit in the Northern High Plains . 

It . cons i sts of irregular lenticular deposits of reddi sh-

brown fine t o coarse sand and fine to medi um gravel. Thi s 

format i on may be a s thick as 50 feet i n some areas and lies 

disconformably on the Ogallala Formation. I t was laid 

down near the end of the Kansan stage of glaciation by 

streams flowi ng from the mountains and tablelands. The 

Grand Island Formati on is not considered an aquifer since 

it lies above the water table. However 0 it is a moderately 

permeab l e surface depos it, and this permits natural re-

charge t o the underlyi ng Ogallala Formation. 

Sappa Forrnation== I n many places i n the Northern High 

Plai ns , the Sappa Formation overli es the Grand Island 

For mat i on . It consists o f calcareous sand and clayey, 

s ilty mar l r angi ng i n .color from light gray to olive gray. 

The Sappa Formation is thin and d i sconti nuous being less 

than 10 feet t h i ck. Because of thi s it is not differen-

tiated from overlying dune sand and loess on Figure 2 . No 

known water supply has been developed in the Sappa 

Formati on . 



17 

Peorian Loess=-The Peori an Loess overlies the 

Ogallala For mation i n a substantial area of the Northern 

High P l a i ns o The thi ckness of this wind- deposited 

yellowi sh=gray calcareous s i lt ranges from a feather edge 

to 1 25 feet thick . The Peorian Lo~ss is relatively im-

permeable and y i elds little or no water to wells o This 

low permeabi l i ty also retards recharge to the underlying 

Ogallala Formation . 

Dune Sand=-Fi gure 2 shows a substantial portion of 

the Northern Hi gh Plai ns covered with sand dunes. The 

dunes are formed by loose well- sorted fine to coarse grains 

of quartz and feldspar. Deposits may be as much as 170 

feet thi ck i n some areas. The sand dunes lie mostly above 

the water table and are not a source of ground water. 

However, they do have a high permeabi lity and a poor sur= 

face drai nage system which makes them an important area 

for . natural r echarge to the Ogallala Formation. 

Alluvium==Alluvi um derived locally f r om the Ogallala 

Formati on and Plei stocene deposits l i es along the major 

stream valleys and some of the smaller creeks. The 

Alluvi um i s an unconsolidated sand and gravel with some 

silt and clay and ranges up to 100 feet in thickness o 

This aqui fer is limited in areal extent, but where it is 

present, y i elds of up to 1500 gallons per- minute have been 

obtained from wells. McGovern ( 23 ) i ndicates that the 

contact between the Alluvium and the Ogallala Formation 
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cannot be differentiated in areas of Washington County. · 

The Alluvium and Ogallala Formation are hydraulically 

connected and are considered as one aquifer in this study. 

Table 1 shows a generalized geologic section of the 

Northern Hi gh Plains of Colorado. 



Table 1. Generalized Geologic Section of the Northern High Plains of Colorado. 

System Series 

Recent 
and 

Pleis-
>, tocene 
1-1 
Ill s:: 
1-1 
QI .µ 
Ill Pleis-::, 
0 to-

cene 

Plio-
>, 
1-1 

cene 
Ill 

·.-1 .µ Oligo-1-1 
QI cene 

E-< 

(I) 
::, Upper 0 
QI u Creta-
Ill .µ ceous QI 
1-1 u 

Stratigraphic Thickness 
Unit (feet) 

Dune Sand Oto 100+ 

Alluvium 0 to 100+ 

Physical Character 

Reddish-orange sand7 primarily 
quartz and feldspar1wind deposited . 

Pink,brown and gray unconsolidated 
sand, gravel, clay, and silt7 
stream de£osited. 

Peorian Loess Oto 120+ Yellowish-gray to gray silt and 
clay with some sand and calcar-
eous concretions7wind deEosited. 

Sappa 
Formation 
Grand Island 
Formation 

Ogallala 
Formation 

White River 
Group 

Pierre 
Shale 

Smoky Hill 
Marl Member 
of the 
Niobrara 
Formation 

0 to 10+ 

Oto 50+ 

Light to medium gray sand and 
clayey, silty marl7wind deposited. 
Reddish-b~own to light gray sand 
and gravel 7 loosely consolida·ted7 
stream deEosited. 

0 to 450+ Buff, gray to red, sand,gravel, 
silt and clay7contains abundant 
caliche7has caprock of algal lime-
stone7 stream de£osited. 

0 to 600+ Massive,olive to tan siltstone 
containing lenses and channels of 
sandstone7stream deposited. 

0 to 4500+ Thin bedded,gray to dark-gray 
shale and sandy shale7contains 
bentonitic clay and calcareous 
concretions1occasionly upper 4-8 
feet are a 1ellow weathered zone. 

700+ Gray, shaly marl7 usually 
weathers to orange7 contains thin 
bentonitic streaks1 marine 
deposited. 

Water Supply 

Yields little or no water to 
wells. Serves as an are.a of 
recharqe. 
Yields small to large quantities 
of water to wells. 

Yields little or no water to 
wells. 

Not known to yield water to 
wells in the area. 
Yields little or no water to 
wells_. 

Yields small to large quantities 
of water to wells.Principle aqui-
fer in the Northern High Plains. 

Yields small to moderate quanti-
ties of water from channel de-
posits and fractures7considered 
bedrock in northern part of the 
Northern Hi~h Plains. 
Yields very small quantities of 
water to wells from upper weath-
ered zones7considered bedrock 
over a large portion of the 
Northern Hi~h Plains. 
Not known to yield water to 
wells. 

'° 
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Chapter III 

GENERAL HYDROLOGY 

The hydrological properties of major importance in 

studying a groundwater aquifer are: (1) the configuration 

of the bedrock surface, (2 ) the configuration of the water 

table f (3 ) the thickness of the saturated material v (4 ) 

the hydraulic conductivity of the aquifer and (5 ) the 

quantity of recharge and discharge . Other items of inter-

est include depth of the water table below land surface, 

water table fluctuations~ specific yield of the aquifer , 

and variation of precipitation over the area. 

Configuration of the Bedrock Surface 

As was pointed out in the preceding chapter the 

Ogallala Formation overlies an erosional bedrock surface 

cut in the Niobrara Formation, Pierre Shale and White 

River Group. Figure 3 shows the portion of the study area 

underlain by each of the three types of bedrock material. 

The configuration of the bedrock surface is shown . by means 

of contours in Figure 4. A knowledge of the bedrock sur-

face is important in determining the thickness of the over-

lying Ogallala Formation and in studying the ancestral 

drainage pattern. 

Delineation of the bedrock surface is based on drill-

er 0s logs of wells and shot holes in the study area . More 

than 2000 logs were examined and approximately 1600 of 
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Map of the Northern High Plains of Colorado 
showing the approximate subsurface extent of the 
three different bedrock materials beneath the 
Ogallala Formation. 
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Figure 4. Bedrock map of the Northern High Plains of 
Colorado showing the approximate elevation of 
the base of the Ogallala Formation. 
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of these were selected as control points for preparing the 

bedrock contour map. The 400 deleted logs were for par-

tially penetrati ng wells which did not give any information 

about the bedrock surface . In general, the quantity and 

quality of the available logs were adequate for preparing 

the bedrock map except in some areas of Sedgwick, Yuma , 

Washington, and Lincoln Counties. In these areas, previ= 

ously publi shed maps (1 0, 23, 34, 38 ) were used to sup-

plement the avai lable data. 

The bedrock elevation map shown in Figure 4 has a 

contour interval of 1 00 feet. This map was used for publi -

cation purposes only. A bedrock map with contours every 

50 feet and a scale of approxi mately five miles per inch 

was used i n making the analysis for this study. 

Cross secti ons . showing the thickness of the geologic 

format i ons and the relations of some of the prominent fea-

tures of the bedrock floor are shown in Figures 5 and 6. 

Several bedrock highs and buri ed valleys are depicted 

along thi s l i ne. The greatest thickness of the Ogallala 

Formation (about 460 feet } along the line of the cross 

section is in the low point of the buried valley immedi-

ately south of the Phillips- Yuma County line . 

Figure 6 shows numerous irregularities in the bedrock 

floor ~long the east- west section. The most conspicuous 

characteristic of this section is the presence of several 

small buried channels eroded i n the bedrock surface. The 
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Figure 5. Geologic cross section of the Ogallala Formation looking west 
along the Colorado-Kansas-Nebraska state line from T-21-S to T-12-N. 
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lateral extent of these features is shown on the bedrock 

contour map of Figure 4. In general, the bedrock slopes 

in an east- northeast direction at about 22 feet per mile. 

Configuration of the Water Table 

Prepar ati on of the water table map shown in Figure 7 

is based on previously publi shed measurements of water 

levels (5, 9, 10, 11, 22, 33 ) . Over 3000 water level 

measurements were studi ed and approximately 1 800 were 

selected as control po i nts for preparing the water table 

map. Those t hat were deleted consisted of duplicati ons of 

the same record. These duplications resulted from measur-

ing the same well several times over a period of years or 

from the measur ement of sever al wells within 300 to 400 

yards of each o t her. The quantity, quality and distri-

bution of water level measurements were considered good 

for prepari ng the water table map in all of the study area 

except Li ncoln County . A p reviously published map (38 ) was 

used to prepar e the water t able contours in Lincoln County. 

Because o f t he dynamic equili brium assumption used in 

this study, water levels from the earli est possible dates 

were used in preparing the wat er t able map. In general , 

the water leve l s were selected from the 1951-1957 period 

prior to any large scale well development a Localized areas 

had experienced some intensive development, but these were 

very small in a r eal extent. 
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Figure 7. Water table map of the Ogallala Formation prior 
to large scale well development (1951-1957) in 
the Northern High Plains of Colorado. 
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The water l evel measurements for Sedgwi ck, Logan and 

Phill i ps Counti es were made during the years of 1951 and 

1 952 in connect i on with an i nvestigati on of the Frenchman 

Creek a r ea of Co l orado and Nebraska (10 ) . At the end of 

1 952, Sedgwi ck Count y had three large capacity wells a Logan 

County had one large capacity well a n d Philli ps County had 

14 large capacity we l ls . Numerous wells were measured i n 

Washi ngton County i n 1 952 ; h owever, the largest number was 

measured in 1957 when there were 7 9 large capacity wells. 
' Water l e v e l measurements for 1 952, 1 956 and 1 957 were used 

in Yuma County where 12 8 lar ge capacity wells were bei ng 

used a t the end of 1 95 7 . The measurements f or Ki t Carson 

County were t aken over an e ight year peri od i 1 950 - 1957 p 

wi th about 16 0 large capacity wells in operation at the end 

of 1 95 7 . Che yenne County had 1 6 wel l s and Kiowa County had 

five well s a t the end o f 1 960 when most of t he water l evel 

measurements were ma de in t hose counti es . No date was 

a ttached to the previ ously published map (3 8 ) used for pre-

pari ng t he wat e r t ab l e map of Li ncoln County ; however, 

there were only 1 4 l arge capaci ty we lls in Lincoln Count y 

at the end o f 1 965. 

From t he above i nformation, it is r eadily recogni zable 

that only t wo count i es i Kit Carson and Yuma, present a 

serious p r ob l em i n assuming t hat Figu r e 7 dep i cts the water 

table prior t o l arge scale dev elopment. However, Kit 

Carson County had only 48 wells and Yuma County had only 49 
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wells at the end of 1 953 . It is bel i eved that during the 

four year period 1954- 1957, little change i n the water 

table i n these two counties would be noticed because of 

the s l owness of an aquifer in reacting to any new flow 

conditions. Therefore, the as s umption that Figure 7 de-

picts t he water table pri or to large scale development of 

the aqui fer can be made without appreciable error in the 

final results. 

Gr oundwater moves in a directi on .a t rigDt angles to ) 

a given water t able contour line. The steepness of the 

slope of the water table i s indicated by the spacing of 

the contour lines~ the slope being relatively gentle if the 

lines are f a r apart, and relatively steep if they are 

closely spaced. The map of Figure 7 shows that the water 

table gene r ally slopes east- northeast towards the state 

line_ indicating that groundwater flows from Colorado into 

Nebraska and Kansas. The slope of the water table averages 

about 1 8 feet per mile and roughly parallels the slope of 

t he bedrock surface and the land surface . 

For this study, a water table map with a contour 

interval of 25 feet and a scal e of approxi mately five miles 

per inch was prepared. However, for purposes of publi -

cati on, Figure 7 with a 1 00 foot contour interval was sub-

stituted for the original work map. 
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Saturated Thi ckness 

Figure 8 shows the approximate thickness of the satu-

rated zone of the Ogallala . Formati on i n the Northern High 

Plains of Colorado pri or to large scale development of 

ground wat er. The map shows the saturated thickness as of 

about 1 95 1- 1 95 7 0 The map was prepared by superimposing 

the water table map on the bedrock map and graphically 

subtracting the bedrock e l evati ons from the water table 

elevati ons . Lines were then drawn through po i nts of equal 

saturated thickness . 

Coeffici ent of Storage and Specific Yield 

The volume o f water an aquifer releases from or takes 

into storage per unit of surface area of the aquifer per 

unit change in the component of head normal to that sur= 

face is called the coeffici ent of storage. The specific 

y i eld of a porous media i s the rati o of the volume of 

water that the medi a will yield by gravity u after being 

saturated, t o its bulk volume o 

The coeffi c i ent of storage i s calculated from pumping 

test data while speci fic yield i s normally obtained from 

laboratory t ests. If the aquifer is unconfi ned (such as 

the Ogallala Formation ) , Boulton ( 8 ) has shown that the 

computed coeffi c ient of storage increases with the time of 

the pumping test and approaches the specific yield in 

value . Therefore, if a pumping test i n a water table 

aquifer is run sufficiently long enough (several weeks 
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durati on ) , the coefficient o f storage and specific yield 

are approximately equal o 

All of the pumpi ng test data collected i n the 

Northern Hi gh Plains, except one, were for periods of a 

few hours to a f ew days . These tests will not give an 

accurate p i cture of t he specific y i eld because of their 

limited duration. One test conducted on well number 

C8 =46- 9bcc in Kit Carson County was run for 17 days. (The 

well numberi ng system used i n this report is described in 

Appendix A) . The coeffi c i ent of storage calculated from 

an observati on well 100 feet away from the pumping well 

was 0.29, while that in a well 502 feet distance was 0.13 

( 3 7 ) • 

Cardwell an~ Jenkins (1 0 ) report that laboratory 

tests for t he specific y i eld of aquifer material in the 

Frenchman Creek a r ea ranged fr om 25.5 to 30 . 4 percent. 

Chase (11 ) gives values o f the specific yield for Kit 

Ca~son County whi ch range from 23. 9 to 35 o2 percent . In 

view of these analyses, it i s estimated conservatively 

that the average specific yield throughout the Northern 

High Plains i s not less than 20 percent. 

Hydraulic Conductivit~ 

The transmissibility of an aquifer is given by the 

relationshi p ~ 

T = KD ( 3- 1) 
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where T is transmi ssibility, K is hydrauli c conductivity 

and D is t he saturated thi ckness of the aquifer. The 

transmi ss i b i l i ty of an aqui fer is usually determined from 

long=term pumping tests on wells, and the hydraulic conduc -

tivity can be calculated by divi ding the transmissibility 

by the saturated thickness. 

A search for all avai lable pumping tests made in the 

Ogallala For mation o f t he Nort hern Hi gh Plains produced 

only 52 t es ts for whi ch a value of the transmissibility 

had been calculated (37) . These data are shown i n Table 

B-1 of Appendix B. Th i s was entirely inadequate for the 

type o f aqui fer analys i s used in thi s study. 

To supplement the avai lable transmi ssibility data, it 

was - dec i ded to esti mate values of transmissibility us i ng 

specific capacities o f wells. Pr evi ous . work, by Theis ( 29) 

. and Hurr (1 8 ) have outlined methods of estimating trans = 

miss i b ility from specific capacity data. However, both of 

these methods i nvolv e r athe r cumbersome graphi cal tech-

niques and a certain amount of error is i ntroduced when 

values o f speci f i c y i eld are assumed for the aquifer. 

Since an e rror i s introduced i n the deterministic me t hods 

of Thei s and Hurr by a ssumi ng cert a i n va l ues f or speci fic 

y i eld, it was f elt that a multi ple linear regression 

ana lysis mi ght provi de an adequat e equation for predicti ng 

transmiss i b i lity. An equati on o f t he form : 

(3- 2 ) 
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was assumed where x1 i s the transmissibility in 1000 

gallons per day per foot ; B1 , B2 , B3 , and B4 are regres-

s i on coef 'i c i ents ; x2 i s the s pecific capaci ty i n gallons 

per minute per foot o f drawdown v x3 is the durat i on of the 

pumpi ng tes t i n hours and x 4 i s the d i ameter of the well 

cas ing i n i nches o 

The me t hod of least squares was used to estimate the 

regress i on coefficients o Tes t s of vari ous hypotheses re-

vealed that B1 0 B3 and B4 were not s i gnificantly d i fferen t 

from zero a t the 95 percent level o The estimate of B2 
was 2.45 and i t was s i gnificantly different from zero at 

the 95 percent level o Therefore , equati on 3- 2 reduced to: 

(3=3) 

Equat i on 3=3 i s an adequa t e est i mator of t ransmissi= 

bili t y ; accounti ng for 95 percent of the t o t al variance of 

the model . The correlation c oefficient was 0 . 97 and the 

standar d e r r o r of es timate was 1 8 , 310 gpd/ft or about 17.0 

percent o f the observed v alues . The 95 percent confidence 

limit for B2 i s ~ 

2. 3 5 < B2 < 2.55 (3- 4 ) 

The complete procedure for estimating t he regression coef-

ficients and testing the various hypotheses i s g iven i n 

Appendix B. 

Us i ng publ i shed records of the U.S. G.S . (10 ), the 

Color ado Water Conservati on Board ( 6 9 11, 22, 33 ) and 
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unpublished data at Colorado State Un i versity ( 21 ) , 320 

values of specific capacity were obtained. With the use 

of equati on 3-3 , values of transmissibility were esti-

mated from the speci fic capacity data. The calculated 

values of transmissibility were then d i v i ded by the satu-

rated thi ckness to obtai n values of hydraulic conductivity. 

The results of this analysis are shown i n Tables B- 2 and 

B- 3 of Appendix Bo Figure 9 shows isolines of equal hy-
2 drauli c conductivity on- a 250 gpd/ft interval. 

Fluctuations of the Water Table 

The water table is not a stationary - surface, but 

fluctuates with time under the influence of several 

phenomena o Boettcher ( 6 ) has noted the relative effi-

ciency with wh i ch well number Cl2 - 48 - 1 0abd, located in the 

Ogallala Formation of Cheyenne County, measures changes i n 

barometric pres s ure . Bar ometric pressure accounts for as 

much as 1. 8 feet of tota l fluctuation in this well as seen 

in Figure 1 0 . 

Recharge and d i scharge may cause changes in ground 

water stor age, thus creating a fluctuating water table. 

If recharge exceeds discharge then the water level must 

rise, and if discharge exceeds recharge the water level 

must decl i ne . Under the case of dynami c equil i brium, 

which is being assumed for t h i s study, the amount of fluc-

tuation over a period of time should remain practically 

constant because rechar ge and d i scharge are assumed equal . 
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Figure 9. Hydraulic conductivity map for the Ogallala 
Formation in the Northern High Plains of 
Colorado. 
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Hydrographs of water l evels i n representative wells 

drilled in the Ogallala Formation are shown i n Figure 11. 

These hydrographs show only minor fluctuations i n the 

water table thru 1 95 7, and very few of the wells reflect 

any type of major d i sturbances thru 1 965. With this infor -

mation , the assumption of dynami c equilibri um for the 

Ogallala Formation pri or to 1957 is apparently valid. 

Depth t o the Water Table 

The dept h to water i n the Ogallala Formation o f the 

Norther n High Plains ranges f rom less than 50 feet t o more 

than 3 00 feet below land surface as shown by Figure 12 . 

The depth to water is affected by the topography of the 

land surface , the proxi mity to areas of r echar ge and d i s -

charge and by the confi guration of the bedrock surface . 

The shallow depth to water (less than 50 fee t) in the 

sandhi lls area of Northeas t ern Yuma County is undoubtedly 

due to t he h i gh rates of recharge in t he s andhills . 

Groundwater i n the Northern Hi gh Plains mov es generally 

in an east- northeast d irection and bedrock h i ghs may act 

as barriers caus i ng t he groundwater to accumulate on t he 

west and southwes t s i des of t hese h i ghs. Areas o f shallow 

water along the Arikaree River, North and South Forks of 

the Republican River and a r ound Flagler in west- central 

Kit Carson County are apparently areas o f d i s charge be-

cause of the upstream flexur e of the water table contours 

in these areas. 
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Figure 11. Hydrographs of selected wells in the Ogallala 
Formation of the Northern High Plains of 
Colorado (from water level records at Colorado 
State University (9)). 
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Natural Recharge !nd Discharge 

As was pointed out i n the discussion on geologic his -

tory 9 the Ogallala Formation has been isolated by erosion 

from the surrounding geologic format i ons . Thus, the only 

underground connection between the Ogallala Formation and 

other geo l ogic f ormati ons i s the underlyi ng bedrock. Re-

charge from the bedrock material into the Ogallala Forma-

tion i s h i ghly unl ikely. In fact, -a more probable hypothe-

sis would be that the ,groundwater in the Ogallala Forma-

tion exists at a h i gher piezometric head than that in the 

lower f ormations and thus the Ogallala Formation may be 

the source of recharge for some of the underlying 

formations . 

Variation of Preci pitation 

The annual preci p i tation for the study area is 

generally between 1 6 and 1 8 i nches. However, a wide fluc-

tuati on exists around this mean o For instance, annual 

amounts between 7.6 7 inches and 24.08 i nches have been 

reported at Burlington, Colorado ( 20) o The greatest per= 

centage of the annual preci p itation occurs during the 

spring and summer . Convective activity i n the summer 

produces some thundershowers of h i gh intensity. 

Using the double~mass curve t echni que, Smith and 

Schulz ( 28 ) have developed maps showing isolines of equal 

monthly and annual precipi tation for all of eastern 

Colorado. Figure 13 was adapted from these published 
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maps t o show t he vari a t ion .in annual prec i pitation over 

the Northern Hi gh Plains of Colorado . As can be seen, the 

preci p i tati on i s h i gher in the nort hern pa~t of the study 

area than i n the southern part . 
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Chapter IV 

GROUNDWATER RECHARGE I NVESTIGATIONS 

Historical Concepts of Groundwater Recharge 

Pri or to the latter part o f the seventeenth century 

i t was generally a ssumed t ha t the water d i scharged by 

springs could not be derived from precipi tati on. This 

was the r esult o f a general beli e f t ha t r a infall was i n -

adequate i n quantity and t hat t he eart h was t oo i mperme-

able t o per mi t inf i ltration. 

Me i nzer (26 ) g i ves an excellent h i stori cal develop-

ment of hydrology i n wh i ch the ear ly i n fluence of ph i los-

ophers such as Horner (1 000 BoC. ) , Thales (650 BoCo) , 

Plato ( 42 7-3 47 B.C .) and Ari stotle (384- 322 BoC. ) are 

quite evi dent . Two mai n recharge theori e s we r e developed 

by these ear ly phi losophers. One t heory dealt with how 

sea water meandered thru undergr ound channels, was freed 

from i ts salt and elevated to the alti tude of springs . 

The other theory dealt wi th underground condensation 

simi lar to atmospher i c condensation . 

The i n f i ltrati on t heor y, whi ch present day hydrolo-

gists accept , ~as fi rst i ntroduced by Marcus Vitruvi us ( 26 ) 

at about the t i me of Chri st. Thi s theory involves the 

infiltrati on o f a small amount of preci pitation i nto the 

soil and i ts slow percolation to poi nts of d i scharge such 

as spr i ngs or seeps . Fo r cent uri es the i nfiltration 
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theory was advocated by only a few people, notably by 

Leonardo da Vinci (1452 =1519 ) and Bernard Palissy (1509-

1589). 

Possibly the earliest attempt to quantitatively de= 

termine the rate of groundwater recharge was made by 

Perrault (1608- 80 ) and Mari otte ( 1620- 84 ) . Perrault made 

crude measurements of rainfall and estimated the area of 

the drainage basin of the Seine River and of the runoff 

from this basin - ( 26). Mariette essentially verified 

Perrault1 s results (25). The work of Perrault and 

Mariette, although crude f demonstrated the fallacy of the 

ancient assumption that rainfall is inadequate for supply-

ing the groundwater discharged by springs. 

Methods of Estimating Groundwater Rechar91:. 

In the years that have elapsed since the work of 

Perrault and Mariette, several methods for estimating re-

charge have evolved. Of these, the following nine methods 

are considered worthy of discussion: (1 ) Lysimeters, ( 2 ) 

Percentage of Precipitation, (3 ) Aquifer Overflow, (4) 

Water Level Fluctuations, (5) Aquifer Strip Analysis, 

(6) Aquifer Underflow, (7 ) Consumptive Use and Runoff, 

(8) Tracers and (9 ) Finite Difference Methods. 

Lysimeters=-One of the oldest and most popular 

methods for estimating recharge from the time of Mariette 

to the early twentieth century was by lysimeters. This 

method involves the insertion of a pan or other vessel 
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into the soil below the root zone for the purpose of 

catchi ng the downward percol ati ng waters . Me i nzer ( 25 ) 

points out that many of the early lys i meter tests ran for 

long peri ods of t i me . The longest one was run for 49 

years, from 1 835 to 1 884 by Di cki nson and Evans in England . 

The d i sturbi ng thing about the lysimeter is that it 

does not always produce accur ate results. According to 

Corey {1 2) the mai n reason is that in partially · saturated 

soil the water i s under a capillary pressure whi le the air 

above the lysimeter i s usually at a t mospheric pressure . 

Therefore, wat er wi ll not fl ow i nto the lysimeter because 

the air above the lys i meter i s at a higher pressure than 

the water . Instead the wat e r will follow the surface of 

the soil grai ns and move around any vessel placed under-

ground to catch i t . It is conceivable that some type of 

speci ally constructed l ys i meter might work . However, the 

apparatus would have to be constructed wi t h full knowledge 

of the laws o f two- phase flow in porous medi a . 

Percentage o f Precipita tion-- I n the past one of the 

most common me t hods of esti mat i ng recharge has been to 

determi ne t he quantity o f p r ecipi tati on falling annually 

over an area and t hen assume that a percentage of the pre-

cipitati on reaches t he water t able as recharge. This 

method i s of l i ttle v alue, unless there is a reliable 

basis fo r the pe r centage assumed . 
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Woodward 7 Clyde 9 Sherard and Assoc iates (3 8 ) used this 

method i n esti mat i ng the recha rge t o the Nor t hern High 

Plai ns o f Colorado . They assumed tha t five p ercent o f the 

prec i p itati on became rechar ge, or 42 3 ,500 acre- feet per 

year eventually r eached the zone of saturati on . 

Aqui fer Overflow Method- - The overf l ow of an aqui fe r 

exists wh e n the aquifer i s filled t o capacity and ground 

water i s d i schar ged by means o f springs , seeps or evapo-

transpirati on . If t he aqui fer i s assumed to be i n dyn amic 

equil i b rium, the measurement of t he v o lume of d i s charge 

will give a v a l ue f o r t he recharge . Th i s method was em-

p l oyed by White 0 Broadhurst and Lang 35 ) in an area of 

t he Souther n Hi gh Pl a i ns o f Texas comp ris i ng about 9000 

square miles o 

The White study involved the l o cation 0 mapping , and 

measurement o f d i sch a r g e f o r all known spri ngs and seeps o 

The lands covered by d i ffe r e nt k i n d s of g r asses and sub-

i rrigated alf a lfa that used groundwate~ were mapped, and 

estimate s wer e made of the v olume of water used by the 

plants . From t hese measurement s, the t o tal natura l d i s -

charge was esti mated to be 25, 000 t o 30,000 acre=feet per 

year r epresenti ng about 0 . 05 i nch per year of r echarge 

ove r t he 9000 squar e mile area. 

Water Level Fluctuat i ons - - Another me thod for esti= 

mati ng recharge is by studying the f l uctuations of water 

levels i n wells. Thi s method may be used i n areas where 
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recharge is small and the water table is deep enough to 

prevent transpiration losses. Accurate records of water 

level measurements, preferably with automatic water- level 

recorders, are needed along with a reliable estimate of 

specific yield. Theis (30 ) used this method for estimat-

ing recharge in Lea County, New Mexico. The water level 

fluctuations should be analyzed closely to make sure that 

they are related to changes in recharge and not some other 

phenomenon such as barometric pressure as was shown in 

Figure l0 o 

Aqui fer Strip Analysis--Theis (30 ) also used an aqui -

fer strip analys i s for estimating the recharge in the 

Southern Hi gh Plai ns of New Mexico and Texas. Using the 

equation for uni - d i rectional groundwater flow over a uni-

formly sloping impermeable barrier, theoretical profiles 

for different rates of annual recharge were calculated and 

compared with the actual profile of the water table o He 

assumed an average slope of the bedrock of ten feet per 

mile, a uniform recharge rate u and a homogeneous and iso-

tropic aquifer with a hydraulic conductivi ty of 1000 gpd/ 

ft 2 . From thi s analysis Theis concluded that the recharge 

rate for the Southern High Plains of New Mexico and Texas 

was between one- fourth and one-half inch per year o 

Aquifer Underflow--At the present time, aquifer under-

flow is probably one of the most popular methods for esti-

mating the recharge to a given area. This method involves 
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the calculation of flow across a selected cross section o f 

an aquifer, and the division of this quantity by the trib-

utary area. The flow can be calculated using Darcy's law 

while the tributary area can be determined from geologic 

or water table maps. This method assumes steady state 

conditi ons and must be corrected for withdrawals above the 

selected cross section. 

This method has been used extensively by Walton (32 ) 

in calculating recharge to aquifers in Illinoi s . Water 

table maps were prepared and two flow lines spaced several 

miles apart were drawn at right angles to water~table 

contours . Darcy ' s law was used to calculate the flow 

entering ( Q1 ) and leaving (Q 2 ) the flow channel. The 

quantity (Q2- Q1 ) divided by the area of the flow channel 

gives the recharge rate . 

This method provides good estimates of natural re-

charge @ limited only by the accuracy of the data used in 

making the calculation. It is usually used for fairly 

large tributary areas and thus does not provide sufficient 

detail on the areal distribution of groundwater recharge . 

Consumptive Use and Runoff--Another method for calcu-

lati ng recharge is by determining the volume of consumptive 

use and runoff for an area and subtracting this value from 

the volume of precipitation. This method has not been pop-

ular in the past because of the errors involved in calcu-

lating both consumptive use and runoff. However, as 



techniques for esti mati ng consumptive use and runoff become 

refined, this method may ga i n in popularity o 

Blaney and Taylor ( 4 ) used this method in a three 

year study (1 927- 1929 ) on unirrigated native vegetation 

areas of the Santa Ana River Basin in Southern California. 

Willardson and others (36 ) have done some recent work on 

the separation o f evapotranspirat i on and deep percolati on 

whi ch c ould prove useful i n de t e r mining recharge rat~s for 

various areas and soi ls o The problem with this method is 

that a number of characteristi c curves for various crops 

would need to be developed and accurate records of the 

time, place and amounts of rainfall and irrigation would 

need to be kept for calculating the recharge to an enti re 

aquifer. 

Tr acers--This method i nvolves the use of any tracer 

element whi ch will remai n stable i n a groundwater aquifer. 

The element may be rad i oactive or non- radioactive. Chemical 

elements such as car bonates u bicarbonates, chlorides, o r 

sulphat es may be used in connection with geochemical tech-

niques- for determining sources and quantities of recharge o 

Bergstrom and Aten ( 2 ) l ocated areas of recharge for 

an aquife r i n Kuwait using as criteria the appearance of 

the p ~ezometri c surface and water quality data. Theim-

portant i tem i n thei r i nvestigation was the use of tritium 

(H3 ) and radio carbon (c 1 4) for dating the groundwater and 

thus confirm their theoretical del i neation of recharge 
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areas. Water from the recharge areas was from one to 

eight years old and that from a well three miles downdip 

was 30 to 500 years old in terms of time since the water 

entered the ground. With further research and development 

of techniques, this could be one of the better , methods for 

recharge studies. 

Finite Difference Method--This method was developed -

for use in this study. It involves the use of a mathe-

matical model in finite difference form for groundwater 

flow o A solution for the rate of recharge is then obtained 

on the digital computer. This method is fully developed 

in the following chapters and used in calculating the 

areal distribution and rates of recharge in the Northern 

High Plains of Colorado. 

Previous Estimates of Recharge in the Northern High Plains 
OF Colorado 

The most detailed investigation of recharge for an 

area of the Northern High Plains was probably made by 

Cardwell and Jenkins (10). This study was in connection 

with a groundwater investigation of the Frenchman Creek 

basin. The area studied includes the part of the French-

man Creek basin that lies in Colorado; and the part of the 

basin in Nebraska upstream from Palisade, Nebraska. This 

investigation includes that portion of the present study 

area north of T-11-N. 
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Using a combination of the consumptive use . method and 

underflow method, the amount of recharge for the Colorado 

portion of the Frenchman Creek basin was determined. Under-

flow along the Colorado- Nebraska state l i ne was calculated 

by dividing the cross section into nine sections. Clima-

tologi cal data was used to calculate the amount of evapo-

transpiration o These calculations. y i elded 90,000 acre- feet 

of underflow 8 15,000 acre- feet of evapotranspiration losses 

and 6,000 acre- feet o f pumpage for a total of 111,000 acre= 

feet of recharge. Dividing by the tributary area v the re-

charge rate was determined to be 0.80 inch per year for the 

portion of the Frenchman Creek basin in Colorado. 

A groundwater investigation of Yuma County by Weist 

(33 ) yielded little additional information. He believed 

that it was not practical to estimate the amount of re-

charge in Yuma County and concluded that Yuma County prob-

ably receives an amount similar to the Frenchman Creek 

basin. (Weist used a figure of 0.90 inch per year for the 

Frenchman Creek recharge. It should be noted that this i s 

the value Cardwell and Jenkins calculated for the entire 

Frenchman Creek area, both in Colorado and Nebraska . ) 

McGovern ( 23 ) used the underflow method for calcu- , 

lating the recharge rate in Washington County. He assumed 

that the rate of recharge to the Ogallala Formation is 

approximately equal to the rate of underflow from the 

county. Choosing the Yuma- Washington County line as his 
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cross section, the amount of underflow was calculated to 

be 83,000 acre-feet per year representing a recharge rate 

of about 0 o95 inch per year. 

Boettcher (5 ) also used the underflow method for cal-

culating recharge to the Ogallala Formation in Cheyenne 

and Kiowa Counties o Using the Colorado- Kansas state line 

as his cross section, the annual groundwater d i scharge 

from the Ogallala Formati on i s approxi mately 52,000 acre= 

feet. The natural recharge for the 1300 square- mile trib-

utary area was 0 o75 inch per year o 

A v alue of 0 o85 inch per year for the rate of recharge 

to the Ogallala Formation in the Northern Hi gh Plains o f 

Colorado was calculated by McGov ern and Coffin ( 24 ) o The 

amount of underflow across the state line was determined 

to be 390,000 acr e - feet per year and groundwater runoff 

into streams was reported as 40,000 acre- feet per year 

giving a total recharge rate of 430 q000 acre- feet per year o 

This is the figure which has been widely accepted and used 

when discuss i ng recharge to the Ogallala Formation of the 

Northern High Plains o 

I n an investigation for the Colorado Water Conserva-

tion Board, Woodward u Clyde, Sherard and Associates (38 ) 

used the percentage of precipitati on method to calculate 

recharge~ They calculated the volume of precipitation on 

the .Northern High Plains as 8,470,000 acre- feet annually o 

Without giving any apparent reasons, five - percent of the 
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rainfall was assumed to be recharge. This g ives a value 

of 423,500 acr e -feet per year for t he recharge to the 

Ogal l a la Formation . Assuming an average figure of 1 000 

gallons per day per square f oot for the hydr aulic conduc-

tivi ty along t he s t a t e l ine, a value ot 298,500 acre- feet 

per year was calculated for the underflow across the state 

line. Based on a tributary area of 9300 square miles, t he 

42 3, 500 acr e - feet of recharge gives a rate o f recharge of 

about 0.85 inch per year o 

Table 2 is a summary of the recharge investigations 

in the Northern Hi gh Plai ns of Colorado. These investi= 

gations appear to converge on an average rate of recharge 

to the Ogallala Formation of about 0 . 85 inch per year. 

It should be noted that these investigations cover large 

areas . Mos t of them cover areas i n excess of l u000,000 

acres . None of t he studies has attempted to give any 

information on the areal distribution of groundwater re= 

charge . The det erminati on of recharge over such large. 

areas may t end to obscure localized recharge patterns of 

major importance. A description o f these localized pat= 

terns is a necessity before adequate groundwater manage-

ment programs can be i mplemented o 



Table 2. Summary of Recharge Investigations for the Ogallala Formation in the Northern High Plains of 
Colorado. 

Volume of Volume of Volume of 
Volume Evapotrans- Groundwater Underflow Rate of 

Tributary of Recharge piration Runoff across state line Recharge 
Area of area (acre-feet (acre.,.feet (acre-feet (acre-feet (inches 

Investigator Investigation (acres) per year) per year) per year) per year) per year) 

Cardwell and Frenchman 1,648,000 111,000 (a) 15,000 0 90,000 
Jenkins (10) Creek basin 
Weist (33) Yuma County 1,526,000 - - - -
McGovern ( 23) Washington 1,046,000 83,000 0 0 0 

County 

Boettcher (6) Cheyenne and 831,000 52,000 (b) 0 0 47,000 
Kiowa Counties 

McGovern and Entire 6,080,000 430,000 0 40,000 390,000 
Coffin (24) Northern 

High Plains 
-

Woodward,Clyde, Entire 5,950,000 423,500 (c) ? ? 298,500 
Sherard and Northern 
Associates ( 38) High Plains 

(a) Includes an estimated 6000 acre-feet of discharge by wells. 
(b) Includes 5000 acre-feet of underflow into Kit Carson County and Prowers County. 
(c) Woodward, Clyde, Sherard and Associates estimate 76,980 acre-feet per year of surface water 

discharge from the study area by principle streams into Nebraska and Kansas. It is not clear 
as to what portion of this amount ts groundwater runoff. They estimate another 50,000 
acre-feet per year of groundwater discharge to streams from springs and evapotranspiration 
from seepage areas. 
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Chapter V 

TECHN I QUE OF I NVESTI GAT ION 

Mathemat i cal Model 

A model of a groundwater flow system may be a scaled 

phys i ca l s i mulator such a s the Hele=Shaw model or it may be 

a mathemati cal model suitable for digi tal or analog com-

puters o The se l ected model mu s t adequately portray the 

phys ical characteristics of a groundwater aquifer o The 

model may be based upon kn own phys i cal laws , or it may i n = 

corporat e certain empirical relationships verifi ed by 

experiments o 

A mathematica l model is a n equati on, or set of equa= 

tions, t hat bes t satisfi es t he criteri a of the model des i gn. 

The mathemati cal model deve l oped f o r a nalyz i ng recharge to 

the Ogallala Formation incor por a t es a s et o f equations 

which descri bes fluid f low through porou s medi a. This set 

o f equati ons includes Darcy 8 s law, t he continuity equati on 

and the Dupuit assumpti ons o 

Darcy 0 s Law==The flow o f viscous l i qui ds through a 

saturat ed por ous medi a is g i ven by t he relati onship ~ 

Q = - KA j H 
L 

( 5= 1 ) 

where Q i s the volume d i scharge rate, K is the hydraulic 

conductivity , A is t he cross=sect i onal area of the porous 

media p e rpendicular t o the d irection of flow /J and 6H is 
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the piezometri c head loss in the d i stance L. Equation 5-1 

was determi ned experiment ally i n 1 856 by Henri Darcy (13) 9 

a French hydraulic engineer, and i s known as Darcy 0 s Law a 

It should be noted that the piezometric head H is the 

sum o f the e l evati on head z and the pressure head P/pg. 

The velocity head i s not included i n Darcy 0 s law . For most 

groundwater condi t i ons u the ve l ocity of flow is small and 

Darcy 0 s law i s a valid phys i cal concept. 

If the flow fi eld is assumed to be i rrotat i onal on a , 

macroscopi c basis u then the flow system can be replaced by 

a mathemati ca l continuum (1 4 ) and equation 5-1 may be 

written as ~ 

where is the volume flux Q/ A 

a poi nt i n the porous media and K 
X 

( 5- 2 } 

in the x=direction a t 

i s the hydraulic con-

ductivity in the x- direction . The volume flux q and 

piezometri c head H are regarded as conti nuous functions 

of x , the directi on o f flow a 

Although Darcy 9 s l aw was fir st d i scovered by experi-

ment, the equati on can be derived from the general Navier-

Stokes equati ons for viscous fl ow (1 7). Such a derivati on 

is achiev ed from s t atist i cal cons i derati ons . and simpl i fi -

cations of the complicated mi cropore s t ructure. Thus f 

Darcy ' s law i s an empiri ca l equiva l ent of the Navier- Stokes 

equati ons. 
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Dupui t Assumptions~=In an unconfi ned aquifer the upper 

flow boundary i s indetermi nate. I t is usually assumed to 

be at the water tab l e, but a better approximation would be 

at a he i ght abov e the water t ab l e equal to the thickness of 

the capi llary fringe . The importance of the capillary 

fri nge depends on its magnitude re lative t o the saturated 

thickness of the aquifer. 

The boundary conditi ons i mposed by a water table p re= 

sent a f ormi dable mathematical prob l em o Therefore~ cert a i n 

assumptions wi ll be made that l ead to a s i mpl i fication of 

the prob l em. These assumptions are attributed to the work 

of Dupuit and have been widely used in solving problems of 

f low i n groundwate r hydraulics (1 8 ) . The assumptions made 

by Dupuit are ~ (1 ) the velocity of flow at t he water table 

is proportional to the slope o f the water table, ( 2 ) in any 

vertical secti on the flow i s horizontal at the water tab l e 

and everywhere below i t and (3) the veloc i ty i s uniform 

throughout the depth o f flow. 

Clear l y u these assumpti on s are not r i gorously val i d . 

However, when t he slope of the water table is small, use o f 

these assumpti ons leads to r easonab l e results. The Dupui t 

assumpti ons make it possib l e t o s i mplify the .mathemati cs o f 

groundwater flow in unconf i ned aqui fers. 

Conti nui ty Equati on~-An i mportant relati onship in flow 

phenomena o f any kind i s obtained from the pri nciple of 

conserv a tion of mass . In the case of flu i d flow u the 
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principle is a statement of material balance with respect 

to a volume element fixed in space . For the case where n o 

source or sink exis ts within the volume element, the con-

tinuity principle is given by : 

(Mass of Flui d enter i ng element ) -

{Mass of Fluid leaving element) = 
(Net change of Mass of Fluid in element ) (5- 3) 

Boussinesq Equati on--The mathematical model is devel-

oped for a small pri sm of the aquifer by considering the 

aquifer to be a network of i nterconnected prisms. The 

development is based on a mass balance. The selected 

prism of saturated aquifer is bounded by two pairs of in-

finitely close vertical planes parallel to the XH and YH 

coordinate planes (Fi gure 14 ). The prism is bounded above 

by the water table and below by an impermeable bed . Each 

prism i s connected on f our sides with other prisms of the 

aquifer ; thus , making the model two-dimensional. 

y 

H 

_,..)------------- X 
0 

Bed.rock 

Figure 14. Element of aquifer used for developing the 
mathemat i cal model. 
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Us i ng Darcy 0 s law and the Dupuit assumptions, the 

mass of a fluid with density p flowing through the left= 

hand face of the selected prism during the time dt is : 

M = - pK D l!!, dy dt o x x ax ( 5- 4 ) 

The mass fl owing through the right-hand face during the 

same t i me peri od is i 

(5 = 5 ) 

where D represents the depth of flow. The mass accumu= 

l ating i n the prism during the time dt is the difference 

in the two masses , i. e . , . 

nM = 
X 

cl aH ax (KXD ax> dx dy dt O 
(5=6 ) 

Similarly u by considering the mass flow i n the y =direction, 

an express i on for the mass accumulation during the time dt 

is~ 

L'i M y 
a = Pa y (K D !!!,) dx dy dt o 

Y ay (5-7 ) 

In addition, an assumed constant recharge rate w1 
reaches the aquifer and an assumed constant discharge rate 

w2 is withdrawn from the aquifer . The net rate of recharge 

or discharge is thus given by W = w1- w2 ; net recharge 

being positive and net discharge being negative . In cases 

where the depth t o water below land surface i s large, w2 
will be very small and the net recharge W approaches the 

gross recharge w1 . In cases where the water table is 
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shallow such as along effluent streams , w1 will be small 

compared to w2 and the net discharge -W will approach 

the gross discharge w2 in value o The net mass of flu i d 

entering the pri sm due to recharge or discharge is given 

by : 

~MR= pW dx dy dt 0 ( 5=8 ) 

By summing equati ons 5=6, 5~7, and 5- 8 y the total mass 

accumulated in the prism during the time dt is ~ 

= [ a (K D aH ) + _ a (K D l!!) + w] dx dy dt 
P ax x ax · ay y ay ( 5=9 ) 

The mass of fluid filling the prism is p SD dx dy, 

where S i s the effective porosity or drainable voids 

ratio . After time dt, the mass in the prism is changed due 

to e ither a rise or decline in the water table o This change 

is equal to ~ 

cl D 
p S 'IT dx dy dt (5-1 0 ) 

To satisfy the continuity condition , equations 5- 9 and 5=10 

are equated and then divi ded by pdx dy dt to obtain : 

aD 
s at 0 

( 5-11 ) 

Equati on 5-11 is a form of the Boussinesq equation (1 } 

in two d imens i ons and represents a mathematical model for 

flow in an unconfined aquifer under non- steady conditions. 
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Groundwater movement is steady or time independent 

when its flow characteristics are not changed w~th time. In 

the most strict sense of the defini tion, there are no 

steady groundwater aquifers o However , in some problems 

it suffices to obtain average values of the time de-

pendent variables such as head or saturat ed thickness o The 

boundary condition is averaged over a given time interval 

and a steady state soluti on obtai ned. 

By assumi ng a steady s t ate condition, derivatives with 

respect to time can be elimi nat ed and equati on 5- 11 may be 

written as ~ 

a (K D aH) + _a (K D ~ \ = = w 
ax x ax ay y ay ' (5- 12 ) 

Equation 5=1 2 is used as the mathematical model for analyz= 

ing net recharge rates in thi s study. 

Digital Computer Solution o f Mathematical Model 

To gain the greatest amount of information possible, 

it is desired to make use of equation 5- 12 without altering 

its form o This equation i s a nonl i near, second- order par-

tial differenti al equati on, f or which no g~neral solution 

has been obtai ned o In this investigation we are interested 

in calculating the areal distribution of net recharge Wo 

To do this we wi ll use a finite difference form of equation 

5=12 and calculate the net recharge rate directly. 

Eshett and Longenbaugh (1 5 ) have presented a finite 

difference method for an equation very similar to equation 



63 

5-12 . The f o l lowi ng development has drawn heavily on their 

discussion . Five gr i ds are arranged as in Fi gure 15 where 

i and j are b l ock numbers i n the coordinate system 

(x,y ) 0 m i s the number o f grids i n the y ~d i rection and n 

is the number of gri ds i n the x- directi on. 

Employi ng a central fi n i te=differ ence scheme , equat i on 

5-12 may be writte n wi th r espe c t to gr i d ( i ; j ) in the 

following form g 

(KD ). '+ l + (KD ). . 1 ,J 1 , J 
2 

= -~D ) iuj = l + (KD~_hi 

.2 

(KD ) . l . + (KD ) . . + l.= ,J 2 , 1 
2 

(KD ) . + l . (KD ) . . 
_1. ..u. w- .'.!:.Ll 

2 

= W L'i X •• b y , . 
1 0 ] 1 0 ] 

H .. - H . ' +l 1 ,J l. oJ 
l\ X . ' + l L'i X , • 1,J + 1 ~.1. 

2 2 

L'i X •. 1 1 ol_= 
2 + 

H . • 1,J 
t:,. X ... J. ,J 

2 

/Jy .. J. ,J 

H , , - H . l . 
-2:.t,~ L'i X • . 
L'i y . 1 . t y , _ " 1,J 
m 1 = , __ l + 1 .:tl · 

2 2 
H . l . - H .. 

l. •• el 1 ,J ti X .. 
t:,. y ._JL 1 , t:,. y . • 1u J 7~ + ~,J 

{5- 13 ) 
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i +l , j 

y i, j-1 i,j 

i 
i-1 , j j 

llX. j+l 1. , 

i, j+l 

= 1,2 , ••. ,m 
= 1,2, •.• ,n 

f 
/J.Y . ·+1 1.,J 

l 

Figure 15 . Typical grid system used in deve loping finite 
difference equation. 

Rearrangement of equati on 5-13 yields~ 

i, '+ 1 + (KD) i, j j 
ti X . . ti X . . + l + ti X . . f 1. , J . 1.,J 1.,J 

[ 

( KD ) . . l + ( KD ) . . ] 
- -~ l. J- . l.J • 

tix. ~l"ti x . . 1 + tih 1.,J l.,J- 1.,J 

[ 

(KD) . - . + (KD) . . ] + 1.-J., 1., 
.+ &~· 1.,J l.· ,J l.yJ 

- [ (KD) i + l, j ~-(I<D) i 'i ·] 
tiy. . Ttiy . +l . + lly. .1 1. ,J l. ,J 1.,J 

[
H . . l - H .• l l. vJ- 1,J J 

[ H . . - H . 1 .l J. ,J 1.- ,J j 

To determine the areal distribution of r echarge, the 

Northern High Plains was divided into a squar e grid network 
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wi th Ax and Ay equal to s i x mi les (see Fi gure 16 )o 

Equat i on 5-14 was t hen written for each gri d and a value 

for the net recharge rate W calculated . The f ollowing 

assumptions were made : ( 1 ) Darcy 0 s l aw is val i d, ( 2 ) t he 

Dupui t assumpti ons are met, (3 ) the aquifer i s under steady 

state condi t i ons p (4 ) net recharge i s d i s t ributed uni formly 

in bot h time and space over each grid, (5 ) the aqui fer i s 

homogeneous and isotr opi c wi thi n each grid and ( 6 ) the 

lower boundary i s i mpermeabl e . 

Figure 1 7 gives -an illustrati on o f what the calculat ed 

net recharge rate W mi ght r epresent. In the largest per-

centage o f the Northern Hi gh Plai ns area, the depth to the 

water t able wi ll be l arge (see Fi gure 12 ) and w2 will be 

very small. Thus, · t he net recharge W ~losely represents 

t he gr oss - r echar ge w1 . I f the grid s i ze were made smaller 

the net r echarge W would more closely approxi mate the 

gross r echar ge w1 . However , the bas i c data for thi s study 

i s not o f suf f i c i ent accuracy t o justi fy the use of a . 

smaller s i zed gri d . 

To solve equati on 5-14, values for K, D 6 H, Ax and 

Ay are needed f o r each o f the gri ds o Val ues of hydrauli c 

conductivi ty K wer e determi ned f or each gri d by super-

impos i ng the gri d ne t work of Fi gure 1 6 onto the hydraul i c 

conductivi ty map o f Figure 9 o An a verage value of K for 

each gri d was then determi ned by vi sual i nspection . 
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Figure 16. Six square mile grid system used in the finite 
difference method of calculating net recharge 
to the Ogallala Formation of the Northern High 
Plains of Colorado. 
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r.---
Water table 

L 6mi. _j 
Figure 17. Grid cross section showing the concept of net 

recharge and gross recharge. 

The grid network was also superimposed onto the water 

table map, Figure 7, and the bedrock map, Figure 4 . The 

area within each contour of each grid was planimetered and 

an average water table elevation H and bedrock e l evation 

Z determined for each grid. The average saturated thick = 

ness D was calculated by subtracting the average bedrock -

elevation from the average water table elevation (D = H=Z) . 

A Fortran I V p r ogram for the CDC 6600 digital computer 

was written and values of net rec~arge W were calculated 

using equation 5=1 4. A positive value for net recharge 

represents water ~being added to the aquifer from the sur-

face. A negative va l ue of net re9harge indicates that the 

aquifer is dischargi ng water. The Fortran IV program i s 

given in Appendix C and the input data for K, O, H,Z , /ix 

and /iy are g i ven in Appendix D. 
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Thi s model r epresents a deta i led s i mul atidn of the 

area, l i mited only by the adequacy of the dat a used in the 

calculati ons. The method is closely re l ated to the under= 

flow method except that the size of the area is greatl y 

reduced, thus givi ng more areal detai l . 
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Chapter VI 

RESULTS AND DI SCUSSION 

Distri buti on of Natural Recharge in the Northern High 
Plains o f Colorado 

Figur e 1 8 p r esents the results of thi s study i n the 

form of isolines o f equal rates of net recharge o The re~ 

sults i n the f o rm of a computer print out sheet are also 

given in Appendi x E . A wi de v ari a tion in net recharge i s 

shown ; varyi ng from negative quanti t i es (indicating areas 

of natura l discharge ) to as much as s ix i nches of net re-

charge per year i n the sandhills north of Wray . In general, 

net recharge rates i n excess of two i nches per year are 

confined t o the sandhill porti on of the study area . Most 

of the area wi th surface exposures o f Peorian Loess and 

Ogallala Formati on have net recharge rates of one inch per 

year or less. 

By using the finite d i fference method 8 the total vol= 

ume of net recharge to the Ogallal a Formati on was computed 

to be 405,000 acr e =feet per year or an average of about 

0.82 i nch per year over the entire study area. It should 

be pointed out that the net recharge rate of 405,000 acre-

feet per year is something less than the gross recharge 

rate (see Figure 17 ) . However , because of the great depth 

to the water table over a large portion of the Northern 

High Plains, the 405,-000 acre- f eet per year is believed to 

closely approxi mate the gross r echarge rate . 



Net Recharge In Inches Per Year 

ltfi] < o.oo 

ffiJ 0 .00-0.50 • 0 .50-1.00 

§ 1.00-2.00 

[Ill] > 2.00 

SCALE 
0 5 0 5 0 W 
loolo11bd bd bd l1i11LEs 

7 0 

II 

10 

9 

8 

7 

g 

5 

4 

·3 

·2 

T-1-N 

T-1-S 

2 

3 

4 

5 
51/2 
6 

8 

9 

10 

12 

13 

14 

15 

16 

17 

18 

19 

21 

Figure 18. Distribution of groundwater recharge for the 
Ogallala Formation in the Northern High Plains 
of Colorado. 
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The total vol ume o f net recharge to t he Ogallala 

Formation i s d i stri buted unevenly over the study area. An 

indicati on of thi s variation can be obtai ned by - inspecti on 

of the average net r echarge rates for the various counties 

as shown - i n Tab e 3. Yuma County (covered mostly by the 

sandhi ll area has the highest average net recharge rate 

of 1. 45 i nches per year whi le Kiowa County at the southern 

tip of t he study area has the lowest average net recharge 

rate of 0 .15 inch per year. 

Tab l e 3. Av erage Net Recharge Rates fo r the 
Counties of the Northern Hi gh Plains 
of Colorado. 

County 

Sedgwick 
Phillips 
Logan 
Washi ngton 
Yuma 
Kit Car son 
Li ncoln 
Cheyenne 
Ki owa 
Entire Northern 
High Plains 

Average Annual Net ·Recharge 
(inches per year ) 

0 . 90 
0 . 95 
0 a55 
0 a 80 

L 45 
0 . 40 

0 a 20 

0 a65 
0 .1 5 

0 . 82 
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Distri bution o f Net Natural Di scharge in t he Northern 
Hi:gh Plai:ns of Color ado 

Re f e r rin g t o Figure 17 , a value fo r the net natural 

discharge =W wi ll be obt a ined if t he gross natural d i s-

charge w2 i s larger t han t he gross r echarge w1 o The 

actual compu ed v a l ues o f net d i scharge will be less than 

the gross natural d is charge . However ~ along t he effluent 

porti ons of the North and Sou t h Forks of the Republican 

River and the Arikar ee River f the rechar ge rate w1 is 

probably small compar ed to the d ischarge rate w2 • Thus, 

the net natural d ischarge =W i s probably a good estimate 

of the gross d ischarge w2 • 

Areal d i stributi on of net natural discharge i n the 

Northern High Plains produced some h i ghly unexpected re -

sults o All o f t he suspected areas of d i sc?arge along t he 

North and South Forks of the Re publ i can Ri ver and the 

Arikaree Ri ver were clearly defined by the finite differ= 

ence me t hod as shown i n F i gure 1 8. However, two areas of 

natural d ischarge are shown t hat were not expected . One of 

these areas i s along the Smoky Hi ll Ri ver near Cheyenne 

Wells and t he other e xtends diagonally i n a long narrow ---- band from southeastern Sedgwi ck County t o 1 8 mi les south of 

Akron i n Washi ngton County. Each of t he discharge areas is 

d iscussed in detail later. 

Underflow Across State Line =-As was po i nted out 

previous ly , the water . table map of Figure 7 indicates that 

groundwat er flows from Co l orado i nto Kansas and Nebraska. 
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The mathematical model used for the calculation of recharg~ 

rates was also used to calculate the quantity of underflow 

out of Colorado. The state line was divided into 32 seg~ 

ments six mi les in length. Values of K, ~H ; Z, and D were 

selected for each segment and using Darcy ' s law the ground-

water underflow across the state line was calculated to be 

175,000 acre- feet per year. 

Net Natural - Discharge Along the North Fork of the 

Republican River-=The net rechar ge map of Fi gure 18 indi-

cates a large discharge area along the North Fork of the 

Republican River near Wray. By the finite difference 

method, the net discharge was calculated to be 50,000 acre-

feet per year. The author observed that this i s an area 

of s i gnif i cant groundwater runoff during a field trip to 

the area i n March, 1967. Numerous seeps , springs and bogs 

are prevalent in the area as shown by the photographs in 

Figure 19. 

Surface water . records published by the U.S. Geological 

Survey show that a stream g~ging station was maintained 

on the North Fork of the Republican River 100 feet east of 

the Colorado- Nebraska state l i ne for several years (3l )o 

The records from thi s station are noted as being good by 

the U. S. Geological Survey o To keep with i n the dynamic 

equilibrium assumption used in this study, the earlier 

streamflow records from 1940 to 1950 were reviewed at this 

stati on L The month of February was selected as a base for 
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~) 

{b) 

Figure 19. (a) Groundwater standing in a stagnant pool 
at the headwaters of the North Fork of the 
Republican River. (b) A spring east of W~ay 
which discharges into the North Fork of the 
Republican River. 
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groundwater runoff i n the area because transpiration by 

plants would be small and evaporation would be at a minimum. 

Also, records during February do . not seem to reflect icing 

effects as much as January. Runoff from preci pitation is 

also very small - during February o 

The mean monthly flow for February at this station 

from 1 940 to 1 950 vari~d from 58 . 7 second-feet to 76.4 

second-feet and averaged 7 0 second-feet or about 51,000 

acre- feet per year. Within the limi ts of the accuracy of 

the ~tation and the assumption that February i s a good base 

for computi ng groundwater runoff, this 51,000 acre~feet 

per year should be very close to the gross natural dis -

charge. Therefore, the 50,000 acre-feet per year of net 

natural d i scharge as computed by the finite difference 

method should be slightly less than the 51,000 acre=feet 

per year of gross natural discharge . Good agreement is 

obt a ined between the two results. 

The base flow of the North Fork of the Republican 

Ri ver decreases to less than 20 second=feet during the 

summer months. This indicates that a large - percentagE;:? of 

the groundwater d i scharge is lost to evapotranspiration 

during the summer. Assuming 50 second-feet lost to evapo-

transpirati on for five months u it i s estimated that approx-

imately 15,000 acre- feet pe r year of groundwater is lost to 

evapotranspiration and 35,000 acre- feet per year is lost as 

groundwater runoff in this area . 
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Net Natural Discharge Along the South Fork of the 

Republican River-=Results obtained from the finite dif= 

ference method indi cated 35,000 acre- feet per year of net 

groundwater d i scharge along the South Fork of the 

Republican River . The area is i ndicated around Bonny 

Reservoir on Fi gure 18 . This was also confirmed as a 

groundwater discharge area by field inspection (see Figure 

20 • 

A str eam gaging s t ati on on the South Fork of the 

Republican Ri ver was established two mi l es downstream from 

the state line i n 1947. However @ Bonny Reservoir was con-

structed i n 1950 and the stream flow records for the re-

maining years i nd i cat e that the stream flow was reduced 

from the virgin flow condi t i ons o 

The mean monthly flow for the month of February at -

this station from 1947 to 1950 varied from 58.4 to 76.5 

second- feet -and aver aged 63.5 seconq~feet or 46,000 acre-

feet per year o f gross d i scharge o Rememberi ng that this 

stati on is two mi les below the state l i ne and that net 

discharge is less than gross d i scharge, it is believed that 

good agreement exists between the 35,000 acre=feet calcu-

lated by the finite d i ffe r ence- method and the actual gaged 

runoff. 

The streamflow records for the South Fork of the 

Republican River a l so indi cat e that evapotranspi ration 

during the summer months i s rather h i gh o These records 
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indicate that approximately 10,000 acre- feet per year of 

groundwater are los t to evapotranspiration and 25,000 acre-

feet per year are lost as groundwater runoff. 

Di scharge Along the Ari karee River-mThe Ar.ikaree 

River- ups tream from the state line i s also a discharge area 

as shown by Figure 18. The net groundwater d i scharge in 

thi s area was calculated to be 20,000 acre-feet per year o 

A photograph showi ng t he groundwater runoff i n March 1967 

i s shown i n Figure 21. 

No stream gagi ng stati on close to the state line has 

been established on the Ari karee River . The nearest is 

located approximately s i x or seven mi les downstream near 

Haigler f Nebraska . Records for this station, whiGh are 

considered poor by the Uo S . Geologi cal Survey, indicate 

a mean monthly runoff from 1940 to 1950 for February of 

26.1 second- feet or about 19,000 acre- feet annually o Since 

the gagi ng station is six or seven miles downstream from 

the state l i ne, the gross groundwater runoff at the state 

l i ne would have to be - less than the 19,000 acre=feet per 

year at the gagi ng station . ~herefore, s i nce net discharge -

is supposed to be less than gross d i scharge g poor agreement 

exists between the 20,000 acre- feet calculated by the 

finite d ifference method and the actual gaged runoff . How= 

ever, -since the records at t~is stati on are considered poor 

by the U.S. Geolog~cal Survey, a closer agreement may exist 

than that shown . An estimated 5,000 acre~feet per year o f 
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Figure 20. Groundwater runoff into Landsman Creek which 
discharges into the South Fork of the 
Republican River. 

Figure 21. Groundwater runoff in the Arikaree River 
approximately 15 miles upstream from the 
state line. 
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groundwater is lost to evapotranspiration along - the 

Arikaree River with the remaining 15~000 acre- feet per 

year bei ng lost to groundwater runoff . 

Net Natural Discharge Around- Cheyenne Wells--Results 

from the finite difference method revealed 30,000 acre- feet 

per- year of net groundwater discharge in the Cheyenne Wells 

area (see Figure 18 ) . This was no t expected because no -

known surface water flow due to groundwater exi sts along 

the Smoky Hill Ri ver in Colorado. However, the water table 

map (Figure 7 ) shows a fairly sharp upstream flexure of the 

water table contours indi cating a possible discharge area. 

Figure 12 indicates that the depth to water in this area i s 

100 feet or greater, f airly well excludi ng surface dis -

charge of any kind. However, the density of the~water 

level measurements i n tne area may not have been great 

enough to pick up areas of shallow water along the . river . 

One poss i ble reason f or this discharge area is that a 

large amount of wi thdrawals by pumping has occurred and our 

dynami c equilibrium assumption has broken down. However, 

Boettcher (6 ) indicates that the 14 irrigation wells in use 

in Cheyenne and Kiowa Counties during 1960 pumped only 

about 2000 acre- feet of water. If all of these wells were 

localized in the Cheyenne Wells area, it is highly unlikely 

that the withdrawal of 2000 acre- feet annually would cause 

such a sharp upstream flexure in the water table contours. 
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Another poss i b i l i ty i s that t he sat u r ated thi ckness of 

the Ogallala may be greater t han i n d i cated . Boettcher (7) 

notes that clay beds i n the Ogallal a vary from dark green 

to dark brown and in places are as much as 20 feet thick . 

These beds are similar to the weathered boos of the Pierre 

Shale and Ni obr ara Formati on in drilling characteristics 

and in color and texture . Ther e fore , many driller s may 

mi stake clay beds in the Ogallala Formation for the Pierre 

Shale o r Ni obr a r a For mat i on a nd f a i l to penetrat e the en-

tire thickness o f the Ogallala Formation . 

The remai n i ng poss i bility is that our assumption of an 

impermeable lower boundary has b r oken down o It should be 

noted that t he s ubsurface geo l ogy - is changing i n this a r ea 
r' / ;)._ rY· ~1-->f" 

and a few miles to the south t he bedrock changes from 

Pi erre Shal e to Niobr a r a Forma tion o It i s beyond the scope 

o f thi s study t o i nvesti gate the poss i b i lity of subsurf ace 

discharge i nto underly i ng f ormations . Much more detail on 

the subsurface geo l ogy o f t he Pierre Shale and Niobrara 

Formati on i n this a rea i s needed . 

Net Natural Di scharge Along a Li ne from Southeastern 

Sedgwick County to 1 8 Mi le s South o f Akron--This a rea of 

natura l d i scharge was a l so complete l y unexpected a However 8 

results from the fini te d ifference method indicate that a-

bout 75,000 acre-feet of groundwater discharge per year oc-

curs i n thi s area . Fi eld investigation revealed no surface 

discharge and pumping by wells in' the area-, -especially prior 
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to large scale development, is not enough to account for 

such a large amount of d i scharge o 

Upon studying Figures 3 and 1 8, i t was found that this 

narrow discharge area compares closely with the approximate 
. 

subsurface extent of the White River Group. Figure 22 was 

prepared to show this relationshi p. As was pointed out in 

the geological description of the area p the White River 

Group may contain small amounts of water in hydraulic con= 

nection with the Ogallala Formation. Several wells i n the 

area have been noted to penetrate sand layers in the White 

River Group. If such a sand member could be stratigraphi c = 

ally located over the entire area, then it seems possible 

that water is moving from the Ogal l ala Formation laterally 

into the White River Group and down gradient in the White 

River Group to the South Platte River. The north=south 

geologic cross secti on of Fi gure 23 running northward from 

the d i scharge area t o the South Platte River illustrates 

this hypothes i s. Insufficient subsurface data are avail= 

able to confirm this hypothesis at the present time. How= 

ever, it is hoped that an extensive field i nvestigation 

will be undertaken to study the possibi l i ty of subsurface 

discharge from the Ogallala Formation in this area. If 

this is a subsurface discharge area, it should be noted 

that the actual amount of subsurface discharge will be 

larger than the calculated 75,000 acre-feet per year o This 

is because of the breakdown in the assumption that the 

lower boundary is impermeable. 



LEGEND 

White River 

l IIIlil Ground - Water 
Area 

Group J 
Discharge 

T-12-N 
.JITTT'Mnt 

I II 
...-.ol~+H-l+fil-l-l-1--Wl-l-l-l~ 

10 

9 

7 

6 

4 

3 

2 

T-1-N 

T-1-S 

2 

3 

4 

5 1/2 
6 

7 
""'=:___.,.,'-+-'"'"-+-""~-"'-'4+-""'+-=<L+-"~ ~~-t---'-'-+--'-"+-",~....:r..::,c+-==-!f!'R-"-42-W 

8 

9 

10 

SCALE 
5 0 5 W 

looloobd bd bd l1o11LEs 

12 

13 

14 

15 

Figure 22. 

16 

17 

18 

21 

Relation between subsurf~ce extent of the White 
River Group and a major groundwater discharge 
area. 



G) 
> 
0 

D 
ct _ 4600 

- Land Surface 
--.-Water Table 
777'1 Bedrock 

To Ogallala Formation 
Twr White River- Group 
Kp Pierre Shol e ·· 

Section Looking East Along R .. 47-W. 

if~ Possible Area m 
E 4200 SOO>Uffoce Discharge __ . j 

--- J - - ---
~· ? - ,.,~ 

w 
3400 

r - I I I I I I l . I I r I T r T 
10 
N N N N N N N N N N 

Figure 23. Geologic cross section of the northern part of the Northern High Plains 
indicating a hypothetical possibility for subsurface discharge from the 
Ogallala Formation into the White River Group. 

(X) 
w 



84 

Misc~l laneous Discharge Areas=-Several minor d i s = 

charge areas are indicated on Figure 18. A value of about 

3000 acr e - feet of net dischar ge pe r year was obtained for 

a small a r ea at the head waters o f t he Arikaree River in 

Lincoln County~ This small amount of d i sch arge probably 

does not reflect any streamfl ow, but i s more likely to be · 

entirely the result of evapotr anspiration losses. 

Another small d i scharge area is located along the head 

waters of the South Fork of the Republican River. A v alue 

of about 3000 acr e - f eet per year was calcul ated for this 

area. Th i s _ quanti ty o f ne t d i scharge i s probably consumed 

by evapotranspi ration. 

An estimat ed 7 000 acre~feet per year of net d ischarge 

is indicated along the northe rn edge o f the High Plains i n 

Sedgwi ck County and Logan County . Thi s probably occurs as 

seeps or small springs along the escarpment o Another 7000 

acre-feet of net d i scharge per year occurs at scattered 

and i s olated po i nts along the western edge o f the study 

area, not ably i n Was h i ngt on County and nort hwestern 

Cheyenne County. Thi s volume o f d i scharge i s also probably 

due to seeps along the escarpment. Table 4 summarizes t he 

groundwater discharge calculations. 
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Table 4. Summary o f Net Natural Groundwater Discharge 
Calculations in the Northern High Plains of 
Colorado. 

Ground-
Evapotrans - water . Subsurface Total 
piration Runoff Discharge f or area 

Area (ac- f t /yr) (ac- ft / yr ) ac-f t / yr ) ( a-::: - ft / yr ) 

North Fork of 15, 000 35,000 50,000 
the Republican 
River 
South Fork of 1 0,000 25,000 35,000 
the Republican 
River 
Arikaree River 5,000 1 5,000 20,000 
Cheienne Wells 30,000 30,000 
Southern 75,000 75,000 
Sedgwick County 
to 1 8 miles 
South of Akron 
Head of 3,000 3 ,000 
Arikaree Ri ver 
Head of the 3,000 3,000 
South Fork o f 
the Republican 
River 
Northern 7,000 7,000 
Sed9:wi ck 
Miscellaneous 7,000 7,000 

Totals · for 50,000 7 5,000 105,000 230,000 
Northern 
iji9:h Plains 

Underflow across 
State Line 175,000 

Grand Total of 
net dischar9:e 405,000 
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Fini te Difference Method as a Qualitative Tool for Recharg~ 
Analysis 

Bes i des being a powerf u l quantitative technique, the 

finite difference method appears to be a good qualitative 

tool for recharge analysis. For instance, a range o f hy= 

drauli c conductivities were used i n thi s study to determi ne 

their effect on the recharge and d ischarge areas . The var= 

iations o f hydraulic conducti vity changed the arithmetic 

v alues, but the essenti al patterns o f the recharge and dis -

charge areas r emai ned intact o Changi ng the saturated thick-

nes s produced the same effect . The d i scharge areas seem to 

be, an inherent feature of the hydraulic flow system and the 

finite difference met hod will outl i ne such areas even 

though the available quanti tative data a r e meager . Also, 

th~ areas of h i gh and l ow recharge r ates w_ere clearly de-

fined by almost any reasonable hydraulic conductivi ty and 

saturated thickness used . The results from all the runs 

made in this study showing thi s qualitati ve feature are 

shown i n Appendix E. These r esults are given as the 

printout sheets from the computer . They are arranged 

exactly as the grids shown on Figure 1 6 ; each value i n the 

printout be i ng for a corr espondi ng gri d in Fi gure 16 . 
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Chapt e r VI I 

CONCLUSI ONS AND RECOMMENDATI ONS 

The fin i te d ifference met hod fo r analyz ing t he a r eal 

d i s t ribut i on o f net natural recharge o ffe rs a powerful ool 

f or aquifer anal ys i s . The method i s l i mi ted i n i t s quan t i= 

t ati v e r esults by t he qu a lity of the i nput data us e d i n the 

calculati ons . For i ns t ance, hydr aulic c ondu c tivity da a in 

s ome areas of t h e p resent study area will undoub t edly need 

revi sion a s more and bette r data become available . The 

bedrock data wi l l also need mi nor revi s ion s as new i nfor-

mation becomes available. Howe v e r , t he r esul ts presen t e d 

are bas ed on t he best i nformation a v a i lable a t h i s t i me 

and are bel i e v ed to be o f the r i ght o r der of magnitud e . The 

bes t c heck available o f t he accur acy o f the me t hod i s given 

by t he clos e correspondenc e betwee n the n e t d i s charge cal-

culati ons f r om t he finite dif fe r ence met hod and t he gross 

discharge a s esti mated from s t r eamf low me a s urements on t he 

North and South Forks of the Repub l i can Ri ver a nd the 

Arikaree Rive r . The f inite d i ff e r ence me t hod a l so was 

shown to qua l i t a tively portray t h e ne t r echar ge a nd ne t 

d i scharge patt e r ns o f the aqui f er e v en t hough i n ferior 

data a r e a v a i lable . 

Sev e r al r ecommendat i ons f o r ·uture studi es a re i n d i = 

cated as a r esult o f t h i s s t udy . Some i nv olve more f i e ld 
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studies and others involve theoretical studies to be done 

i n the office. These recommendations are ~ 

(1 ) An i ntens ive undertaki ng by several agencies t o 

obtain additiona l i nformation on the hydraul i c 

p roperties of t he aquifer . Personnel from state, 

local and federal agenc i es should establi sh a 

central commi ttee for the purpose of conducting 

pumping t ests and analyz i ng the r e su l t s . 

( 2 ) A thorough subsu r f ace geologi ca l study of the 

Whi te River Group to i nvestiga te the poss i b i l = 

i t i es of subsurface discharge from the Ogallal a 

Format i on i nto the White Rive r Gr oup . 

( 3 ) A detai led field study o f the area around 

Cheyenne Wells to determi ne the process by whi ch 
I 

natural d i scharge occurs i n this a rea o 

( 4 ) A topograph i c mapp i ng program needs t o be 

i nitiated t o p r ovi de h i gh quality topographic 

maps o f the Northern Hi gh Plains area. 

( 5 ) With the recha rge and d i schar ge informati on 

developed i n this study, a theoretical analysis 

should be conducted to de t ermine the effects o f 

locating pumpi ng centers in various areas. For 

instance, it mi ght be advantageous to temporari ly 

over- deve l op an area so t hat some o f the present 

natural d ischarge could be diverted i nto the 

pumping area . 
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( 6 ) The g r eates t recharge rates and the largest 

volumes o f groundwater occur in the sandhi ll 

area a Thi s l and is not cons i dered irrigab le 

and will p r obably n o t be develop e d . However , 

t h i s r e sour ce should not go undeveloped. 

Economi c studies should be made t owar d the 

poss i b i lity of a ttractin g i ndus try to t he a r ea 

t ha · could use t he water . 

In c losing, it should be noted that the results p re-

sented in thi s s tudy should b e continuously updated as new 

informati on on t he Ogallala Formation becomes available. 

This info rmati on should then be d i ssemi nated to the appr o -

priate agenci es i nvolved with the management o f the ground-

water supply in t he Northern Hi gh Pla i ns o f Co l orado . 
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WELL NUMBERING SYSTEM 

The well numbering system used in this study is based 

on the UoS o Bureaµ of Land Management system of land sub-

division o The number shows the location of the well or 

test hole by quadrant, township , range , section f · and posi-

tion within the section. A graphical illustration of this 

method of location i s shown in Figure A-1. The capital 

letter at the beginning of the location number i ndicates 

the quadrant i n which the well is located o Four quadrants 

are formed by the intersection of the base line and the 

principal meridian--A indicates the northeast quadrant, B 

the northwest quadrant, C the southwest quadrant, and D the 

southeast quadrant. The first numeral indicates the town-
' 

ship, the second indicates the . range, and the third indi-

cates the section in which the well is located. Lowercase 

letters following the section number locate the well within 

the secti on . The first letter denotes the quarter section , 

the second letter denotes the quarter- quarter section, and 

the third letter denotes the quarter- quarter- quarter sec-

tion. The l etters are assigned within the section in a 

counterclockwise direction, beginning with (a } in the 

northeast quarter of the section. Letters are assigned 

within each quarter section and within each quarter-quarter 

section in the same manner. Where two or more locations 

are withi n the smallest subdivision, consecutive numbers 
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Figure A-1. System of numbering wells in this study. 
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beginni ng with 2 are added to the letters in the order in 

which t h e wells o r test holes were inventoried. For . 

example , C4 - 55- 12abc2 indicates a well in the southwest 

quarter of the northwest quarter of the northeast quarter 

of sec . 12, T o 4S ., R 55 w., and shows that this is the 

second well i nventori ed in the quarter- quarter- quarter 

section. The capital letter C indicates the township is 

south of the base line and that the range is west of the 

principal meri dian. 
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APPENDIX B 

Calculati on of Transmissibility from Specific Capaci ty 
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Calculation of Transmissibility from Specific Capacity 

Numerous data are available which might prove bene-

ficial i n estimating transmissibility o A statistical 

analysis of some of these data was made to determine a sat-

isfactory regress i on model o A multiple linear regression 

technique of the form : 

(B - 1) 

was assumed where x1 is the transmissibility in 1000 

gallons per day per foot ; B1 , B2 , B3 . and B4 are regression 

coeffic i ents ; x 2 is the specific capacity of a well in 

gallons per mi nute per foot of drawdown; x3 is the duration 

of the pumping test in hours ; and x 4 is the diameter of the 

well cas i ng in inches. 

The method of least squares was employed to calculate 

the regression coefficients in equation B-1. This method 

makes the "' 2 E( X - X ) a minimum for the parti cular model 
1 1 

assumed o When u~ ipg the least squares technique, two basic 

assumpti ons are i nvolved : (1) the independent variables 

are fixed and ~easured without error and (2) the deviations 

"' (x1 - x1 ) are normal, independent variables with constant 

mean and variance o 

All available transmissib i lity data for the Ogallala 

Formati on i n the Northern High Plains of Colorado were 

collected o These data are shown in Table B-l o A program 

from the Colorado State University Computer Center for the 
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IBM 1620 d i g i tal computer was used to estimate the regres-

s i on coefficients of equation B-1 from the data - in Table 

B- 1. The following regression equation was obtained: 

x l = 26.85 + 2.48 x2 + 0.03 X3 - 1 . 77 X4 (B-2 ) 

Equat i on B- 1 accounts for 95 percent of the total sum 

of squ ares and has a multiple correlation coefficient of 

0. 9 7 0 Th e following analysis of variance shows that B1 v B3 , 

and B 4 are not signif i cantly different from zero at the 95 

percent level . 

Conclusion 
Degrees Calcu- at 95% 

Sum of of Mean lated Significance 
Source S_suares Freedom sg;uare "F " Value Level 
Total 898,584 52 
Mean 593,137 1 
H

0
: B1=0 373 1 373 1.097 Accept : Bl=0 

H •B =0 o. 2 268,002 1 268,002 788.241 Reject:B 2=0 
H

0
: B3=0 249 1 249 0.732 Accept : B3=0 

H : B4=0 
0 . 

429 1 429 1.261 Accept : B4=0 
Error 16,296 48 340 

From thi s analysis it would appear that we . may assume 

Bl' B3, and B4 are zero and that equat i on B- 1 reduces to : 

(B - 3) 

To determine if equation B- 3 is an adequate model, another 

regress i on analysis was run and the following regression 

equation obtained: 

(B - 4 ) 
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Equati on B- 4 accounts for 95 percent of the total sum 

of squares and has a multiple correlation coefficient of 

0.97 0 (These figures are the same to two significant fig-

ures as those for equation B-l) o The following analysis 

of variance shows that equation B- 4 is an adequate model at 

the 95 percent signif i cance level. 

Conclus i on 
Degrees Calcu- at 95% 

Sum of of Mean lated Significan c e 
Source ssi;uares Freedom ssi;uare "F " Value Level 
Total 898,584 52 
Mean 593,137 1 
Equation 

B-2 882,287 4 
Equation 

B-4 881,620 1 

Ho : Bl= Accept : B1=B 3= 
B =B =0 3 4 667 3 222 0.652 B4=0 and 

Error 16,296 48 340 eq. B-4 is 
adequate 

model o 

The variance of B2 , as used in equation B- 4, is 0.002 

and the . 95 percent confidence interval for B2 i's : 

2.35 < B2 < 2.55 (B-5) 

Figure B- 1 shows the relationship between the actual values 

of x1 and the predicted values of x1 from equation B-4. It 

should be noted that 72 percent of the points fall within 

one standard deviation and 96 percent are within two stan-

dard deviations o This indicates that the deviations 

(X1-x1 ) are approximately normally distributed with constant 

mean and variance o 
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Us i ng published records of the U.S. Geological Survey 

(1 0 ) and the Colorado Water .Conservation Boa~d (5, 11, 22, 

23 )u values of transmissibility were estimated using equa-

tion B- 4. These data are shown in Table B-2 . Also, some 

specific capacity data were available from the files of 

Colorado State University (21). The estimated transmiss i -

b ilities from these data are shown in Table B-3. 
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Figure B-1. Plot of actual values of transrnissibility 
versus predicted values from equation B-4. 
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Table B-1. Pumping Teat Data for the Ogallala Formation in the Northern High Plains 
of Colorado.• 

Well Specific Duration Well Saturated Hydraulic 
Location Capacity of Teat Diameter Tran1mia1ibility Thickne11 Conductivity 

Number (gpm/ft) (hour•) (inchea) (1000 gpd/ft) (feet) (gpd/ft2 ) 

Cheyenne County 

Cl3-41-3lbaa 67 190 101 1900 

Kiowa County 

Cl7-43-17ccc l 7 8 2 ll 200 
C20-41-30cdd 42 9 16 120 98 1200 

Kit Carson County 

C5ls-44-3lcbb 106 38 190 71 2600 
C5ls-44-36acd 27 12 18 75 91 820 
C6-42-23-bdb 16 41 90 130 690 
C8-42-32baa 10 16 16 19 126 150 
C8-44-25ccd 14 6 16 35 166 210 
C8-46-9bcc 29 667 16 90 58 1550 
Cl0-42-30cba 37 34 18 80 128 620 
Cl0-43-llbab2 19 16 18 45 177 250 
Cll-44-4add 27 10 16 65 113 580 

Phillips County 

B7-43-18abt- 101 13 18 220 190 1200 
B7-43-27bbb 62 117 18 160 237 680 
B7-43-33acd 72 333 18 210 254 830 
B7-43-35bcc 113 10 18 270 255 1100 

Sedgwick County 

Bl0-43-3dcb 24 6 18 20 152 130 

Yuma County 

Bl-45-27bbb 93 10 16 220 172 1300 
Bl-47-4cad 85 3 16 230 209 1100 
B2-42-27bbc 12 18 30 111 270 
B2-48-34bca 53 4 16 110 239 460 
B3-43-33cda 13 4 12 30 91 330 
B3-46-5bca 51 24 16 120 181 660 
B4-47-26abd 18 14 18 27 110 250 
B4-47-32cbb 105 30 16 300 118 2600 
B5-43-24abb 67 250 236 1000 
Cl-44-l0acc 14 24 16 35 161 110 
Cl-44-27bbb 47 2 16 100 142 730 
Cl-45-35bad 38 24 16 80 143 560 
C3-42-3lccc 7 24 18 18 63 290 
C4-42-3bbb 4 24 16 4 64 60 
C4-43-26cbb 16 10 16 40 82 490 
C4-44-3lcbd 39 24 16 95 111 850 
C4-44-35bbb 14 24 16 40 99 400 
C4-48-35dab 83 · 250 162 1600 
C5-44-30bcb 36 100 60 1650 
C5-47-14dcb 76 24 16 200 137 1400 
C5-47-20bab 27 24 16 60 167 360 

Tests Located in Nearby Kansas 

C8-42-18cbc 31 24 18 50 183 270 
Cl3-43-36baa 59 24 16 170 105 1600 
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Table B- 1 Cont.inued . 

Well Specific Duration Well Saturated Hydraulic 
Location Capacity of Teat Diameter Tranamissibility Thickness Conducti!ity 

Number (gpm/ft) (hour•) (inches) (1000 gpd/ft) (feet) (gpd/ft) 

Testa Located in Nearby Nebraska 

B5-34-28bca 27 60 16 90 70 1300 
B5-39-35cba 77 1 18 200 270 740 
B6-39-30bbc 45 10 16 130 270 480 
B6-41-lbbb 26 11 16 55 54 1000 
B7-38-5ada 33 10 18 120 137 880 . 
B7-40-5bbb 60 78 18 110 169 650 
B7-40-28bbb 52 436 18 130 264 490 
B7-41-2labb 35 52 18 95 241 390 
B8-40-26bcd 31 13 18 60 194 310 
B8-41-34abc 46 16 18 120 163 740 
Bl0-41-lldab2 23 11 18 80 119 670 
Bll-39-2lbcd 28 10' 18 35 200 180 

11compilation of records from u.s. Geological Survey (5, B, 31, 34), 
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Table B-2. Transmissibi l ity of the Ogallala Formation Calculated from Specific 
Capacity, Q/s, Using the Regre11ion Equation T • 2,45 Q/e,a 

Well Specific Saturated Hydraulic 
Location Capacity Tranemi11ibility Thicknee• Conductility 

Number (gpm/ft) (1000 gpd/ft) (fut) (gpd/ft) 

Cheyenne County 

C14-41-30bbb 3.2 7 121 65 
C14-42-9bdb 32.7 80 173 460 

Kiowa County 

C17-43-17ccc 1.3 3 15 210 
C20-42-17acb 14.2 34 110 320 
C20-42-36bcc 15.4 37 126 300 

Kit Carson County 

C5)s-42-33adc 3 . 5 8 84 100 
C5)s-44-33ddb 15.1 37 58 640 
C5)s-44-36acd 29.5 72 92 790 
C6-42-16dcb 11. 3 27 119 230 
C6-42-22abb 10.5 25 128 200 
C6-42-23bbd 15.9 39 130 300 
C6-42-27dba 8 . 6 21 133 160 
C6-44-24acc 8.8 21 119 180 
C6-44-25bcc 34.1 83 124 670 
C6-44-35bca 40.7 99 121 820 
C6-45-12cdc 29.0 71 106 670 
C6-46-8dbc 11.8 28 97 300 
C6-48-12bbd 122.0 299 55 5400 
C6-50-3bcc 73.0 179 68 2600 
C6-50-9abb 26.4 64 46 1410 
C7-42-19cdd 13.3 32 145 220 
C7-43-ldca 17.7 43 132 330 
C7-43-14abc 8.9 21 144 150 
C7-43-20bbb 7.1 17 119 150 
C7-44-3abd 36.4 76 114 670 
C7-44-23cbb 24.1 59 107 550 
C7-45-22bcd 15.3 37 118 320 
C7-45-23cbb 35.8 87 129 680 
C7-45-29acb 45.6 111 127 880 
C7-45-31ccb 29.1 71 121 590 
C7-45- 32dba 54.1 132 124 1070 
C8-42-3cbc 28.6 70 161 440 
C8-42-9bbb 21.2 52 183 280 
C8-42-llada 15.1 37 158 230 
C8-42-15baa 18 . 3 44 167 270 
C8-42-20cab 17 . 2 42 110 380 
C8-42-32baa 10.2 24 126 200 
C8-43-lacd 13 . 1 32 172 190 
C8-43-9bcc 21.9 53 166 320 
C8-43-23cbb 30 . 6 75 152 490 
C8-43-24acd 18 . 5 45 182 250 
C8-43-31bcb 11.2 27 178 150 
C8-43-32ccb 12.2 29 157 190 
C8-43-35cbb 22 . 0 53 165 330 
C8-44-2acb 6.0 14 . 95 160 
C8-44-14adb 26.0 63 132 480 
C8-44-25ccd 15.7 38 166 230 
C8-44-25dcd 20.0 49 170 290 
C8-44-30caa 20,6 50 113 450 
C8-44-35cbc 14.9 36 168 220 
C8-44-35dac 7.3 17 181 100 
C8-44-36abb 5.7 14 164 90 
C8-44-36dab 23.1 56 161 350 
C8-44-36dda 12.5 30 160 190 
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Table B-2 Continued 

Well Specific Saturated Hydraulic 
Location Capacity Tran• mi •• ibility ThickneH Conducti!ity 

Number (gpm/ft) (1000 gpd/ft) (f:,et) (gpd/ft) 

Kit Car• on county (Continued) 

C8-45-3bcd 59,0 144 101 1430 
C8-45-34caa 8,4 20 76 270 
C8-45-34ccd ll.4 27 66 420 
C8-46-9bcc 27.8 67 57 1190 
C8-47-26caa 16.5 40 33 1230 
C8-47-26ccc 10.3 25 44 570 
C8-5l-35cda 16.6 40 22 1840 
C9-42-llbbd 25.l 61 158 390 
C9-42-3lccc 30 . 0 73 171 430 
C9-43-3cca 7 . 0 17 151 110 
C9-43-5bl;ib 17.4 42 160 270 
C9-43-15dca 24.0 58 170 350 
C9-43-18bbd 14.3 35 137 260 
C9-4~-18dbd 7 .6 18 156 120 
C9-43-22ccb 22.5 55 171 320 
C9-44-lcac 3.9 9 157 60 
C9-44-lcbb 9 .5 23 157 150 
C9-44-3dbb 32.7 80 169 470 
C9-45-13dab 10.5 25 133 190 
C9-45-2lcdc 13.6 33 112 300 
C9-48-2acc 24.0 58 54 1090 
C9-5l-2acc 16.7 40 ll 3700 
C9-51-2bbb 10.8 26 29 910 
Cl0-42-6bbc 36.1 88 172 510 
Cl0-42-l0bcb 1.0 2 160 20 
Cl0-42-16cba 27.0 66 149 440 
Cl0-42-2lbaa 13.5 33 148 220 
Cl0-42-26bbb 11.1 27 131 210 
Cl0-42-27ccd 18 . 4 45 105 430 
Cl0-42-28aad 14,3 35 112 310 
Cl0-42-30bca 35.3 85 142 600 
Cl0-42-30cba 36.2 88 128 690 
Cl0-42-3laca 20.4 50 137 360 
Cl0-42-3lddd 11.3 27 101 270 
Cl0-43-llbab 20.4 49 177 280 
Cl0-43-12bbb 17.2 41 173 240 
Cl0-43-15dcc 29,0 71 158 450 
Cl0-43-27ccb 23.4 57 161 360 
Cl0-43-27dcb 22.0 53 174 310 
Cl0-44-l0bad 15.1 37 126 290 
Cl0-44-23ccc 15.5 38 152 250 
Cl0-44-26cdd 21,7 54 154 340 
Cll-42-4bcd 15.7 38 104 370 
Cll-42-28cad 15.0 37 36 1020 
Cll-43-llcad 20.2 50 126 390 
Cll-43-l2ccb 24.5 60 161 370 
Cll-44-4add 28.6 70 113 620 
Cll-44-2labb 23.l 56 106 530 
Cll-44-27bbb 9.0 22 98 220 
Cll-44-28bcd 8 .9 22 186 120 
Cll-46- 25cdc 7 .0 17 68 250 
Cll-46-30cca 3,3 8 73 110 
Cll-47-26bba 16.2 40 103 390 

Logan County 

B6-50-14dac 100.0 245 26 9300 

Phillipa County 

B6-45-18abc 114 . 0 280 57 4900 
B7-43-18abb 105.8 259 137 1900 
B7-43-27bbb 74.2 182 145 1250 
B7-43-33acd 72. 7 178 177 1000 
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Table B-2 Continued 

Well Specific Saturated Hydraulic 
Location Capacity Transmissibility Thickness Conducti!ity 

Number (gpm/ft) (1000 gpd/ft) (feet) (gpd/ft ) 

Phillips County (Continued) 

B7-43-35abb 60.0 147 160 920 
B7-43-35bcc 117 . 0 286 150 1900 
B7-44-2ccd 103. 0 253 89 2850 
B7-44-7aca 90.0 220 42 5300 
B7-44-17bcc 125.0 306 126 2400 
B8-42-20dbd 6.0 15 55 270 
B8-42-32bcc 115.3 282 144 2000 
B8-44-36bbd 85.0 208 77 2700 
B8-47-19bbd 9.1 22 125 180 
B8-47-2lccc 31.4 77 83 930 
B8-47-29a-ad 31.2 76 87 870 

Sedgwick County 

B10-43-3dcb 24.0 59 168 350 
B10-44-35cad 26.4 65 119 550 

Yuma County 

Bl-45-27bbb 105.0 258 174 1550 
Bl-45-28dbd 82.4 202 168 1200 
Bl-45-32aa 28.1 68 142 680 
Bl-47-4cad 8 5.2 209 212 990 
Bl-48-13dcd 47.8 117 156 750 
B2-42-27bbc 13.3 32 111 290 
B2-42-34ccc 37.5 92 11 8200 
B2-46-26bcc 100.0 245 272 900 
B2-46-30ddb 118.0 290 312 930 
B2-47-17dda 44.4 109 319 340 
B2-48-14bbd 56.3 138 320 430 
B2-48-2ldca 50.0 122 148 820 
B2-48-22accl 27.8 68 153 440 
B2-48-22acc2 33.3 81 144 560 
B2-48-22cdc 46.4 103 208 490 
B2-48-25cdb 44.2 108 219 490 
B2-48-28abd 58.3 143 144 990 
B2-48-34hca 52.9 130 241 540 
B3-43-33cda 13.0 31 81 380 
B3-46-5bca 50.5 123 181 680 
B3-46-7aa 18.9 46 268 170 
B3-48-2ada 70.5 173 149 1150 
B3-48-20ddb 68.4 168 158 1050 
B4-44-18cdb 1.5 3 31 970 
B4-44-34ddd 0.6 1 27 40 
B4-47-23abc 26.6 65 124 510 
B4-47-26aba 18.3 44 122 360 
B4-47-32cbb 105.0 258 122 2100 
B4-48-lbcc 16.9 41 196 210 
B5-42-3laaa 61.0 149 317 470 
B5-42-31bdc 29.2 71 197 360 
B5-42-3lcca 54.5 134 200 670 
B5-43-24abb 66.6 163 242 670 
B5-43-24dda 112 .5 277 327 850 
B5-47-22bdb 130.0 319 144 2200 
B5-48-34dcd 53.5 131 149 880 
Cl-44-lOacc 15.5 37 161 230 
Cl-44-23acc 24.1 58 ,284 200 
Cl-44-27bbb 46.4 113 150 750 
Cl-45-35bad 40.5 99 143 690 
C2-45-10bba 53.4 131 93 1400 
C3-42-3lccc 8.1 19 63 300 
C3-42-34cbb 18.6 45 264 170 
C3-43-28adc 9.5 22 286 80 
C4-42-3bbb 4.4 10 74 135 
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Table B-2 Continued 

Well Specific Saturated Hydraulic 
Location Capacity Transmissibility Thickness Conducti~ity 

Number (gpm/ft) (1000 gpd/ft) (feet) (gpd/ft ) 

Yuma County (Continued) 

C4-42-32dac 19.5 47 61 770 
C4-43-13aba 8.2 19 84 230 
C4-43-24cab 8 . 0 19 72 270 
C4-43- 26cbb 15.7 38 89 430 
C4-44-4bdc 35.2 86 95 910 
C4-44-10ddd 27 . 6 67 118 570 
C4-44-25abb 22.2 54 104 520 
C4-44-27bbc 11.3 27 126 210 
C4-44-3lcbd 38.6 94 113 830 
C4-44-35bbb 15.6 37 99 370 
C4-45-33abb 35.6 87 148 590 
C4-46-3lcad 56.6 139 186 750 
C4-47-25ddb 27.6 57 187 280 
C4-47-27ddb 36.4 89 169 530 
C4-47-3laba 45.4 111 91 1200 
C4-48-35dab 82 . 8 203 172 1200 
C5-43-12bda 23.5 57 58 980 
C5-43-18cbb 32.0 78 78 1000 
C5-44-5abb 16.9 41 16 2700 
C5-44-9bab 35.4 86 101 850 
C5-44-14caa 8.2 19 49 380 
C5-44-16abc 14.3 34 97 350 
C5-45-4bab 12 . 4 29 29 1050 
C5-45-8aba 13.4 32 113 240 
C5-47-2acc 65.6 161 296 550 
C5-47- 15cdb 30.4 74 178 420 
C5-47-16adb 42.l 103 106 970 
C5-47-20bab 30.0 73 167 440 
C5-48-25abd 20 . 2 49 40 1200 

Washington County 

B2-50-9ddd 150 .0 368 212 1750 
B4-51-3lbbc 0.9 2 13 160 
Cl-53-14 add 1.5 4 10 400 
C2-51-29cbb 0.5 l 10 100 
C2-51-3lcdc 40.0 98 39 3500 
C4-51-23bbb l. 7 4 13 310 

aSpecific capacity was calculated from information obtained from Basic Data Reports of the 
Colorado Water Conservation Board and U.S. Geological Survey Water Supply Papers 
(6, 10, 11, 22, 33). 
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Table B-3. Transmissibility of the Ogallala Formation Calculated from Specific 
Capacity, Q/s, Using the Regression Equation T • 2.45 Q/s, (Specific 
capacity data from CSU efficiency studies ( 21)). 

Well Specific Saturated Hydraulic 
Location Capacity Transmissibility Thi.::kness Conductivity 

Number (gpm/ft) (1000 gpd/ft)' (feet) (gpd/ ft2) 

Cheyenne County 

Cl3-45-25c 72.6 178 114 1550 
Cl4-41-30b 46.3 113 208 540 
Cl4-41-3lb 72.0 176 252 700 
Cl4-44-30b 84.4 207 128 1600 
Cl4-45-24b 51. 4 126 66 1900 

Kit Carson County 

C51:i-42-33c 1. 4 4 100 40 
C6-42-33d 13.4 33 153 210 
C6-42-34b 7.7 19 151 120 
C6-44-24a 8.2 20 119 170 
C6-44-29a 8.6 21 104 200 
C6-44-35bd 48.2 118 117 1000 
C6-46-2a 24.0 59 119 490 
C7-45-2lc 32.9 80 131 610 
C7-45-29c 14.0 34 148 230 
C7-45-3lb 24.0 59 130 450 
C7-45-3lc 19,9 49 133 370 
C7-45-33ccc 65.8 164 112 1460 
C8-42-8a 12.6 31 174 180 
C8-42-9b 17.3 42 161 260 
C8-42-16b 4.2 10 121 80 
C8-42-20ca 14.7 36 110 330 
C8-42-29a 15.7 28 147 190 
C8-42-29b 10.1 25 134 180 
C8-43-25b 10.5 26 147 170 
C8-43-27a 12.5 31 169 180 
C8-43-32c 8,7 21 143 150 
C8-43-34dbb 19.2 48 149 320 
C8-43-35b 31.4 76 155 490 
C8-44-2d 7.1 17 108 160 
C8-44-10c 25.6 63 126 500 
C8-44-19a 28.1 69 96 720 
C8-44-2lb 8.9 22 118 180 
C8-44-22b 12.5 31 140 220 
C8-44-24bb 11.1 27 135 200 
C8-45-6a 41.1 101 103 980 
C8-45-12d 22.3 54 112 490 
C8-46-lb 20. 9 51 105 49 0 
C8-46-9bcc 27.2 67 57 1170 
C8-46-20c 17.0 42 27 1540 
C9-43-3c 6 .7 16 145 110 
C9-43-14cc c 10. 6 26 150 170 
C9-43-22dbb 21.6 53 171 310 
C9-43-33b 8.9 22 157 140 
C9-43-36b 11. 4 28 181 150 
C9-44-32b 5.9 15 134 110 
Cl0-44-la 18.3 45 159 280 
Cl0-44-12b 14. 2 35 132 260 
Cl0-44-23c 17.8 44 139 310 
Cll-43-13bc 14.5 36 184 190 
Cll-43-14cb 17.6 43 113 380 
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Table B-3. Continued 

Well Specific Saturated Hydraulic 
Location Capacity Transmissibility Thickness Conductivity 

Number (gpm/ft) (1000 gpd/ft) (f~et) (gpd/ft2) 

Phillips County 

B6-42-6b 33.6 82 116 710 
B6-43-36a 46.7 114 154 740 
B6-44-2a 175.8 431 175 2500 
B6-44-4da 116.3 285 182 1550 
B6-44-8b 109.3 268 134 2000 
B6-45-29b 24.8 61 110 550 
B7-42-17b 60.0 147 220 670 
B7-43-14cb 78.3 198 193 1020 
B7-43-18abb 130.2 318 142 2250 
B7-43-33a 78.0 191 173 1100 
B7-43-3 5cb 80.4 197 151 1300 
B7-44-2c 75.9 186 88 2100 
B7-44-15b 88.3 216 136 1600 
B7-46-2la 6.2 15 43 340 
B8-43-35d 200.2 490 173 2800 
B8-44-35c 147 .9 362 121 3000 
B8-47-19b 11.0 27 124 220 
B9-42-30c 31. 2 76 188 410 
B9-43-25a 26.8 66 43 1550 
B9-46-28a 68.0 167 120 1390 
B9-47-34a 35.9 88 146 600 

Sedgwick County 

B9-43-13al 17.3 42 114 370 
B9-43-13a2 30.8 76 65 1150 

Washington County 

Bl-49-6ba 82.9 203 124 1650 
Bl-49-12a 45.1 110 159 690 
B2-49-28a 93.2 228 107 2100 
B3-49-5d 67.5 150 145 1030 

Yuma County 

Bl-47-5b 40.8 100 216 460 
Bl-48-lbc 51.6 126 406 310 
Bl-48-2d 42 .2 103 201 510 
Bl-48-13d 55 .4 136 264 510 
B2-47-5bb 33.4 81 245 300 
B2-47-18c 28.8 70 221 320 
B2-48-3dd 35.4 86 280 310 
B2-48-25c 49.6 121 217 560 
B3-47-25a 19.2 46 220 210 
B3-47-30dc 48.3 118 202 580 
B3-48-2a 87.0 213 148 1450 
B3-48-20d 62.0 152 157 970 
B4-43-15c 91.8 225 178 1250 
B4-47-32c 88.3 217 123 1750 
B4-48-15d 34.2 83 200 4200 
B5-42-3lc 52.4 128 243 530 
B5-43-3b 61. 5 151 170 890 
B5-43-24d 75.2 184 318 580 
B5-45-15c 49.7 122 137 890 
B5-47-22b 98.4 241 165 1460 
B5-47-26ca 72 .9 179 176 1020 
B5-47-32d 122.0 300 187 1600 
B5-48-34d 9.3 22 136 160 
Cl-44-lOa 20 .7 50 161 310 
Cl-44-27bbb 27.0 66 149 440 
Cl-44-28 46.1 113 192 590 
Cl-45-2c 37.2 91 111 820 
Cl-45-3d 23.5 57 97 590 
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Table B-3. Continued 

Well Specific Saturated Hydraulic 
Location Capacity Transmissibility Thickness Conductivity 

Number (gpm/ft) (1000 gpd/ft) (feet) (gpd/ft2) 

Yuma County (Continued) 

Cl-45-13a 27.7 57 146 390 
C2-45-10a 48.3 118 97 1200 
C2-45-10b 50.5 123 84 1450 
C4-44-5d 32.6 80 98 820 
C4-44-27b 11.8 28 126 220 
C4-44-28b 11 . 9 28 100 2 80 
C4-45-33a 50.6 124 127 980 
C4-45-35bb 87.5 215 107 2000 
C5-44-5ab 29.0 71 102 700 
C5-47-4b 39.3 96 74 1300 
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APPENDIX C 

Fortran IV Computer Program 
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10/26/66 IIFURTRAN 
- --- · - - - - PROGRAM HPl.AIN 

000002 UIMENSION FK (6001 ,DELY (600) ,UELX (600) ,H (600) ,z <6001 •ST (6001 • TR (600 
1 I ,A (6001 •A (6001 ,r: (600) ,D (6001 ,QA (600) ,W (600) ,Q (600> 

000002 REAU <'5, l l I ,J 
0-00011 1 FORMAT (?IS) 
000011 IJ = tllJ 

··1ro1roT4 60 READ (S,61 l (H (K) ,K=l, IJ) 
000026 61 FORMAT ( l 7F4. ;, ) 

-- Qlr0-Cf2E> 62 KtAO CS,6U (Z(KI ,K=l.XJ) 
000040 63 REAU (5,64) cOELX (Kl ,K=l,!Jl ,--o-o-o·crs-z-- -- -64- TORMAT T I-rF4.1 l 
000052 65 REAU <5,641 (l)fLY (Kl ,K=lt IJl 
Q0006 r)~ U ff ( 5 ~-i;n r P--K(K),K=l,lj) 
000076 00 67 K=l,IJ ·,--oiro-rou DEL)( ( Kl =D[L X ( K) ll',28(\. 0 
000102 67 DELY(K)=OELY(K)11~2ao.o 

.. --olnno.1, - - -- --·--wiffTE ·10~6> 
QOOlll 6 FORMAT ClHl,42X,J6HOELTA Y MAP, SPACING IN Y OlREcTlON,/I 

12 000111 DO 1·1'=1,TJt-:r - - ----- --··-· - . -
000113 7 WRITE (6,81 OELYCK•l6l,OELYCK+15I,DELY(K+l4),0ELY(K+l3), 

,; --------------- - ---·---rr:fECYri<+Y2"f,-bE[.Yr1<+"l ff, oECY < 1<+·10 I ,DEL v·r1<• 1ff, DELYlK+Eff, . 
2UELYCK+7I,0ELY(K+6I,DELY(K+5l,DELYIK+4l,OELY(K+3l, . ·•- ------------------- -"jffEL.Y(t<•Z>-,-IY~Xvtk"+lT;utI'fftff, 1( - -- -- - ---- -- -- ----- - . 

000165 8 FORMAT llHO, i7F7,0, 1131 
h 000165 WRITE (6,g) -- - ·- - ·-- ---- ----- ------- --- --- ·-. 

Q00170 9 FORMAT (lHl, 42X, 36HOELTA X MAP, SPACING IN X OlRECTION./l 
,. __ QlTOT7"lf--- --- ---- -·-·oo - i:o-··K=l, IJ,J -- - -- - -- - --- --- - . ------

000172 10 WRITE (6,8) DELX(K+l6l,DELXIK+l5l,OELX(K+l4I,DELX(K•l3l, 
,, ___ ___ __________ __ ___ _ lOELX (K+l2J-,DEL>((K+ ll l tOELX IK+ 101 ,DELX (K-•9I ,DELX (K+S), 

11 
20ELX Ct<+7I ,DELX IK+bl ,OELX (K+S) ,DELX IK+4) tOELX (K+J), 

_ 3UELX(K+2),DELXIK+ll,OEL>'<(K), K-- --·· · ----·----------· 
Q00244 WRITE (6,ill 

n--Olf0247 _______ 11--f.ORMAT - ( lHl ,47X,?6HWATER- TABLE - ELEVATION MAP.I) --
. 0062~7 00 12 K=l,IJ,J 

,. __ 000251 ___ _____ 12 ·wRITE - (6,8) - HIK•H,l ,H CK+l5l -,H(K+l4l ,H-(K+l3) tH(K+l2l •H-(K+lll, .. 
,, lt-HK•lOl ,HCK•9I tH(K•8l ,HIK•7l •HIK+6I,H(K+5) ,HIK+4l ,H(K+3), 

_ ?.H(K•2) ,H<i:s•i l ,HCK), K . 
000323 wRITE (6,J3) 

,, __ OOQ326 ------- - -13·-FORMAT --( I H 1, 49X • ?2HBEDROCK ELEVATION MAP,/ l 
000326 00 14 K=l,IJ•J 

,, __ ol1r1:ro---------r1+ -wRTfi::--f6,l!T"Ti K• H,T ;z ( K + 15 I , Z < K + 14 l , Z < K + 13 l , I. < K + r2 l , Z ( K • l i l , 

" 
lZ (K+l(l) ,z (K+9l ,z (K+BI ,z (K+7) ,z (K•6l ,z (K+S) ,z (K+4) ,I. (K+J), 
2ZIK•21,Zl~•l>,Z<KI• K ·---- ---· ---- -------

000402 WRtTE C6t\Sl 
1l- - l)lTQ40"5"---------i:s- ·r-6lfMAr (Ti,l"l~-4 TX, ?.7HHVi:fRAULIC CONDUCT! V ITV MA-P. /) 

000405 00 16 K=l,tJ,J 
"--olT07+07 ________ _ Tb--~lTE--H,,l3r ri(IK+l 6 i -, F'"K I K • 15 l , F K i K + 14 l , F K ( K + l 3") ;FK r,.,; + 12) , F K fK + 11 l , 
,, lFK CK+! 0) ,FK CK+9) ,FK CK•BI ,FK (K+7l ,FK (K+6) ,FK (K+S) ,FK IK+4l ,FK (K+3), 

. ?.FK ( K+2) tFK ( K+1) tF'K ( K) • ,...K_ - -· -- ---·-- -·--- ·-· . ·- -- . ---- --· 
000461 UO 11 K=l,IJ 

"--00046-Z _________ - --ST I Kl :11 ! Kl -7. c°K l -
000464 17 TR(Kl = ST(Kl~FK(K) "--0 0 04 7T ____ __ ____ ----JJ= I J-~2 ---- --- -- - --- ---

,. (}00473 DO 18 K=19,.JJ,J 
000474 LL=K•l 
000476 UO lA L=K,LL "·--o-01ror-···-- --- rr r nnc, -~G"T.0.0.AND.TR(L•ll,GT,0,0I GO TO 40 
QOOS07 A(Ll=o.o "--1ro1r5tu-------------c,-o-, cr-z.-z------------- · -· 
OOOSiO 40 A(L>=C(TR(Ll•TRCL•lll 0 (H(L+l)-H(L)lo(OELY(L+lll)/(U~LX(Ll+DELX( 

Hydraulic conductivities used in runs three and four. 



000522 
,--<f0-0-533 

i00534 
··000534 

--o~-
iooss7 

. ()00560 
900560 

000572 
()0060.3 
000604 
000604 

·· 000616 
- 00624 
00063 

"--g-sgii-t-

1 L + l) ) 
42 !F(lH(L).c;T.u.0.11NU.rH(L-ll.GT.O.O) GO ro 44 

~(L):().(I 
GO TO 46 

44 Hill=( (TR(LI +TA<I •1 l )"(H<Ll-H<L-1) l"<DELY(Ll I )/(UELX(Ll+DELX( 
lL-1 l l 

--46 1F'(TR(Ll.GT.O.O.I\ND.TR(L•l7l.GT.O.OI GO TO 48 
C<U=O.O 
GO TO 50 

48 C(ll=<<TH(Ll•TR( L -171l"(H(LI-H<L-17)ltt(UELX<L-l71)ll(DELY(LI+ 
lDELY<t-17>> 

SU ff(TA(l).r,T.o.O.AND.TR(L+l7l.GT.o.o, GO TO 52 
U(Ll=O.O 
GO TO 5 1• 

52 U(Ll=(<TR(L>+TR<L+17ll*(H(L•l71-H(Lll*(UELX(Llll/(UtLY(Ll• 
lUEll'(L+l7)l 

54 WA(Ll=(H(L)+C(ll-A(Ll-OILll*36S.U*Ool34 
W(Ll=(QA(L)/(UELY(Ll*UELX(LI 11*12.0 

--ra< HD =QA u ·143S6"0:-~ 
. WRl TE (6,191 

19 -FORMAT (1Hl,48Xo24HSATURATEU THICKNESS MAP.II 
UO 20 K=·l.JJ,J 

10 WRITE (6~8f S1<K+i6ltST(K+l51,ST(K+141,ST(K+l31,ST(~+l21tST(K+lll, 
1ST<K+l0loST(K+9loST(K+8l,ST(K+71,ST(K+61,ST(K+Sl•ST(K+41,ST(K+31t 

--------,20-,S'"'T,._,l..,_,K,...+? l t ST IK+ i> , •ff (KI • K 

i 0 064 l 
" 000643 

,, __ ioo11s . 
. 000720 

ooono 

WRITE (6021> 

,,_ 00072°2-- -

--2Y-F6j:f1•1A-f - ·<iiH,40-Xo41HVOLUME OF RECHARGE It~ ACRE FEET PER YEAR,/1 
DO 22 K=l9,JJ,J 

---22·-·~nn-n:- (6, 23·1 Q (I(+ 14 i ,Q ( K• 13 I , Q (K • 121 ,Q (K • 11), Q ( K• l O l ,Q (K+91, 
IQ (K+8) ,a (K+7l ,Q (K+6) ,<HK•S) ,a (KH) ,Q (K+3) ,Q(K+2) tQ (K+l 1,Q (Kl t K 

,, __.,Q,..,O:--:::Qc::7c:::7:-:0--- -...2...-3"'-;F-i:-Oic:-R~M-=-A=-T~ < .;.clH"-0~ , ~-;- I1,l___ - - - - -·--- - - - -- -- .. 
000770 WRITE (6,241 ,,-·-if6Q-7f3 _________ 24- F-6FfMAY-fri-• 1-.-42x·~-:H,-HFfAtro-;: RECHA~GE IN INCHES- PEl-l YEAR,/) 
000773 UO 25 K=l9,JJ,J 

l1--o-61f17-S---------2s--,,f1fffe:--,n,-i6Y-wilK+Y• 1-,-irlTR•T3-f. WTK•n·,' w (K+nr tW I f<•fOT,YrR•-9) ' 
lW (K+S) ,W (K+7) ,w (K+61 ,w IK+SI ,w tK•41 ,W (K+31 ,W (K+21 tW <K•l) tW (K) t K 11 001043 26 FORMAT (lHOo l5F~o4, 16) ----- ·---- --- ·-- -- ·---··------·- ----·•- -·· 

,,_ ~~~~:! - -------- ·---~gM~?K~l9,JJ,J-----··-·- - --- ----·- ·-- ··--
io1-0~s LL=K•J4 

" QQ1047 DO 27 -L=K,LL - -- -- - ---·--·-- - . 
Q01050 27 SUMQ=SUMQ+Q(ll 

. 001057 SUMO=o.o ·---··------· ---
i01060 00 28 K=l9,JJ,J 

,, __ Q01061 ----- - ·20 SUMO=~UMO+ ( (8 (K) *365,0*0, 134) /43560, Ol 
001067 UO 70 K=l9,33 

"--tronrn------·--1<f-sfft-1-o=-sCrMcf+ncT1ffiJ-6s-; o·~o. U4111+3S6o. o, 
i01077 LP=JJ+14 

" 001101 00 71 K=JJ,1.P 
11 __ QQ]._!Q_~-- _____ __ ?_l_ .~':!!-1.~.:'.:~~~~-"'-~-~Q_( ~J-~~-~5-~ O*O _•_ 1341 /43560, 0 I 

001110 JAK=IJ-lR 
001112 DO 100 K=33,JAK,J 

,. __ 00°1lf4 ------T Olf -SUMO=SIJMO- ((A (Kl *3650 0tt0o 1341 /43560, 0) 
io1122 wRITE (6,C9) 

" oot12s 29 FORMAT IIH1,7X,3;.,ITTH£.Uhl VOLUME~ OF REClfARGE IS.7T 
io112s WRITE (6,30) SU,.,t~ 

"·-olHT3_2_ 3·0· tOR'Mt1'r i hiir.-1 sX ~-n s ·• 8 l 
, i01132 WRITE (6,31) 
'--01rn~-s- -3rrORMAT ffH 1 .-7)(, :r; HTHE TOTAL VOLUME OF OUTFLOW Is.11 
,, iOl 135 WRITE 16,321 SUMO 

001142 32 F'ORMAf7 Ti°•io.is •"'l ; 1n 
001142 E~O 

LENGTH OF ROUTINE HPLAIN 
" ·-·021663-

Hydraulic conductivities used in run five o 



Symbol 

FK 

H 

z 

ST 

TR 

DELY 

DELX 

I 

J 

IJ 

A,B,C,D 

QA 

Q 

w 
SUMQ 

SUMD 
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SYMBOLS USEb !N FORTRAN IV PROGRAM 

Description 

Hydraul i c conductivity of aqui fer 

Water table elevation 

Bedrock elevation 

Saturated thickness 

Transmissibi l i ty 

Di mens i on of gri d (y - directi on ) 

Di mension of gri d (x - direction ) 

Number of gri ds i n model (y - direction ) 

Number of grids in model (x - direct i on} 

Total number of grids in model 

Flow across - each grid face,respect i vely 

Volume of recharge in cubic feet per year 

Volume of recharge in acre- feet per year 

Recharge rate in inches per year 

Total volume of recharge for area in acre- f eet 
per year 

Total volume of underflow from area i n acre- feet 
per year 

Grid locati ons used in computations • 
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APPENDIX D 

INPUT DATA FOR COMPUTER 
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UELTA X MAP, SPACINb IN X UlHECT!ON, 

31680 31680 31680 316~0 31680 31680 31680 316dO 31680 31680 31680 31680 31680 31680 31680 31680 31680 

31680 31•80 31680 316•0 3i680 31680 31680 316dO 31680 31680 31680 31680 31680 316d0 31680 31680 31680 

31680 31080 31680 31680 31680 31680 31680 316dO 316dO 31680 31680 31680 14256 1,200 31680 31680 31680 

31680 31680 31680 31680 31680 31680 31680 3l6dO 31680 31680 2640 31680 31680 316dO 31680 31680 31680 

31680 31080 31680 31680 31680 31680 31680 316dO 31680 2J232 31680 31680 31680 3i680 31680 316AO 31680 

31680 31680 31680 3i680 3i68o 31680 31680 316dO 15840 Jl680 31680 31680 31680 3i680 31680 31680 31680 

31680 31680 31680 31680 31680 31680 31680 158•0 31680 31680 31680 31680 31680 31680 31680 31680 311180 

31680 31680 3168n 31680 3j68o 31680 7920 26400 31680 31680 31680 31680 31680 3i680 31680 31680 31680 

31680 31080 31680 31680 3i680 31680 10560 31680 31680 31680 31680 31680 31680 3i680 31680 31680 31680 

31680 31080 31680 316q0 31680 31680 31680 31680 31680 Jl680 31680 31080 31680 3f680 31680 31680 31680 ·----------·-----· .•.. 

31680 31680 31680 31680 31680 7920 31680 31680 31680 31680 31680 31680 31680 3i680 31680 31680 31680 

31680 31080 31680 316•0 11680 26•00 31680 31680 31680 31680 31680 31680 31680 3i680 31680 31680 31680 

31680 31080 .~!-~~0 - _3_1_68~ Zt 1_20 31680 31680 31680 31680 Jl680 31680 31680 31680 31680 31680 31680 31680 

~_1_6_8~- 31080 __ 31680 __ _ 31~~0 __ 16_96 . 31680 31680 31680 31680 Jl680 31680 31680 31680 3i680 31680 31680 31680 __ 

31680 31680 31680 31680 13200 31680 31680 31680 31680 31680 31680 31680 31680 3i68~ 31680 31680 31680 

3_!~-~Q __ 31080 __ 31680 -~1-~_!!0_ 1_5~_40 31680 31680 31680 31680 JIMO 31680 31680 31680 3j!,IIO 31680 ___ 31680 __ 31680 . 

31680 __ 31080 __ 31680 _ IJ.6)6 __ 27456 31680 31680 316dO 31680 31680 31680 31680 31680 3i680 31680 31680 ___ 31680 

31680 31080 10032 24288 31680 31680 31680 31680 31680 31680 31680 3j680 31680 31680 31680 

31680 6336 29040 31680 31680 31680 31680 316dO 31680 31680 31680 31680 31680 3i680 31680 31680 __ 316~0 . 

31680 23760 31680 3i680 3\680 31~0 31680 31680 31680 31680 31680 31680 31680 3t680 31680 31680 31680 

31680 31080 2481~ _ 2~~0__....3 1680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 

31680 31680 31680 3j680 3j680 31680 31680 31680 316dO 31680 31680 31680 31680 3f680 31680 31680 31680 

31680 31680 31680 31680 20064 31680 31680 31680 31680 31680 31680 31680 31680 3i680 31680 31680 31610 

31680 31680 31680 31680 31680 8448 31680 31680 31680 31680 31680 31680 31680 3i680 31680 31680 31610 

31680 31080 31680 316q0 31680 31680 i5840 31680 31680 Jl680 31680 31680 31680 3i680 31680 31680 31680 

31680 31680 31680 3j680 Jj680 31680 31680 31680 31680 Jl680 31680 17952 31680 3j680 31680 31680 31680 

31680 31680 31680 

31680 31680 3168~ 316~0 31680 31680 31680 31680 31680 Jl680 31680 13ZOO 31680 3i680 31680 31680 31680 

31680 31080 31680 31680 3168~ 31680 31680 316dO 31680 31680 31680 31680 18480 3\680 31680 31680 31680 

31680 3lb80 31680 31680 31680 31680 31680 316dO 31680 31680 31680 31680 7920 3j680 31680 31680 31680 

31680 31680 3168n ll6RO 31680 31680 31680 31680 31680 31080 31680 31680 31680 2006• 31680 31680 31680 

31680 31080 31680 31680 31680 31680 31680 3l6dO 31680 31680 31680 31680 31680 lq5J6 31680 31680 31680 

31680 3)680 31680 31680 31680 31680 31680 316dO 31680 31680 31680 31680 31680 lo032 31680 31680 31680 

31680 31680 31680 3i6RO 3i680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 3!680 31680 
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DELTA Y MAP, SPACING IN Y OIRECTION, 

31680 31680 3168n J\6RO 31680 31680 31660 31680 Jl6llO 31680 31680 31680 Jl680 31680 31680 31680 31680 

31680 31680 3168n 3i680 Jj680 31680 31680 31680 31680 Jl680 31680 31680 31680 3j680 jl680 13200 31680 

31680 31680 31680 31680 ___ 316~~ _ 31680 31680 31680 31.680 Jl680 31680 31680 

31680 3168 0 3168 0 3168 0 -~ 1680 31680 31680 316110 31680 Jl680 2640 12672 31680 3j680 31680 31680 31680 

31680 .. 31680 31680 31~:'l_~ _ _ J_i_&_~O 31680 31680 316110 31680 lll20 31680 31680 31680 3 i 6llO 31680 31680 31610 

31680 3168 0 31680 316RO 31680 31680 31680 31680 1~840 31680 31680 31680 31680 3j680 31680 31680 31680 

31680 3168 0 31680 

31680 31680 31680 

3 i 6~0 _ 3.i .6_~0 

3\680 3i680 -- --------- --------

31680 

31680 

3!680 

7920 

31680 

31680 

Jl6ll0 

Jl680 

31680 

31680 

31680 

31680 

31680 

31680 

31680 

31680 

31680 31610 

31680 31680 

31680 31680 31680 3 \ 680 3)680 31680 23760 31680 31680 31680 31680 31680 31680 3\680 31680 31680 31680 

~~.6-~~----3!."_~!) ___ _ ~_l-~~-~---~-~~-B_~ ___ _3.j_6_~2-.. 3_1_68_~ j5840 31680 31680 31680 31680 31680 31680 3i680 3H>80 31680 31610 

31680 3!680 31680 31680 ·3\680 21120 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 -- ---------------------------------------------- -·---- --- -
31680 31680 3168 0 31680 3i680 31680 31680 31680 31680 31680 31680 31680 31680 _ 3\680 31680 31680 31680 

31680 __ 31680 __ 31680 ___ 3 \680 __ 14784 __ 31680 _ 3 !_68~ 31680_ 3_1680 31680 31680 31680 31680 3i680 3168~ __ 31680 __ 31680 __ 

_ 31680 __ 3 1680 ___ 31680 __ _ 3i680 ___ 3\680 __ 31680 ... 31680 31680 31680 31680 31680 31680 31680 3\680 ___ 31680 ___ 31680 ___ 31610 ___ ---

31680 31680 31680 3i680 3i680 31680 316_~L ~ .6 ~ 316_~ 31680 31680 31680 31680 __ 3_j 680 31680 31680 31610 

31680 __ 31680 __ 3168o ___ 3j680 ___ 3j680 __ 31680 31~80 _ ~l6ll_O 31680 316_80 3168b 31680 31680 3\680 _ _31 680 __ 31680 · __ 31610 ___ . __ _ 

31680 __ 31680 __ 31680 ___ 1 \ 616 ___ 3i680 __ 31680 _31680 .31680 31680 31680 31680 31680 31680 3 j 680 31680 __ 31680 ___ 31610 __ __ _ 

31680 31680 1003?. 3168 0 3)680 31680 31680 31680 31680 31680 31680 31680 31680 3j 680 31680 31680 31610 

31 680 _ .. .6_~36 ____ 31680 ___ 3! 6RO ___ 3i680 _ 31680 31680 31680 31680 31680 31680 31680 31680 3t680 31680 31680 ___ 3i680 ______ _ 

31680 31680 __ 31680 __ _ 3!680 ___ 31680 __ 31680 31680 31680 316110 31680 31680 31680 31680 Ji680 3lf•80 __ 31680 __ 3i680 ____ _ 

31680 22704 31680 3i680 3 ) 680 31680 31680 31680 316110 ll680 31680 31680 31680 _ 3!6!!__316~ - 31680 31610 

~-!.6.~!) ___ 3!_&_~ o ____ ~_l-~~-o ___ _l_~5_3_~ ___ .3.\.6.~~- 31680 31680 31680 31680 31680 31680 31680 31680 3i680 31680 31680 _ _ 31610 ____ ___ _ 

3i680 __ 31 680 __ 31680 ___ 3 i 6a o __ 20064 _3_1680 31680 31680 31680 31680 31680 31680 31680 3i680 31680 _ 31680 __ _ 31680 ____ __ _ 

31680 31680 31680 3\ 680 31680 31680 31680 31680 31680 31680 31680 31680 31680 3\680 31680 31680 31610 

31680 31_~80 3168 0 3 \_680 -· 3]680 31680 3696 47~2 !0560 17952 26400 31680 31680 31680 31680 31680 -~j~•~ -
3 1680 316R O 3168 0 3! 680 3 j 680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 

31680 3)680 31680 316RO 3i680 31680 31680 31680 31680 31680 31680 31680 31680 3i680 31680 31680 3i680 

31680 3168 0 3168 0 31680 3i68n 31680 31680 31680 31680 31680 31680 31680 31680 3\ 680 31680 31_~~-~-

31680 31680 31680 31680 3\680 31680 3 1680 31680 31680 Jl680 31680 31680 31680 3 i 680 31680 31680 _ _ 31680 ----· 

31680 31680 31680 31 6RO 3\680 31680 31680 31680 31680 31680 31680 31680 10560 21760 31680 31680 31610 

31680 31680 3168 0 3\ 68 0 3 \ 680 31680 31680 31680 31680 Jl680 31680 31680 31680 1\088 31680 31680 31610 

31680 31680 31680 3168 0 3\680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31680 31610 

31 680 31680 3168 0 31680 3 i 680 31680 31680 316110 31680 31680 31680 31680 31680 3i680 31680 31680 31610 

31680 3\680 31680 3j68 0 3i680 31680 31680 31680 31680 3 1680 31680 31680 31680 3 j 680 31680 31680 31610 
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WATER T•~LE EL~v•rlUN MAP. 

0 0 o: 
3400 3360 

0 0 0 0 0 3612 ,531 3474 3420 3380 

0 3787 3751 3656 ,5&8 3494 3445 3390 

0 0 0 •015 3886 3793 3707 ,611 3527 3464 3405 ;::._ 

0 0 0 0 4174 4079 3945 3849 3745 ,646 3558 3508 3440 

O · 4329 4222 4074 3955 3859 3749 ,6•1 3586 3547 3465, 

0 0 0 4412 4300 4253 4089 3932 3775 3689 3637 3608 356Z 3480 --·-------------··------------ ----- --- --·----------------·-
0 0 4405 4359 4231 4062 3858 3733 3688 ,664 3635 3588 3!10!1 

0 0 0 4451 42~6 4146 3964 3825 3768 3727 ,700 3657 3603 3!!Z!I ---------------------------- -------------------- ----
0 4554 4485 42113 4088 3946 3883 3825 3774 1731 3675 3608 3!120 

- --------------------- .. -- ---- --------------------
0 0 4593 4468 42J9 4058 3985 3941 3881 3808 ,128 3649 3570 3490 

__ _ o __ _______ _________ _ o ____ _ 0 4672 4641 4473 4252 4094 4035 3984 3922 3833 3694 3598 3516 3440 -------- --- -- --------- ----
0 0 0 0 4735 4655 4526 4284 4162 4096 4044 3978 3878 ,768 3662 3527 3430 _________ .. _____ -----------------. ----------------------------------------

4780 4655 4501 4348 4246 4_161 4089 4_022 3940 3803 3610 3489 3l90" 

__ o _ . ______ o ________ o _________ o __ __ 4866 . 4779 4626 4459 4323 4251 4176 4057 3938 __ 37S6 ... _ 3654 ____ 357!1 _ . __ 3410_. _ 

. _ 0 ·------- 0 --- ----- 0 -- -- 5005 -- . _4963 4840 4704 4 560 4440 4313 4180 4049 3919 1803 3703 3!184 3470 ---· ---------------------
5234 5 146 ~009 4864 4727 45116 4440 4294 4175 4072 3922 1797 3686 3599 3!100 

0 _ 5383 --- 531 6 ____ 5199_ ~9_3~ 4863 4738 4566 4413 •282 4176 4076 3946 3852 3775 ___ 3714 __ 3650. 

5595 545?. 5280 ,;ij89 4910 4786 4647 4456 4294 4182 4097 4019· 3938 3862 3792 371!1 ' ----- --··-··----------- ---------· -- . ----
5619 5510 5431 <;222 5041 4896 4 756 4563 4389 4260 4147 4o75 4013 3934 3852 3760 

0 0 5452 ,;210 5125 4951 47~5 4622 4483 4351 4l38 4141 4066 3989 3903 381!1 

0 0 ,;239 5113 4972 4852 4681 4532 4412 4301 4186 4102 4025 3942 3860 

5127 5078 4869 4733 4571 4449 4344 4223 41JJ 4050 3948 3850 

0 0 0 5046 4873 4725 4575 4474 4397 4296 4174 4030 3894 380~ 

0 0 4420 4279 4124 3895 3780 371!1 _{ 

0 0 0 4334 4158 4010 3826 3752 3700 ',) 

0 4l51 4148 ,9118 3870 3771 3710 ')\ 

0 0 0 4147 4052 3922 3782 3720 1,1\.-

0 4148 4099 3995 · 3868 3900 -... 

0 4085 3993 3881 
__,_ 

387!1 

0 0 0 0 0 4042 3929 3122 3110 

0 0 0 ,880 3810 3100 3745 
-· -

0 0 0 0. 0 0 0 0 r--.. 17\ 



0 0 ---------------- - -
0 -------------------- --- ----- -- -------- ---- -- .. 

___ o _______ o ______ __ o, __ 
0 

0 

0 

0 

0 

4410 

4400 

0 O O O 4440 ----------------------------------------- ---------------- . 

O 4580 4441 

___ _ o ____ ____ o ________ o _________ o ____ 4660 ____ 4635 _ 4436 

____ O __________________ 0 _________ q ____ 4 720 ----~!>_~_0 __ __ •5 IO __ 
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3775 

0 3886 3833 

•110 •on 3897 

4325 4219 •010 3919 

4359 4250 •080 3930 

4350 4225 •o36 3834 

42d9 4134 3936 3693 

42dl 4061 3866 3754 

4206 3998 3829 3706 

42J• 4035 3916 3841 

4270 •128 J959 3949 

4765 4623 4479 4330 4185 •088 3965 ---------------------
_ _ _ _ o _________ o ________ o ________ o ____ 4858 ____ 4 775 ____ 4612 ____ 43115 •2-~~--- "209 4134 

____ o __________________ o ____ 5000 ____ 4960 ----~_l!_?_I!_ ____ 4686 45J2 4404 •2s2 4068 

5219 5119 4982 4835 4692 4544 434] •195 4074 -·------· --
0 5373 5296 5152 ;019 4851 4709 45l9 4359 4254 4143 ------- ------ ------------------------· ---------------- -

---~-----~-~?!'_ ___ __ s_~~-~-----~?-~~-----~-°-~?-- -- -~-~~-1__ _ 4 784 46J9 4450 •290 4180 

5610 5486 5420 5j89 5029 4884 47~3 4552 •378 4254 

5•12 s235 5103 49•o •77 • 4619 4470 4316 

5j99 5110 4970 4850 4662 •sos 4367 

5120 5074 4860 4732 •s10 4372 ------------------
0 5030 4860 •119 •ss2 4448 

0 0 

0 

0 0 

0 0 

0 

3701 

3721 

3772 

31141 

3759 

3621 

3596 

3616 

3577 

3721 

3846 

3863 

4013 

3918 

3924 

3983 

4015 

4089 

4166 

4219 

4268 

4384 

4396 

4325 

4242 

0 

0 

3575 

3611 

3629 

3682 

3742 

3640 

3486 - ------
3433 

3499 

3528 

3611 

3695 

3816 

,4116 

,511 

,si6 

1562 

1546 

1478 

34Z9 

3250 

0 

3215 

33_6__1 _ - - ~ 3;?45 

3382 3307 3265 

3412 3322 3290 

3466 3379 3310 

3432 3343 3;i40 

3356 3273 3iBo 

3336 3258 Ji7o 

3383 1112 3263 1zo5 

33115 3352 3289 3260 

1562 --- -3538 ____ 3500 --- 3435 --------· _ 

1636 ____ 3514 ____ 3480 ----~~!!! _________ _ 
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HYDRAULIC CONDUCTIVITY MAP, 
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APPENDIX E 

COMPUTER RESULTS 
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First Run 

~ATE OF RECHARGE IN INCHES PER YEAR, 

o. 0, o, o. u, 0, 0, o, ii. 0, 0, o, 
0, 0, "· o. U, O, o. 0, 0, 0, •4,8431 •5,0853 

0, 0, o. 0, o, 0, o. o. •17,6970 -1,9260 ,2799 ,001• 

0, 0, o. 0, o. 0, 0, .;0652 ·2,1675 ,0477 ,6962 ,206Z 

0, 0, o, 0, o. 0, ,3112 2, 7095 1,8784 1,8919 ,9638 1,4720 

0, 0, "· 0, o, ,3502 ,0143 ,6612 ,4063 ,2608 2,26Z9 ,5322 

0, o. o, o, ,2935 ,1096 ·,3583 ,1709 ··,•-084 ·1 ,0043 ,4024 0 2,0053 

0, 0, o. o. ,2337 ,4112 ,9161 1,7370 1,9052 .J,4564 •4,4164 .•,11051 

0, o. o, o. ,2487 , 1012 ,91111 2,2070 -• ,7891 -1 ,9004 •l,9021 1,9820 

0, 0, o, 1,9898 ,5705 ,7310 I ;e-791 .;2,lH>40 ; oe8T •,3670 f ,8801 6,2·937 

0, 0, o, 1,1427 1,3814 ,1692 •1,5127 •,5911 J,8001 l,4810 1,2179 1,2249 

0, 0, -,7538 1,4022 ,4641 -,0665 -,7040 .rs-a·• 1,8892 J, • 926 1,1183•12,0563 

o. 0, 9,2652 -.0010 I ,3342 • ;.1,-rs --;n,r----;sns - r;ns" ·4;2501 ,4449· 

o. 0, J,4792 •,8443 •l,4532 •1,1833 ,4670 1,1582 ,0361 1,8900 J,6722 

o. 0, ,6396 ,9218 2,6506 ,49113 -2,31jz ,6371 3,3755 1,7069 ,2583 

o. •l, 1402 ,2 • 44 ,3982 /7262 --1,8128 2,8&30 3,8233 1,9966 -T;6GDO·-;-z,os.-z · 
1, • 788 1,6177 -,0470 ,3180 ,4949 2,4398 2,3566 -i,2035 ,1232 3,6883 •J,6383 

1,0052 -,9172 -,8J42 .•,1749 1,0345 -,5044 -1,8698 -1.1753 1,1514 1,6362 •3,0377 

1,2557 ,7093 •2,5350 •l,3008 ·,0049 ,70119 •,0557 •,3780 1,1506 l ,-035·3 i, • f41 

,4872 2,sn2 ,6966 •,9066 -.2100 ,164• ,4027 •,4687 ,3672 •,5820 ,4888 

o. 3,0027 1,1325 ,1203 ,0460 ·,2309 •,4561 ,8378 ,8754 1,0746 ,7563 

o. 0, ,6419 -. 7482 •,1118 ;eo•9 ,6692 ,so•• - 1.1067 l, 76• 0 ,0004 

o. O, o, ,7063 ,6934 •,2515 ,0167 1,9313 i,5687 ,•001 ·,1777 

0, 0, o, o, •l,1920 -,2605 ,53114 ,4954 ,5718 ,5855 1,3249 

o. o. o. o. "· o. 0, o. 0, 4,5075 2,14Z4 

o. 0, o. 0, o, o. o, o, 0, 2,4379 -,6420 

0, 0, o, 0, o. 0, o. 0, 0, 1,3175 ,033• 

0, 0, o, 0, 0, 0, 0, o. o. 0, 1,03• 7 

o. 0, o, o. 0, 0, 0, o. 0, o. 2,3407 

o. 0, o. 0, o. 0, o, o. 0, 0, 0, 

o. 0, o. 0, 0, o, o. o. 0, 0, o, 
o. 0, o. o. o. 0, o. o. 0, o. o, 

made with 
saturated 

hydraulic conductivity constant 
thickness. from page 123. 

of 

1,5·910 

-1,0068 

•2,8538 

,3 i 47 

•l,4568 

.2,0030 

•,oo•fo 
2,4763 

1,9795 

1,099·5 

1,0900 

2,8929 

2,3746 

•I ,5383 

•.1109 

-,0061 

,6935 

,6713 

1,1133 

,2571 
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0, -1 ·,4•oe· 

-2, • 249 l, • 413 

-,1051 ,Till 

,0884 •l,4505 

-,·9330 1,04111 

•,JJ77 5,0951 

I ,JJ•r Z;-f964 

2,8939 6,0204 

1,9705 4,2431 

S,9n1 !f,·fsU 
0 l,0265 •Z,6493 

-7,6114 •3,0450 

l,jUI -3-iHl°t 

-2,8642 •l,2255 

•,546Z 1,to•z 

r~·.-cr~-;;i~ 
-4,5767 •3,4Ti2 

•,9711 ,74JJ 

·--.070,-..-.n-.-
1,3867 ,4112 

2,1235 ,6795 

··1. s m-r.mr 

1,8405 ,0399 

,7861 ,6937 

-2,3450 -3~5*95 

-2,2026 •,9955 

,2988 ,17'9. 

,3018 -~.,,u·-
,3953 ,4016 

,9763 ·,19'9 

,3718 ,1214 

-,1022 -Z,3651 

. 2 
gpd/ft 
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Second Run 

KA IE C,f H>. CHAtWE IN lNCHlS PEH ff AR, 

O, 0, o. "· o, \J, 0, u, 0, 0, 0, o, u, 0, •l,008 

0, 0, 0, V, o. u, 0. u. 0, O, 0, •6, 7 IJ2•1~,d031 -2,7691 1,HIJ 

0, o. n, V, u. u, 0, o. 0, ·15,6507 -1,4054 1,2675 - ... 659 •,5833 ,7118 

0, 0, ,,. u, o. u. 0, U, l,b6U •,61H .5118 1,1!>31 ,4841 ·,1355 •l,62112 

0, 0, 0, u, o. U, 0, I ,•3•3 2,l513 ,7084 ,7454 1,3570 c.;403 •,9862 ,7758 

O, U, O, u, o, U, , •• 7~6 ,5711 ·,1560 , 1539 1,1924 2,Jlll ,1627 •,1355 5,2508 

0, 0, 0, \J, o. c,0374 l,02JI I ,•7'19 .~37~ 1,2320 •,6407 •,2769 •l,0053 1,3j46 2, 7964 

O, 0, ,,. o, o. ,7354 ·1,J'-'t7 l, 7714 2,.J • 6J ,9001 -5,1411 •4,6559 •,<1051 2,8939 6,0204 

0, u. o. u. u. ,5749 ,6134 ,79<13 1. 1115 •S,6110 •l,7142 •2,0361 l,'1820 1,9705 4,2431 

-0, 0, o. u. 2,4000 l,8°/27 1,l3b6 ,9826 •3,0417 •,1809 •,5633 1,8943 b,1711 5,9797 5,7533 

0, 0, o. u, 1,11196 1,5227 •,4143 •l,'1311 •,4421! 4,1418 3,~1110 1,3148 1,2249 -1,0265 -2,6493 

o. o. o. •,3243 2,3-.Jft ,'iOb& •,3516 -2,2701 ,0095 1,7181 3,4926 I, 1183•12,4501 .7,3924 •i!,9267 

O, 0, o. d,79bl ,5420 J,0077 -i,4369 ,1023 .-.691 1,4783 4,01>20 1,0303 . 1,4f41> l,9Z8i! -2,8361 

O, 0, o. '+,2 • 7b •l--• 669 •2,3957 •l,46116 ,4020 l,0214 ,0321 1,7835 3,6756 •,1612 .3,3044 •l,4576 

0, 0, 0, Z.l~b!> 2.0032 c,3lb9 •,05.lO •l,4113 ,7161 3,8164 1,8603 ,1716 •l,2301 ·,3526 l,8073 
- -- -- ----- -----o, 0, ·1,96./8 ,€)143 ,8972 1,2401 1,64J5 2,9511 3 ; '188S 2,0021· : 1,6303 • f;°822Y ,0623- -.1no •l,35Zl 

o. ,568l l,20Y7 ,J1,1 ,5508 ,534~ 2,0331 2,0196 •,b57b ,3254 3,6883 •3,8759 •J,5389 -3,6934 .J, 7318 

•6,11865 ,0071! •,218, ,<271 •,7220 ,6700 •l,2217 •2,0779 •1,1611 ,9467 1,5032 •3,0377 •2,1076 -1, 3063 1,2242 
-·-----· -- -------- - . - -~I .bO!>i . ·--. 741>6 •I ;&-830 -,77f6 ,3•-06· 1-. • 1• 1 2,1343 • 7727 •,8021 ·1,3931 •,3146 ,81<12 ,1405 ,on• l ,3iil8 

1,3786 1,Ht85 3,319b l,24Jl:il ·,3991 ,3754 l,4lbO ,6814 •,bl 77 , 1110 •l ,0974 ,41188 2,4763 1,5235 ,4852 

o, 0, ,6005 o. J, • 268 ,2176 "• \761:1 •,3tH7 ,9741 ,7595 ,76 • 0 ,6365 1,9521 2,1235 ,6795 

O, o. O, 3,4725 .OttJO •l.2420 1 ,23"2 ,0418 .:.u • 2M 1,0387 2,1064 -,1718 ,.,73S 1, •~6 · l,7o7T 

0, 0, o. o. J. 0302 J,27b3 •,S5b7 1.os•d 1,2808 ,7693 ,30,8 •,1625 1,1136 2,1507 ,2102 

0, o. o. u. o. •:>,1135 ,0812 ,37bO •'+865 ,6216 ,7007 1,4515 c,7538 I ,1453 ,5295 

0, o. o. o. o. o. o. 0. U, 0, 4,5075 2ol230 i!,7673 •2,53S4 •3,7358 

O, o. o. o. 0, 0, o. o, 0, o. 2,4.l79 ·,9233 -,6626 -2,6390 •l,5007 

0, 0, o. o. o. o, O, o. o. 0, 1,3175 ,0334 -. • 82 • , • 263 ,0783 

o. o. 0, o. o. U, o. o. 0, O, 0, i,0384 •,0061 - ,410~ •,87rl 

o. o. o. o. u. o. 0, 0, o. 0, 0, 1,5400 ... 376 ,3953 ,4016 

O, 0, o. o. o. u. o. 0. 0, O, 0, ·------ 0, ---- -- ·-1, 090~ --- • 91,a---.;nn--

O, o. o. o, u. u. o. o, o. 0, o. O, 1,0014 ,8242 ,9330 
-----------------· -0, O, o. o. 0. o. O, 0, 0, 0, o. o, 1.~334 • 1 nz··;-.;,z5; 

Run 
and 

made with 
saturated 

constant 
thickness 

hydraulic conductivity 
from page 124. 

of 650 2 gpd/ft 
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Third Run 

HATE OF RECHARGE IN INCHES PE~ YEAR• 

0, 0, 0, o, 0, u, O, 0, o. 0, 0, 

0, o. o. o. o. u, 0, o. o. 0, o. 
0, o, 0, o, 0, u, 0, o, 0, •l0,5349 .J,2658 

0, o. o. u. 0, u, 0, o. 2,1945 ,51108 1,1 • 09 

0, 0, 0, o, o. o, 0, ,0940 1,1665 i,7Z54 2,3348 

0, 0, 0, o. 0, u, ,06114 ,020J ,4292 ,JZ19 ,J9115 

0, 0, 0, o. o, ,0451 .02jo ,1060 ,0758 ,6214 2,J298 

0, 0, 0, o. 0, ,OJ60 ,0819 ,JO "/ • 1,J9114 5,1514 0 4,01 • 5 

0, 0, o. o, o. -.0201 ,0726 1,02l5 7,8567-I0,5561 •l,3030 

0, 0, o. o. ,9677 ,2400 1,1183 • ,83114 •4, 7112 ,8223 1,1206 

0, o. 0, o. ,8506 1,1446 2,9945 •2,2207 •2,7053 2,0605 3,9316 

0, o. 0, -,1111 ,4555 ,5183 1,7564 •,3457 ,8694 i,2705 3,8721 

0, 0, 0, 1,69411 ,0614 ,7360 ,2205 1,4493 1,J656 1,8884 5,9600 

0, 0, 0, , 7334 •,0993 ·,3092 ,1272 ,8034 2,1449 i,J268 3,0985 

0, 0, o·, ,0984 ,2204 ,6608 ,2J94 •,J2 • 3 ,5157 2,7241 1,8315 

O, o. •,4831 ,0461 ,0941 ,2148 ,4864 1,1136 2,9407 1,4594 •,9723 

O, ,2275 ,3520 ,0419 ,1 • 35 ,2043 1,1648 J,1688 1,8205 •l,6020 ·1,2632 

.,9717 ,0625 •,1073 •,0494 •,0427 ,335J ,0390 •,6321 •,5306 ,7386 ,8097 

,2376 ,0545 •,1751 -1,6519 •,8967 •,3659 ,1750 •,45Jl •,4702 1,0173 •,0679 

,7394 ,6513 2,1589 ,6477 •1,2749 •,2635 ,4829 ,4849 •,9J49 ,7646 •,2921 

0, o. 4,3889 ,5J45 ,0188 ,Ol42 •,1398 •,0067 i,J485 ,7300 1,J006 

0, o. 0, •,53U8 -. 1510 -.0022 ,3J60 ,16l7 ,2180 ,6792 ,9694 

O, O, O, o, ,1777 ,2048 •,0759 ,0099 ,8476 ,4542 ,1892 

0, 0, o. u, o. ·,2449 •,0252 ,2702 ,1979 ,2190 ,01177 

o, 0, 0, o. o. u, O, o. o. 0, 6,2906 

O, 0, o, o, o, u. O, 0, 0, O, 3,6108 

0, 0, O, o, o. 0, O, o. 0, o. ,8166 

0, o. 0, o. 0, o. 0, o, 0, 0, 0, 

O, 0, 0, o, 0, o. O, 0, 0, 0, o. 
O, 0, 0, o, 0, u, 0, 0, 0, 0, 0, 

o. 0, 0, o, o. U, 0, o. o. O, _u, 
o, o. o. o, o. u, 0, o. 0, 0, 0, 

Run made 
saturated 

with hydraulic conductivities 
thickness from page 123. 

from 

0, u, 0, •,44JJ 

•7,8914 -~.4159 -1,9000 ,20il!J 

.,J8Z8 •,5963 •,4718 •,0490 

,0618 •,J3JII •,ll~• •l,4625 

1,ll86 ~.l61J -2,6605 ,1705 

4,7115• 4,J705 -2,0993 5,4546 

2,l261 .J,5850 1,5250 •,J506 

•8,0341 •,J849 4,5615 2, 10118 

-,6378 ~.2448 2,3108 •I ,2323 

4,9481 lU,7032 7,5214 1,54• 9 

2,11IJ •i,Z774 .1,0110 •2,4587 

•,1256•1~,U315 -4, 1792 •1,4398 

•i,1707 •2,5844 ,6529 •l,30l3 

5,35• 8 •i!,i!819 -2,595J •,J244 

,IJ72 •it,5621 -,2768 ,50IJ 

,0524 -. 1122 •,7187 •,6898 

•,7822 •l.190• -•,•351 -3,1279 

•l,6862 -1 ,48IJ · ,6191 1,4473 

,5071 •,3477 •l,OO • I 1,115!> 

.,7503 ,9788 ,1584 •,0143 

,91125 ,6958 ·l,i35J ,72IJ 

,1935 ,62 • 0 ,8314 ,4763 

,5685 ,1100 ,3869 ,0978 

,9J45 2,2995 ,6431 ,4980 

4,0821 4,6339 .4,4590 •2,IJ97 

,0444 -2,9694 -5,4134 •l,2307 

,0814 ·,¥826 ,4158 ,1905 

,3531 ,1190 ,2839 •,4327 

,4J35 ,ZIOI ,1826 ,2664 

0, ,1327 ,2602 -,0012 

o, ,i!309 ,2049 ,1192 

o, ,1377 ,0801 -1.0113 

page 125 and 
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Fourth Run 

"ATE OF' PE.CH A~Ot-_ IN INC"ES P[M YF.: Al-f e 

o, 0, 0, u. 0, u. o. n. o. n. 0, o. --~--- o. •,403 

O, 0, O, o. o, u. o. o. 0, n, 0, •12,3911•1l,d79Y -2, 1647 ,20Zl 

o. o. 0, o. o. u. o. o. o. •I 1, 5 726 •2,59Y5 ,5235 •I.ZOO~ •,7661 •,0490 

o,_ - 0, 0, o. 0, o. o. o. 1,2792 1,0744 1,5421 .5699 ·,1626 •,5699 •3,1137 

_o, __ -- -- 0, 0, o. o. o. o. .,.421 1,3450 1,0229 l,4d"/4 1,7031 •,7165 -2,7475 •,3404 

O, 0, 0, o. .3111 ,2176 ,2145 ,3592 l,l9b4 4,8226 4,0863 •l,7104 5,7660 

O, ________ O , _ o, o. o. ,3135 .2oi:,& ,4506 ,6699 1,7789 1,3346 I ,7124 .J,5850 1,5250 •,3506 

o. ____ ____ o. _____ o. o. o. ,1131 ,2d91 ,5823 ,!,4075 5,1293 -6,i 764 •8,4025 •,3849 4,5615 2,1068 

0, o. o. o. 0, ,0217 -~ -~6 l,33d!? 7,5165•11,5351 -1,0165 •,7924 b,24411 2,3108 -~ l..! ~~ZJ -
O, ________ 0,_ ·-·--- o_, o. 1,14?.7 ,7613 1,6547 5,3QY9 ·5,6329 ,2567 ,7100 4,9645 10,56111 7,5214 l,!14 • 9 

_Q, _________ _ o! -- O, o. ,97ijO_ 1,2885 2,6357 •2,6431 •2,3860 2,6388 3,9316 2,2232 •i!,2774 -3,0170 •2,087 

0, o. 0, -.ozS4 ,7006 1,1351 ~!.L •_1 , 83S3 ,62_1__0 __ J,01i2 3,87ZI ·•!256•13,2587 -4,0950 •1! 403~ 

.Q• _______ O.t ___ ___ O_t. __ '-· 7_1?8 ,2026 l,!1123 ·,1051 1,06!3 1,3437 1,9838 5,7429 •,8330 •c,6164 ,0923 •I, 1391 
O, ________ 0, ______ _J!., -- __ , ?Ol.<1 __. _, l5J7 •,}Q69 ,16d2 ,9325 2,1028 1,4239 3,03JO 5,3569 •1,6810 ~.9676 •,!17H 

2• o. Q, ,3J79 , 45ZJ ,668Q _ , 152_j! -:..,J~4~ _, 5488 z,~860 1,9676 ,0_519_ •Z,8828 __ •, t 439 _,4729 

0, ______ Q_, _________ •,3027 - · 1~1>3 , _l?~~- , ,148_) ,4596 1,1345 2,9025 1,4617 -,9873 ,3580 -, 1510 -1,3054 

Q, _________ _ , 08J 5 ___ _ ,24S3 _ _ ,J_o_Q'I _ ol'H? _ •212(> .9671 Z,8404 2,1146 •l,3M2 1,2632 -1,1477 -J,2475 -3,3631 

-1,0595 -,0485 •,0176 ,0/78 -,1301 ,1996 -,3120 ~-•]_!Sl__ -,5308 ,5800 ,7074 -1,6862 •l_,6421 ,3727 

-- ,3917 -~•-1089 -J,H64 ,cl,6216 •l,7HO •l,1267 •,7212 •l,2476 •1,6323 ·1,2920 •l,0031 ,5071 •,3144 •I ,0002 

-- ,9977 ___ 1,3718 -- 3_, 7_3S_4 2.oz68 •,3714 ,9583 3,1850 ·,2772 •2,0618 ,3773 -.n11 •,7503 .~788 ,1900 

O, o. ,8869 o. 3,S079 ,4243 - , 3236 ,600J __ 2,0535 , 7303 1,0068 ,9364 ,685_3 1,135_3 

o. -------- o. -------- 0 · - , 5}_42_ -- __ ._00_39_ ·,1887 ,53Y6 ,0642 ,1284 ,7794 1,0983 ,1407 ,5375 ,8089 

o, ________ o. _ ______ _ o. o. •_U BS .~70~_ •• 11~1 ,44d7 ,5969 ,1458 ,1356 ,5783 ,1190 ,5540 

O, o. o, o, o. •l,4?J~d6 -- ,2077 ,1945 ,24?.0 ,15•1 1!0075 l,~1JJ_ ___ lol267 --

_ o. ------- -~ .! ___ o_! o. o. o. O, o. 0, 0, 6,2906 4,0709 •,9541 -4,6155 

_ o. ______ __ Q, ____ 0, o. o. u, 0, o. o. 0, 3,6108 •,6048 •l,4218 -6,0894 

O, o. 0, o. o. 0, __ g. 0, 0, 0, ,8lb6 ,0814 -,6154 , 6!_~0 

!)_, o. 0, o. o. o. 0, o. 0, 0, o. ,3536 ,1190 ,3591 

0, -------- o. 0, o. o. o. 0, o. 0, 0, 0, ,3103 ,2322_ ,1826 

0, o. 0, o. o. 0, 0, 0, 0, o. o. 0. , 1972 ,2498 

-~-·----· o. 0, o. o. o, 0, o. 0, 0, 0, 0, ,2137 ,3441 

q.! o. 0, o. o. 0 , 0, 0, o. 0, 0, 0, ,5305 ,2829 

Run made with hydraulic conductivities from page 1 25 and 
saturated thickness from page 124. 

•,!1109 

.3,3709 

2_,_.!)021 

1,0141 

•,0143 

.! 7Z ~ 

,4665 

,189!1 

,4096 

•2,3911 

•l,9105 

_ _ill~ 

•,4327 

,2664 

-,oou 
, • 937 

-1 ,9904 
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Fifth Run 

RATE OF RECHARG~ IN INCNf5 PER YEA~, 

0, o, o. O, n. 0, 0, 0, o. 0, o. O, o. 0, -.11ze 

o. 0, o. o. n, o. o. 0, 0, 0, n. •5.9474 •5,276q •l,9800 ,J027 
0, o, o. O• n, 0, O, 0, U, •11,6775 •J.,0093 •• I I'll •,6500 •l,0061 •,IHO 

o. O, o. o. 0, 0, 0, O, ,,194!1 ,!1488 ,8JJ9 .11,~ ,3298 •, 39117 •J,IOU 

0, 0, o. 0, n, o. o. ,0940 1,166!1 1,7254 2,Jl48 1,31•6 3,0394 •I ,6804 ,8711 

0, o, o. 0, n, o. ,06b4 ,0203 ,4292 ,3219 ,398'1 4,18'14 3,4322 •1,6816 6,1743 

0, O, o. 0, o, ,0451 ,0230 ,1060 ,0758 ,6214 2,1922 Z,32~1 •3,5628 !,!11'!6 ! ,!l!!ll 

o. 0, o. O, O, ,036ft ,0819 ,3074 1,3984 3,9778 •3,!1603 •7,55i5 ,9498 5,4689 5,!1008 

o. o, o. o. O, •,OZOI ,07it6 1,023!1 .,!1114 •6,!1498 •,4501 •l,44'17 4,4124 3,4774 Z,3419 
o, n, o. O, ,9671 ,2400 t,ll83 3,6313 •3,7568 •,OT88 1,lit06 4,!1440 9,5!138 1,2220 2,!1414 

o. O, 0, O, ,8!106 1, 1446 1, 1243 •,9991 -~.4667 2,060!1 3,9316 2,59•2 •1,6277 •2,8114 •3, 1094 
o, O, o. •,1111 ,4!1!15 ,5183 1,1433 •,5138 ,8694 1,2105 2,35!11 ,0175•10,3246 •4,!1916 •1 ,4391 

o. o, o. 1,694- ,0614 ,8351 ,0061 1,4818 1,3089 1,6331 4,1172 •l,38nl •,8186 ,6515 •l,JOJJ 
Ii, O, o. ,7334 •,0993 •,3092 ,15J4 ,9413 l,9!133 l,1131 Z,7057 4,03"9 ·t,8924 •2,6101 •,l190 
o, o, o. ,0984 ,2204 ,6608 ,UZI ,1538 ,80Z1 2,6320 1,8315 ,106 •2,2927 •,3034 ,5448 
o; o, •,<1214 ,046t ,0941 ,2148 ,5183 1,0212 2,8244 1,4003 -1;0119 •,6174 •,179'! ,0992 •,1681 
ii, ,1416 ,4096 •,093'1 ,1444 ,0218 ,1091 1,8243 1,1955 ,3102 2, 7655 •1,5591 •3,3264 ·!l,1038 •3,5160 
t,i472 ,3679 ,0148 •,252~ •,1255 ,4167 ,0593 ,5881 ,1546 ,5422 1,6153 •2, 10'6 •,9190 ,2006 ,9808 
,il16 ,00)6 ,3197 •,5616 •,6732 •• 1166 ,3410 •,1179 •,Z7ZO 1,0209 ,4647 ,40T4 •,4012 ,3291 1,2068 
,!249 ,3136 ,6655 ,Z94i •,3055 •,1317 ,1356 ,2683 ·,3\159 ,4864 ,3018 ,28i9 ,!1919 ,1349 ,6403 

0, o, 2,2962 ,6947 ,1982 •,0119 •,1587 •,IZTb 1,0645 ,4421 ,5493 1,19•6 1,1668 ,7053 ,6513 
Ii, o, O, •,288~ ••1510 ,0049 ,3391 ,)561 ,2361 ,6167 ,8368 ,OIT8 ,6240 ,8314 ,2813 
o. O, o. n, ,1777 ,2323 •,081Z •,0043 ,8452 ,4!524 ,1892 ,58-5 .1100 ,3169 ,0971 
o. o, 0, 0, o, •,2449 •,0191 ,2696 ,1980 ,2190 ,0677 ,8977 2,)095 ,6431 ,4990 
0, o, 0, O, o, o. 0, 0, o. 0, !1,6033 3, 16~3 4,4447 •3,588!1 •2,IJ97 
0, O• o. O, o, o. 0, 0, 0, 0, 3,0070 ,56•5 •2,J457 •!l,4134 •I ,2307 
0, o, o. O, O, o. o. 0, 0, 0, ,8166 ,094] •,8826 ,4355 ,1997 ,. o, 0, 0, O, 0, O, o, O, 0, O, ,35,1 ,06'6 , I 704 .,u, 
;. o, o. 0, n, 0, 0, 0, o. 0, o. ,43,s .2101 ,1541 ,1971 ,. o, o. 0, o, 0, 0, 0, 0, O, 0, 0, , 1327 ,2340 .0111 ,. 0, o. 0, n. o. 0, o. o. 0, n. o. ,ZJOq ,2049 ,1330 ,. O• o. o, .. 0, O, 0, 0, 0, 0, 0, ,1377 ,0801 1,002 

with hydraulic conductivities Run made 
saturated 

from page 
123. This data was 

18. 
thickness from page 

preparing recharge map of Figure 

126 and 
used in 
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