
WYOMING 
COLORADO 

COLORADO KANSAS 
NEW MEXICO OKLAHOMA 

ltwp;j Ogallala Formation 

NEW MEXICO Scole in miles 
TEXAS 0 10 0 200 

E3 E3 

OGALLALA AQUIFER 
SYMPOSIUM 

Texas Tech University 
Lubbock, Texas 

1970 

SPECIAL REPORT NUMBER 39 

INTERNATIONAL CE N TER for ARID and SEMI - ARID LAND STUDIES 





THE OGALLALA AQUIIFER 
A SYMPOSIUM 

Richard B. Mattox 

& 
William D. Miller 

Edi tors 

1970 





PROGRAM CHAIRMAN 

William D. Miller 
Associate Professor 

Department of Geosciences 
Texas Tech University 

Lubbock, Texas 

FIELD TRIP LEADER 

C. C. Reeves, Jr. 
Assistant Professor 

Department of Geosciences 
Texas Tech University 

Lubbock, Texas 

SESSION CHAIRMEN 

(Mrs.) Jean Williams 
Program Controller 

Texas Water Development Board 
Austin, Texas 

Les McMillan 
Head, Pollution Fate Section 

R. S. Kerr Water Research Center 
Ada, Oklahoma 

Gerald Thomas 
Dean 

College of Agricultural Sciences 
Texas Tech University 

Lubbock, Texas 



J ACKNOWLEDGMENTS 

This symposium was made possible through financial aid from: 

High Plains Underground Water District No. 1 
International Center for Arid and Semi-Arid Land Studies 
Texas Tech Water Resources Center 
Department of Geosciences, Texas Tech University 



Contents 

INTRODUCTION ..................... ....................... 1 

SIGNIFICANCE OF OGALLALA AQUIFER . 
Frank B. Conse Iman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

~/THE OGALLALA FORMATION - A REVIEW 
John C. Frye . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 

GEOLOGY AND GROUNDWATER IN THE OGALLALA FORMATION AND 
UNDIFFERENTIATED DEPOSITS, SOUTHWESTERN KANSAS 

Harold E. McGovern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 

HYDROGEOLOGIC INFORMATION ON THE GLORIETA SANDSTONE AND 
THE OGALLALA FORMATION IN OKLAHOMA PANHANDLE AND ADJOINING 
AREAS AS RELATED TO UNDERGROUND WASTE DISPOSAL (abstract) 

James H. Irwin and Robert B. Morton ................ 30 

THE USE OF WELL LOGGING IN RECHARGE STUDIES OF THE 
~ OGALLALA FORMATION 

W. S. Keys and R. F. Brown ... . ............... . ..... 31 

LINEAR FEATURES AND GROUNDWATER DISTRIBUTIONS IN THE 
OGALLALA FORMATION OF THE SOUTHERN HIGH PLAINS, TEXAS 

Warren I. Finch and James C. Wright ............. .. . 49 

-./'nRAINAGE PATTERN ANALYSIS, SOUTHERN HIGH PLAINS, TEXAS 
AND EASTERN NEW MEXICO 

C. C-. Reeves, Jr. . ................................. 58 

DIGITAL SIMULATION OF THE OGALLALA AQUIFER IN SHERMAN 
COUNTY, NORTHWESTERN KANSAS 

Thomas J. McLain and Edward D. Jenkins ....... . ..... 72 

NUMERICAL MODEL OF OGALLALA AS A MANAGEMENT TOOL 
B. J. Claborn, T. A. Austin and D. M. Wells · ........ 89 

DYNAMIC MODEL OF OGALLALA AQUIFER, TEXAS HIGH PLAINS 
Frank A. Rayner .................................... 111 

COMPARISON OF METHODS FOR DETERMINING THE SPECIFIC 
YIELD OF THE OGALLALA, TEXAS HIGH PLAINS 

Ordie R. Jones and Arland D. Schneider .. .......... . 118 

METHOD FOR ESTIMATING COEFFICIENT OF PERMEABILITY 
USING HYDROLOGIC FIELD DATA 

Richard H. Pearl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 



WATER TRANSFER AT BEDROCK-ALLUVIUM CONTACT 
James P . W a 1 t z . . . . . . . • . . . . . . . . . • . • . . . • . . . . . . . . . . . . . . 14 S 

PROBLEMS OF ARTIFICIALLY RECHARGING THE OGALLALA 
FORMATION IN COLORADO 

C. T. Jenkins and W. E. Hofstra ..................... 154 

MATHEMATICAL MODEL FOR DETERMINING AREAL DISTRIBUTION 
OF NATURAL RECHARGE IN NORTHERN HIGH PLAINS OF COLORADO 

Donald L. Reddel 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 5 

BASIN RECHARGING THE OGALLALA AQUIFER THROUGH PLEISTOCENE 
SEDIMENTS, TEXAS HIGH PLAINS 

V. S. Aronovici, A. D. Schneider and O. R. Jones 182 

APPLICATION OF SURFACE PRESSURE TO ASSIST WATER RECHARGE 
INTO THE OGALLALA FORMATION 

Philip Johnson ...................................... 193 

RECHARGING OGALLALA FORMATION USING SHALLOW HOLES, 
TEXAS HIGH PLAINS 

Marvin J. Dvoracek and Sam H. Peterson .............. 205 

MOVEMENT AND RECOVERY OF HERBICIDES IN THE OGALLALA 
AQUIFER 

A. D. Schneider, A. F. Wiese and O. R. Jones 

THE TEXAS WATER DEVELOPMENT BOARD COOPERATIVE STUDIES 
OF THE OGALLALA UNDERGROUND RESERVOIR 

Gunnar Brune .... .................................... 

219 

227 



Introduction 

The Ogallala Formation is one of this nation's major 
aquifers, furnishing agricultural, domestic and municipal wa
ters in an area of approximately one-quarter million square 
miles. The stratigraphic unit extends from the northern High. 
Plains to central West Texas, forming a broad plateau upon 
which livestock, grain and fibers are produced. The necessity 
for an adequate water supply in this .predominantly agricul
tural region dictates the need for a thorough understanding 
of geological and hydrological factors that control the qual
ity and quantity of water which can be produced from the for
mation. As man extends his programs for water management, the 
needs for data increase. 

Research on the Ogallala Formation and its geohydro
logical problems has been extensive, but the range of publi
cations in which reports of such work have been provided 
makes it difficult to ascertain the present state of know-. 
ledge. The following papers, which co~er both general and _ 
specific topics related to the Ogallala aquifer, were pre
sented for the purposes of providing a more unified picture 
of the work accomplished and to define some areas in which 
research is needed. 
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THE SIGNIFICANCE OF THE OGALLALA FORMATION IN TEXAS 

Frank B. Conselman 
Director, International Center for Arid and Semi-Arid Land Studies 

Lubbock, Texas 

It is appropriate to open a symposium on the Ogallala Formation with a few re
marks as to its importance . It would be difficult to find a stratigraphic unit 
whose value and interest may be more readily estab!ished--whether on a scientif
ic, industrial, economic or environmental basis. 

The Ogallala Formation is first of all a stratigraphic unit. Like so many clas
sic formations in the American West, it was named and first described by N. H. 
Jlarton, in 1898 . As such it occupies a place in the section probably equivalent 
to all of the Pliocene with perhaps some Miocene at its base. It is unconform
able. above and below. lts thickness varies from very little to several hundred 
feet, and it is of interest to local geologists because it provides the most 
complete outcrops for study available hereabouts, assuming we are so disposed. 
It comes fully equipped with flora, fauna, lithology and problems. 

Secondly, it is important topographically. Its capping caliche and fresh-water 
limestone are primarily responsible for the Llano Estacada escarpment. If it 
were not for the Ogallala, the High Plains would be less high, and the 3,000-
foot contour would have to be moved quite a ways westward or northwestward. The 
disadvantages of this are abvious, and I am glad we are not confronted with this 
requirement, particularly since my own residence is built on and in the Ogallala. 

"'-\.Finally, and most important, the Ogallala is an aquifer, and that is the reason 
we are meeting here for this symposium. It is not only an aquifer; it may very 
well be the most important aquifer anywhere. Lest I be accused of indulging in 
Texas bragging, let me say that I am fully aware that the Ogallala was named in 
Nebraska, and extends down here to its southern termination after crossing sev
eral state lines, which states have equal claim to pride. Texas has only about 
.a quarter of the total Ogallala area. Moreover, we have other good aquifers in 
Texas which we virtually monopolize, and if I were motivated solely by chaumvin
ism I should have selected one of them, rather than the Oga:Uj\lla . 

. . l: · : 
. ·,;• ' 

~But the Ogallala is an amazing water-bearer, and it i s impossible to conceive of 
the present agricultural economy of the High Plains, and attendant agri-business, 
without i t. The record of dry-land farming and ranching in the pre-irrigation 
days is in very sharp contrast to the development of irrigation here since World 
War II . This has been well summarized by Professor Vernon T. Clover's 1961 study 
of the economic aspects of Ogallala water in High Plains irrigation (Clover, 
1961) and I am gratified to repor~ that in recognition of the importance of this 
subject, Dr. Clover has agreed to update his work to include the decade 1961-
1970. 
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.,........------ a , ' I 
In 1934 there were fewer than 300 irrigation wells on the Texas High Plains. 
The region was part of the Dust Bowl. Today there are more than 200 times that 
many, and Dean Gerald Thomas of the College of Agricultural Sciences tells 
me that this is now the second most important agricultural region in the United 

~ ·-·-· .. ····· ······ ···-~-····· · · - -···· · .................. ·- · ······ . 

The Qgallala is not the best aquiferJ or nearly the best, from the standpoint 
of reservoir quality and yield. But the Ogallala is available; it is here. 
It is in precisely the right position underlying the High Plains to provide wide 
regional availability, and its depth of a very few hundred feet is ideal. Like 
the reservoir, the water of the Ogallala is not in itself ideal, containing more 
hardness, and sometimes flouride, than might be desired, but it is good enough 
not only for agricultural use but for municipal use. 

In a recent very timely paper by Gunnar Brune (Brune, 1969) on underground water 
storage capacity of Texas, the Ogallala is summarized as underlying 35,000 
~square miles in Texas, with an average saturated reservoir thickness of 140 
l feet. Porosity averages 30%, and specific yield is 15%. TransmissibilHy is 
! given as 30,000 gallons per day per foot. In 1968 the Texas Ogallala provided ( 
19 .8 million acre-feet of water, equal to 73% of all the ground water with-
drawals in Texas. Moreover, water withdrawn as ground water from the Ogallala 

\ was almost twice as much--actually 1.9 times as much-- as the total water usage 

)

, from all the surface storage in this state. Jrrigation gets most of present · 
withdrawals; municipal and "industrial" use gets about 22%, and a small percent
age is used in water-flooding of oil fields for secondary recovery. Petroleum 
engineers will tell you that per volume consumed and dollar returned water- --
flooding is the most important and profitable use of this water. 

Unfortunately, these withdrawals far exceed recharge rates, and a number of 
estimates are available as to just how fast the aquifer is being depleted, all 
of them alarming. Natural recharge is almost exclusively restricted to perco
lation or rainwater runoff and playa lake seepage. The playa lakes develop 
clay plugging of bottom permeability, and their most effective leakage takes 
place thru the upper, gently-sloping banks at high-water periods. In addition, 
irrigation is itself providing some recharge contribution. The ratio of with
drawals to recharge is so high that Ogallala water has been recognized as a .: 
wasting asset by the Internal Revenue Service and granted depletion allowance 
credit. Recharge has been variously estimated at as high as 39% (Brune, 1969), 
at less than 10% (Dvoracek & Wheaton, 1969), and as low as 0.174% (Clover, 1961). 
In any case, the decline of the water table in Ogallala is widely recognized, 
and has been held up by federal officials as a glaring example of bad water 
management. No specifics have been offered, however, as to what alternative 
source should have been used. 

(

.Brune (1969) has calculated that the Texas Ogallala has a total storage capacity 
of 360 million acre-feet, of which 75 million acre-feet has already been with
drawn. There is thus a capacity of at least 75 million acre-feet of available 
storage in the Ogallala available for recharge, an amount equal to 12 1/2 times 
estimated net withdrawal during the year 1968. 
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We are hearing much these days about conservation and pollution, and of import
ing water for future use. In my opinion, it matters not a whit whether we im
port water from the Lower Mississippi, from Canada, or by skidding icebergs 
across the prairie--however we derive our supply, we still have to have a 
place to store the water. Surface storage does not make sense in this climate-
we would lose an average of six acre-feet per acre to evaporation (plus what 
little transpiration is involved). We would lose more to local seepage and 
enroute leakage, and we would render it liable to increased mineral concentra
tion not only by evaporation but by inflow of natural chlorides and sulfates 
and artifically high chlorides, nitrates, detergents, industrial chemicals, 
etc.--perhaps eventually radioactive waste. This is not conservation, and 
it invites rather than avoids pollution. In the long run, it costs money . 

The safest and best place to store water is underground, and the available 
storage in the Ogallala is ideal for this purpose. With or without a "Water 
Plan", the Ogallala should be put to use now as a storage reservoir for the 
ephemeral waters of playa lakes that are nc>w" largely lost to evaporation. Re
claimed brackish and saline waters can also be stored in this very useful set 
of beds. Without the Ogallala the High Plains would have no more reason than 
the Rolling Plains District of North Central Texas to consider imports of 
water as potentially attractive. 

Incidentally, the Ogallala recharge potential has been considered 
uses, such as disposal of runoff floodwaters in congested areas. 
water desalination becomes practical and bad waters are converted 
form, the Ogallala will provide an excellent place to store them. 

for other 
When and if 
to useful 

I have mentioned problems connected with the Ogallala. These are not too ser
ious, being chiefly geological and technical, and by the time Dr. Frye has pre
sented his paper they may no longer exist. In any case, we have arrang ed a 
field trip for you, under the leadership of C. C. Reeves, and you may note that 
the Ogallala to be studied east of town does not conform to the conventional 
idea of a plain of alluvial sands and gravels, stretching out from the ancestral 
Rockies. At least part of it may be dusty, and at least a small part may be 
sub-aqueous in origin. In addition, you will see old soils, caliches, cross
bedded sands and silts, running springs, the Cretaceous below and the Pleisto
cene above. Moreover, this Ogallala field trip will wind up with informal 
arrangements designed to appeal to the inner man. So you see, the Ogallala 
is indeed important, and I am sure the following papers on this program will 
make this abundantly clear. 
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THE OGALLALA FORMATION -- A REVIEW 

John C. Frye 
Illinois State Geological Survey 

Urbana, Illinois 

Abstract 

The Ogallala Formation, named by Darton in 1905 from its occurrence in south
western Nebraska, has since been subdivided, described, and correlated 
throughout the 800 miles of the Great Plains region that extends from south
ern South Dakota to central western Texas. It was deposited during late 
Miocene and Pliocene time in pre-existing valley systems across the Great 
Plains by streams flowing eastward to southeastward from sources in the moun
tains. Late Tertiary or earliest Quaternary warping placed the coalescent 
alluvial deposits in a position vulnerable to Pleistocene erosion, and as a 
result they now stand as a plateau between the eroded mountain foreland and 
the central interior plains. 

The texture and character of the lower unit (Valentine) of the formation 
vary widely, but the deposits become more uniform upward. Geologic age is 
based on the formation's fossil vertebrate faunas, but practical field corre
lation depends mainly on fossilized seed hulls. Hydrologic properties of 
the Ogallala are strongly influenced by the predepositional topography, the 
alignment of the filled valleys and of the major channel gravels, and by the 
hydrologic barriers, particularly buried soils in the upper half of the for
mation. 

Introduction 

The Ogallala Formation, of Pliocene and late Miocene age, extends from north 
to south through the Great Plains region for 800 miles, and has a maximum 
extent of 300 miles from east to west (Figure 1). Throughout this · region it 
is either exposed at the surface or is mantled with only relatively thin de
posits of eolian sands and silts or by shallow pond deposits. As the 
Ogallala contains significant quantities of sand and of sand and gravel and 
is generally underlain by older rocks of much lower permeability, it is the 
most extensive and usable aquifer of the Great Plains province. 

The High Plains surface is underlain by, and takes its form from, the 
Ogallala Formation. This vast area stands as a plateau above adjacent topo
graphy that is lower to both east and west, except in part of Nebraska. How
ever, at the southern limit of the High Plains the Cretaceous rocks rise 
above the Ogallala surface, locally leaving it in the position of a terrace. 
At the northern edge of the formation, the erosional surface developed on 
:the Ogallala merges with the adjacent erosional topography developed on older 
stratigraphic units. 

5 



WYOMING 
COLORADO 

NEBRASKA 
KANSAS 

COLORADO KANSAS 
NEW MEXICO OKLAHOMA 

TEXAS 

f?.//j Ogallala Formation 

NEW MEXICO Scale in miles 
TEXAS 0 100 200 

E3 E3 I 

Figure 1. Generalized distribution of the Ogallala Formation (based on all 
available published maps). 
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The character of the Ogallala deposits demonstrates that they are primarily 
the product of stream action, probably locally supplemented by eolian activ
ity and periodically interrupted by widespread soil development. Further
more, the basal part of the formation consists of a series of fills in sepa
rate valleys that, in general, trended from west to east. Coalescence of 
the alluvial fills from one valley to another gradually took place as the 
individual divides were buried in the progressively thickening alluvial 
fills. The final integration of this extensive plain of alluviation, per
mitting an essentially unrestricted lateral migration of stream channels, 
occurred during the lat.e phase of Ogallala deposition. Some elements of the 
former bedrock topography (particularly in west-central Texas) were probably 
never buried by Ogallala deposits. The resultant coalescent plain, marked 
only by depositional constructional topographic features, maintained an equi
librium sufficiently long to permit the s trong development of the "Ogallala
climax" soil. 

The relation of these valleys and the alluvial history of the formation is 
illustrated by the idealized, and greatly exaggerated, north-south cross
sectional diagram in Figur~ 2. To show this relationship more graphically, 
the t opography has been adjusted to a horizontal line at the stratigraphic 
top -of the f ormation. 

Although it seems clear that the Ogallala Formation is predominantly a stream 
deposit and that the sediments were derived from a source in the mountains 
to the west, there is far less certainty about the mechanism that initiated 
and terminated the episode of deposition. Smith (1940) has reviewed the 
several hypotheses and points out that they all involve the relative impor
tance of tectonic factors and climatic change. He also reviewed the relation 
of Ogallala deposition to several interpretations of Rocky Mountain erosional 
history . Although agreeing that the subject is controversial, he found the 
weight of evidence in favor of the interpretation given by Fenneman in 1931. 
Fenneman (1931, p. 107) s ummarized his view as follows: 

It may be assumed that at the close of the later cycle the greater 
part of this province and others adjacent were covered by a con
tinuous graded plain, made by degradation of the mountains and ag
gradation of the Great Plains . The peneplain (Rocky Mountain pene
plain) in the mountain province is believed to correspond in geo
logic date with the surface date with the surface of the Pliocene 
sediments that now cover the High Plains •.• The country then rose 
to about its present height, not this time as a mountain range but 
as a gentle arch .•.• 

He attributes the present abrupt mountain front to differential erosion fol
lowing the deposition of the Ogallala Formation. Figure 3 is an attempt to 
show, in an idealized and generalized way, three episodes in this sequence of 
-events. Smith (1940, p. 94) concluded: 

.•...... Ogallala time was probably brought to a close by stream 
rejuvenation incident to renewed upwarping •..•... On the upwarped 
depositional surface consequent streams took their courses in the 
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semi-radial pattern so prominent in the present drainage. 

Although both Fenneman and Smith based their conclusions mainly on the 
Kansas-Colorado region, when I review all available evidence from the High 
Plains region both north and south of Kansas and Colorado, I find myself in 
essential agreement with their conclusions. 

Stratigraphy 

The Ogallala Formation was named and described by N. H. Darton, in 1905, from 
exposures in southwestern Nebraska in a region that includes the town of 
Ogallala. In recent years the stratigraphy and paleontology of the formation 
has been described for Nebraska (Hesse, 1935; Stirton and McGrew, 1935; 
Stirton, 1936; Johnson, 1936; Lugn, 1939; Schultz and Stout, 1941; Swineford, 
Frye, and Leonard, 1955; Condra and Reed, 1959), for Kansas (Johnson, 1901; 
Darton, 1920; Elias, 1931 and 1942; Smith, 1940; Swineford and Frye, 1946; 
Frye, 1948; Hibbard, 1952; Merriam and Frye, 1954; Frye, Leonard, and Swine
ford, 1956; Swineford, Leonard, and Frye, 1958), and for Texas (Sellards, 
Adkins, and Plummer, 1932; Evans and Brand, 1956; Frye and Leonard, 1957a, 

i 1957b, 1959, 1964, 1965, 1968). 
j 

\

The Ogallala Formation ranges in thickness from a feather edge to more than 
500 feet; in texture, from coarse gravel and sand, through sand and silt, to 
marl and clay; in induration, from loose and friable to compact and, locally, 
cemented with both calcium carbonate and silica; and, in color, from white 
or light gray to tan, olive gray and red-brown. However, in spite of these 
extreme ranges, some clearly recognizable vertical and regional trends in 
physical character can be used for stratigraphic correlation. 

Several schemes of stratigraphic classification have been used for the 
Ogallala, but the most widely applied classification recognizes three sub
divisions (variously called formation, members, and floral zones)--Valentine 
at the base overlain by the Ash Hollow, and Kimball at the top. In Nebraska, 
a unit called Sidney Gravel has been recognized at some localities between 
the Ash Hollow and the Kimball, but the term Sidney has not generally been 
used elsewhere. For purposes of this discussion, I shall refer to these 
three units as informal zones without concern for the debate as to their 
proper stratigraphic rank. The type localities for the three occur in Ne
braska, as does the type for the Ogallala, and their relations to each other 
were first recognized in that state. 

The Valentine zone in the northern plains of southern South Dakota, Nebraska, 
and northern Kansas is predominantly sand, irregularly and loosely cemented 
with calcium carbonate. As indicated in Figure 2, the pre-Ogallala topo
graphy in the northern part of the High Plains was characterized by more 
gentle slopes and much broader valleys than in the southern part. As a re
sult, the beds of the Valentine have a higher degree of continuity and uni
formity from South Dakota southward across Nebraska and into northern Kansas 
than they do from central Kansas southward to west-central Texas. Throughout 
the southern half of the plains, the Valentine is sharply restricted to the 
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deeper parts of the former valleys, and the filling of each of these former 
valleys presumably proceeded independently. The physical character of the de
posits also change as we follow them southward. The range in texture increases, 
aqd coarse channel gravels occur interspersed with silts and sands that were 
apparently floodplain deposits. Color also changes to the south, light gray 
being ·replaced by tan to reddish brown as the predominant color. Cementation by 
calcium carbonate becomes more irregular southward, with a minor percentage of 
tightly cemented zones being interspersed with friable, and even uncemented de
posits. 

As it is clear that the Valentine deposits have not been traced physically from 
the type locality in northern Nebraska across the many former valley divides 
into the west-central Texas region, we should consider the means of correlation 
that have been used f or the Ogallala Formation. The earliest criteria for corre
lation--and the present basis for classing the formation as Pliocene and late 
Miocene in age--are fossil vertebrates, particularly plains-dwelling mammals. 
Within the High Plains region, significant vertebrate faunas have been collected 
from Ogallala deposits at more than a dozen localities. 

Although these faunas remain the most valid basis for establishing the ages of 
the formation and its three divisions, they are of little help· to the field 
stratigrapher concerned with detailed correlations in a specific area because 
of their widely scattered occurrence and the relatively small number of diagnos
tic collections. The fossilized hulls of seeds from grasses and other plants, 
on the other hand , occur widely throughout the Ogallala deposits and are quite 
useful for the correlation of the several zones, and even for stratigraphic 
placement within the zones. Although the fossil seeds , in themselves, cannot be 
used as evidence of Pliocene or Miocene age, they can be used to correlate var
ious stratigraphic zones with the occurrences of the diagnostic fossil vertebrate 
faunas . 

For example, the seed hulls of Stipidium commune are a clear index t o the Valen
tine zone, and are generally accompanied only by the seeds of the hackberry, 
Celtis willistoni. In contrast, the overlying Ash Hollow zone is characterized 
by the presence of Biorbia papillosa (in Texas) and Biorbia fossilis (from the 
panhandle northward), often in association with other species of Stipidium, sev
eral species of Berrichloa, and Celtis willistoni. Furthermore, Krynitzkia 
coroniformis is an index to the lower part of the Ash Hollow, whereas Panicum 
elegans occurs in the upper part of that zone. The Kimball zone, although less 
fossil iferous than the Ash Hollow, is identifiable by the presence of Prolitho
spermum johnstoni and Berrichloa maxima. 

Fossil snails have been described from several localities within the Ogallala 
""""'"Formation, but occurrences are too rare and too widely separated to render them 

useful as anything but ecological indicators. 

Physical and lithologic criteria for correlation also appear in the Ogallala 
Formation. The most positive criterion for time correlation is the matching 
of volcanic ash falls, and the middle t o late Ogallala contains several vol
canic ash lentils that can be identified by their distinctive petrographic 
characteristics. Although these have some value in the northern half of the 
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region of the Ogallala, they have not proved to be of stratigraphic value in 
the southern half of the region. Other distinctive lithologies include 
green-gray to pinkish gray, opaline-cemented sand, and sand and gravel; white 
to light gray lentils of chert; beds of marl that locally contain casts of 
mollusk shells and, in some places, intact shells of snails; beds of betonitic 
clay; and soils of several types. With the exception of the uppermost soil-
the "Ogallala-climax" Soil--none of these distinctive lithologies has value 
for stratigraphic correlation except in the northern half of the Ogallala 
region. 

The Ash Hollow zone is based on a type locality near Lewellen, Nebraska. 
Whereas the Valentine zone reflects a source in local bed rock diluted with 
western rock types, the Ash Hollow generally reflects a western source of 
sediment, with contributions from the nearby bedrock sources only locally 
prominent. The Ash Hollow is depositionally gradational with the Valentine 
below, and, although at some places a distinctive channel gravel occurs at 
the contact, at many places the faunal and floral break that marks this con
tact occurs in a conformable sequence of sandy silts and silty sands. The 
Ash Hollow presents a north to south transition, but less strikingly than the 
Valentine. In the northern region the deposits are gray, with calcium car
bonate cementation in moderately distinct zones distributed throughout. This 
sequence of loosely cemented units led to the early designation of "mortar 
beds" for this part of the formation. Southward, alternation of texture and 
cementation becomes more pronounced, and the color changes from gray, to tan, 
to reddish tan, to red-brown. During the deposition of the Ash Hollow all 
but the highest of the former divides were buried by the alluvial fills, and 
the High Plains region became a coalescent plain of alluviation. From middle 
to late Ash Hollow time the laterally shifting streams left large segments of 
the alluviated surface in a state of equilibrium, and thus permitted the de
velopment of mature soil profiles in the top of the previously deposited al
luvium. These soils now occur as part of the stratigraphic sequence, and, as 
they were "lime accumulating" soils, they appear as leached A- and B-horizons 
of tan silt and sand above strongly developed Cea-horizons of caliche. Be
cause such soils developed in response to local conditions on the surface of 
the alluvial plain, they have little value for regional stratigraphic corre
lation. The top of the Ash Hollow zone is not marked by a regional uncon
formity but, rather, reflects the progressive change toward desiccation and 
reduced rate of sedimentation. For this · reason, the boundary between . the 
Ash Hollow and Kimball zones is paleontologic rather than physical. 

The Kimball zone is characterized by silts and sands, strongly developed 
caliche at the top, and sparse and highly localized channel gravels. Through
out the region it contains more calcium carbonate cementation than the other 
zones and is less permeable and less fossiliferous. The Kimball represents 
the final, and nearly complete coalescence of the "plain of alluviation" that 
concluded the deposition of the Ogallala Formation. As the climate had be
come hotter and drier and the rate of deposition was greatly reduced, processE 
of soil formation gained ascendency over processes of deposition. There is 
less north-to-south contrast in the Kimball than in the other zones. It is 
well indurated, gray where predominantly caliche, and tan to purple where the 
color is not masked by the accumulation of carbonates. 
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The "Ogallala-climax" Soil caps the Ogallala Formation. The strongly develop- ' 
ed caliche of this soil has been called "cap rock", "algal limestone", 
II • 1 . t . 1 . t II d II 1. h II R dl f . . . piso 1 ic imes one , an ca ic e • egar ess o its name, it is a most 
unusual rock. The fact that this carbonate layer originated as a soil caliche 
seems to be established beyond debate but its present form and character are 
attributable to a long and complex series of desiccations, brecciations, re
cementations, and additions during the Pleistocene, following the early remo
val of the A-horizon and Upper B-horizon of the original soil. Furthermore, 
at some places veneers of sheet-wash and of eolian sediment covered this soil 
during the Pleistocene, and these relatively thin veneers locally contain one 
or more of the caliches of the Afton, Yarmouth, Sangamon, and other Pleisto
cene soils. As a result, what is now lot>sely called "Cap Rock" may be a com
posite of "Ogallala-Climax" soil and the effects of much of Pleistocene time. 
However, it is not our purpose here to discuss the modifying effects of a com
plex and violently fluctuating Pleistocene histor y . 

Hydro geology 

As the purpose of this symposium is to consider the water resqurces of the 
Ogallala Formation, a few general comments are in order to conclude this re
view. Clearly, the Ogallala Formation constitutes the largest ~round-water ) 
reservoir in the Great Plains region. However, it is not uniform in char
acter, permeability, thickness, or hydrologic interconnection. It is str ongly 
influenced by the character of ·the underlying bedrock floor, and by the semi
barriers or aquicludes presented by the fine silts and buried soils within it. 
Consideration of its origin and stratigraphy should be helpful in predicting 
yields, because the transmissivity should be greatest along the lines of the 
former valleys, and the buried soils should present the greatest barriers to 
hydrologic interchange. In prospecting for new supplies, the locations of 
former divide areas and of former major channels should be of prime impor
tance. In other words, the origin and stratigraphy of the formation, al
though not subject to slide-rule calculation, may be of real and practical 
value in prospecting for and managing water supplies from the Ogallala 
Formation. 
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GEOLOGY AND GROUND WATER IN THE OGALLALA FORMATION AND UNDIFFERENTIATED 
PLEISTOCENE DEPOSITS, SOUTHWESTERN KANSASl 

Harold E. McGovern 
Hydrologist, U.S. Geological Survey 

Garden City, Kansas 

Abstract 

Major erosion of the Ogallala Formation and deposition of undifferentiated 
Pleistocene deposits have created a ground-water reservoir in southwestern Kan
sas that is unique to the High Plains area. As a result of subsidence in the 
underlying Permian red beds, Ogallala deposits in much of the area were buried 
beneath younger sediments. Early Pleistocene streams carved into the Ogallala, 
forming a deep southeast-trending valley system. Initial refilling of the basin 
was by alternating fine- to . coarse-grained stream deposits followed by deposi
tion of thick beds of fine-grained lacustrine sediments. During late Pleisto
cene time, rejuvenated streams cut channels into older deposits and refilled the 
remainder of the basin with alternating fine- to coarse-grained sediments. 

The sequence of geomorphic events is reflected in the variety of unconfined and 
semiconfined conditions that exist within the ground-water reservoir. Wells in 
the upper materials generally show characteristics of an unconfined aquifer. 
Wells screened in the lower materials show characteristics of a semiconfined 
aquifer. Water levels are declining as a result of pumpage from more than 
5,000 irrigation wells. The annual rate of decline depends upon the density of 
irrigation development, the intensity of pumpage, and the degree of aquifer con
finement. Areas of great saturated thickness and intensive development have 
shown significant declines in artesian pressure, but well yields remain undimin
ished. 

Introduction 

Geologic maps of the High Plains area usually include most of the unconsolidated 
deposits of southwestern Kansas, shown on Figure 1, as part of the Ogallala For
mation of Pliocene age. By association, the hydrology of the deposits in the 
report area is assumed to be similar to that of the vast ground-water reservoir 
contained in the Ogallala. 

Pliocene streams transported material of Rocky Mountain or1g1n into western Kan
sas, as in other parts of the High Plains, to form a thick deposit of alluvial 
sediments. Major erosion of the Ogallala Formation and deposition of a thick 
sequence of Pleistocene sediments in southwestern Kansas have created a complex 
aquifer system. The manner in which this system functions must be clearly under
stood before test data can be properly applied. 

Report prepared in cooperation with the State Geological Survey of Kansas, 
Kansas State Department of Health, and Kansas State Board of Agriculture. 
Publication authorized by the Director, U.S. Geological Survey. 
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Geology 

During Pliocene time, eastward-trending streams cut numerous channels into the 
older consolidated rocks of western Kansas. As the cutting force of the 
s treams abated, channels were filled with stratified fine- to coarse-grained 
sediments derived from the Rocky Mountain area. The process of alternate cut
ting and filling of channels continued until most of western Kansas was covered 
by as much as several hundred feet of clay, silt, sand, and gravel. Percolating 
ground water containing large amounts of calcium carbonate cemented many of the 
sand and gravel layers into "mortar beds" and left abundant quantities of 
caliche in the fine-grained layers. 

During late Pliocene or early Pleistocene time, a prolonged period of subsidence 
began that greatly altered the geology of southwestern Kansas. Data collected 
from oil and gas test wells suggest that thick deposits of salt in the under
lying Permian red beds were dissolved and removed by percolating ground water. 
The resulting collapse of Permian rocks was accompanied by numerous faults, 
fractures, and sinks in the overlying beds. Several notable faults and sinks 
are evident at the land surface, and many minor ones may be buried beneath the 
younger deposits in the subsurface. The eventual result was. a broad area of 
subsidence. The area is bounded on the northwest by the Bear Creek fault (see 
Figure 2) that extends from east-central Kearny County into northern Grant and 
Stanton Counties and southwestern Hamilton County, Kans., and eastern Prowers 
County, Colo. The maximt.nn vertical displacement along the fault is about 250 
feet. The area is bounded on the southeast by the Crooked Creek and Fowler 
faults, which indicate a zone of~ echelon faulting that extends southwest 
across Meade County, Kans., and into Beaver County, Okla. The vertical dis
placement along this fault zone is known to be as much as 300 feet in south
central Meade County. 

In early Pleistocene time, major streams that probably represent the ancestral 
Arkansas and Cimarron Rivers flowed into the area of subsidence. Streams carved 
a deep southeast-trending drainage system, as shown by contours on the bedrock 
surface (Fig. 2). Remnants of the Ogallala Formation were preserved on some of 
the higher ridges, especially in the western part of the area. Some Ogallala 
deposits also may have been preserved in horst and graben features as a result 
of early Pleistocene faulting. In general, rocks of Cretaceous, Jurassic, and 
Permian age were exposed in normal sequence as the Pleistocene channels cut 
deeper toward the southeast. The block diagram on Figure 3 shows the general
ized features and geologic formations exposed on this surface, as well as the 
regional northeast dip of these formations. 

As the average velocity of streams diminished, channels were refilled with 
stratified coarse-grained and fine-grained sediments. These sediments were 
composed of igneous and metamorphic fragments of Rocky Mountain origin and 
numerous fragments of limestone, sandstone, and sandy shale derived from south
eastern Colorado and southwestern Kansas. The process of downcutting and re
filling was repeated many times until the valleys were buried, and early 
Pleistocene streams meandered across an alluvial plain. Near the end of this 
cycle, thick beds of fossiliferous blue clayey silt and dark-gray clay were de
posited. The abundance of early Pleistocene ostracodes in these beds (Gutentag, 
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1963) indicates the occurrence of shallow lakes and slack water of laterally 
migrating streams. 

Streams apparently were rejuvenated during late Pleistocene time as a result of 
renewed subsidence and faulting. Deep channels were cut into the thick clay 
beds of early Pleistocene age in some areas, and into consolidated bedrock in 
other areas. Again, the process of downcutting and refilling of valleys with 
fine- to coarse-grained sediments was repeated until late Pleistocene streams 
meandered across a broad alluvial plain. During the latter part of this 
period, the Arkansas River shifted northward to flow across the upthrown block 
created by the Bear Creek fault. From that point, the river continued east
ward in the vicinity of its present channel, as shown on Figure 4. 

During the deposition of both lower and upper Pleistocene sediments, percolating 
ground water containing large quantities of calcium carbonate formed "mortar 
beds" and caliche deposits that are difficult to distinguish from those formed 
in the Ogallala Formation. 

Near the end of Pleistocene time, strong winds laden with dust swept through 
the area and deposited a thick mantle of loess (Fig. 4) . Somewhat later, even 
stronger winds blew sand from the river valleys to form the sandhills along 
the south side of the major rivers. 

Owing to the similarities of lithology and modes of deposition of the stratified 
alluvial deposits in southwestern Kansas, it is virtually impossible to trace 
individual beds for any great distance in t he subsurface. Consequently, the 
unconsolidated deposits in the subsurface usually are classed together as 
Ogallala Formation and undifferentiated Pleistocene deposits. The total thick
ness of the deposits ranges from a few feet in the northern and western parts 
of the area to more than 700 feet in southern Stevens County. 

Hydrology 

The sequence of events that occurred in southwestern Kansas during Pliocene and 
Pleistocene time is reflected in the hydrology of the ground-water reservoir. 
Owing to the lenticular character of the stratified deposits, the water-yielding 
capability differs from one area to another. Also, the thickness and lithology 
of the lower Pleistocene clay beds cause a variety of unconfined and semicon
fined aquifer conditions within the system. 

The principal water-yielding zones are categorized into three gener al groups to 
simplify the discussion, although it is evident that there are many variations 
and combinations. Figure 5 is an idealized diagram that shows the relationship 
of the principal water-yielding zones , the intervening aquitard (semiconfining 
layer), and the underlying bedrock formations . All the unconsolidated deposits 
appear to be hydraulically connected, and are considered to be one aquifer . 

Group I includes the shallow coarse- to very coarse- grained Pleistocene deposits 
mderlying the valley of the Arkansas River . Water in this zone is unconfined, 

and the yield to wells per foot of drawdown is large . Individual wells may 
yield as much as 2,400 gpm (gallons per minute) from 50 feet of saturated 
material. 
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Group II includes the stratified coarse-grained and fine-grained upper Pleisto
cene deposits in the upper part of the aquifer underlying the upland area. 
Water in this zone generally is unconfined, and the yield to wells per foot of 
drawdown ranges from moderate to moderately large. Many wells yield 1,500 to 
2,000 gpm from about 100 feet of saturated material. 

Group Ill includes the stratified coarse-grained and fine-grained Pliocene and 
lower Pleistocene deposits at the bottom of the aquifer system. Owing to the 
presence of the overlying aquitard, water in this zone generally is semicon
fined. Thus, the water level in wells will rise above the top of the water
yielding zone in response to artesian pressure. Conversely, the water level in 
wells will decline rapidly during pumping in response to a reduction in artesian 
pressure. As a result, the yield to wells per foot of drawdown is small to mod
erate. Maximum yields from this zone range from 500 to 2,000 gpm owing to the 
differences in thickness and hydraulic conductivity of the water-yielding mater
ial. 

The different confining effects of the intervening aquitard are shown by compar
ison of results from several selected areas. Where the aquitard is thin or its 
hydraulic conductivity is relatively high, as shown by Figure 6, water may move 
rapidly from one zone to another in response to pressure changes- as a result of 
irrigation pumping. When ground water is withdrawn from the semiconfined zone 
during the pi:nnping season (Fig. 6A), the potentiometric surface declines rapidly 
in response to the reduction of artesian pressure. As a result, the water 
table in the overlying unconfined zone declines slowly in response to leakage 
through the aquitard. In the nonpumping season (Fig. 6B) the pressure gradient 
is reversed. When irrigation pumping ceases, the potentiometric surface rises 
rapidly in response to artesian pressure, and the water table rises slowly in 
response to upward leakage through the aquitard. 

Data collected from two observation wells at the same site near Garden City, 
Kans ., by R. C. Prill (written commun., January 1970) illustrate the relative 
water-level-changes in the upper and lower zones, as shown by the hydrographs 
on Figure 7. Prior to the 1968 pumping season, well measurements show the water 
level in both water-yielding zones to be at about the same altitude. During the 
period from March to October, the potentiometric surface of the deep semicon
fined zone declines erratically a maximum of about 22 feet in response to irri
gation pumping. By comparison, the water table in the shallow unconfined zone 
declines about 8 feet during the period from April to November. Because there 
is no direct irrigation pumping from the shallow zone, the water-table decline 
evidently is a result of vertical leakage. After the end of the pumping season, 
the potentiometric surface rises rapidly, whereas the water table rises slowly. 
During the following months, the potentiometric surface is about one foot higher 
than the water table. This phenomenon indicates that the change in pressure 
gradient causes upward leakage through the aquitard. 

In other areas where the aquitard is thick and the hydraulic conductivity is 
low, as shown by Figure 8, water moves at a very slow rate from one zone to 
another in response to pumping from the deep semiconfined zone. As a result, 
the potentiometric surf ace of the deep zone declines rapidly and remains much 
lower than the water table in the shallow zone (Fig. SA). The difference in 
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water-level altitudes can be indirectly related to the intensity of withdrawal 
during the previous pumping season and the duration of time available for re
covery during the nonpumping season (Fig. 8B). For example, the annual water
level measurements in Grant County show a steady decline from January 1940 to 
January 1965. Owing to the abnormally high precipitation during the 1965 
growing season, irrigation pumping was negligible. As a result, the potentio
metric surface was appreciably higher in January 1966 than in previous years. 
During the same period, the water table in the shallow zone continued to de
cline very slowly. For this reason, some downward leakage through the aquitard 
is suggested. 

Many variations of unconfined and semiconfined aquifer conditions exist through
out southwestern Kansas. The examples illustrated here probably represent the 
extreme opposites in semiconfined aquifer conditions. However, these examples 
clearly indicate the importance of aquifer conditions in the analysis of water
level declines. 

The water-level decline in southwestern Kansas from 1940 to 1967 resulting from 
the increased use of ground water for irrigation is illustrated on Figure 9. 
Water-level data for 1940, available from previous studies, are considered to 
be representative of equilibrium conditions prior to largescale irrigation de
velopment. From the map, it is apparent that several deep depressions have 
formed in the potentiometric surface in the heavily developed areas of Grant 
County. It is equally significant that water levels have declined less than 10 
feet in the heavily developed areas of Haskell, Gray, and Finney Counties. Well 
yields in both areas have remained relatively unchanged. In the shallow deposits 
along the Arkansas River valley , water levels have remained essentially stable. 

There can be no doubt that ground water is being "mined" from the aquifer by an 
estimated 5,000 irrigation wells. This trend is most obvious in the sandhill 
area of southern Kearny and Finney Counties where water levels declined stead
ily at 0.2 to 0.3 foot per year even before irrigation wells were developed in 
1967. Based on this steady decline, it is reasonable to assume that lateral 
movement of .ground water from areas of limited development to areas of heavy 
development must be substantial. 

In the resource planning for optimum development of a ground-water reservoir, 
many interrelated factors must be analyzed. The analysis in southwestern Kan
sas is complica ted by the great variation in aquifer conditions, by the irregu
larity in the intensity and duration of seasonal pumping, and by the random 
distribution of areas of intense irrigation development. If the aquifer system 
in an individual well field is not clearly understood, test data may be mis
interpreted. Annual water-level changes in each area must be evaluated in rela
tion t o artesian conditions and total pumpage as well as all other hydrologic 
factors. One of the most difficult factors to evaluate may be the quantity of 
water that moves laterally from areas of limited irrigation potential or drains 
vertically from the aquitard. Careful planning and management could greatly 
extend the productive life of this ground-water reservoi r. 

27 



F;c;.----1-
1 , I 

~ ' 
~ 

Figure 9.--Water-level decline in the principal aquifer, 1940-67. 

28 

EXPLANATION 
Decline, 
i n feet 

D 
<10 

10-20 

li@lm~I 
20-40 

• 40-60 

• >60 



Selected References 

Byrne, F. E., and McLaughlin, T. G., 1948, Geology and ground-water resources of 
Seward County, Kansas: Kansas Geol. Survey Bull. 69, 140 p. 

Frye, J. C. , 1942, Geology and ground-water resources of Meade County, Kansas: 
Kansas Geol. Survey Bull. 45, 152 p. 

Gutentag , E. D., 1963, Studies of the Pleistocene-Pliocene deposits in south
western Kansas: Kansas Acad. Sci. Trans., v. 66, no. 4, p. 606-621. 

Latta, B. F., 1941, Geology and ground-water resources of Stanton County, Kansas: 
Kansas Geol. Survey Bull, 37, 119 p. 

1944, Geology and ground-water resources of Finney and Gray Counties, 
Kansas: Kansas Geol. Survey Bull. 55, 272 p. 

McLaughlin, T. G., 1942, Geology and ground-water resources of Morton County, 
Kansas: Kansas Geol. Survey Bull. 40, 126 p. 

. 1943, Geology and ground-water resources of Hamilton and Kearny Counties, 
~~Kansas: Kansas Geol. Survey Bull. 49, 220 p. 

~~- 1946, Geology and ground-water resources of Grant, Haskell, and Stevens 
Counties, Kansas: Kansas Geol. Survey Bull. 61, 221 p. 

Meyer, w. R., Gutentag, E. D., and Lohmeyer, D. H., Geohydrology of Finney 
County, southwestern Kansas: U.S. Geol. Survey Water-Supply Paper 1891 
(in press). 

Wins low, J. D., McGovern, H. E., and Mackey, H. L., 1968, Water-level changes in 
Grant and Stanton Counties, Kansas, 1939-1968: Kansas Geol. Survey Spec. 
Distrib. Pub. 37, 17 p. 

29 
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Abstract 

The Oklahoma Panhandle and adjacent areas in Texas, Kansas, Colorado, and New 
Mexico have prospered because of the development of supplies of fresh water and 
of oil and gas. The Ogallala and, in places, Cretaceous rocks produce fresh 
water for irrigation, public supply, and domestic and stock use through approxi
mately 9,000 irrigation and public-supply wells and a large but undetermined 
nmnber of other wells. Disposal of oil-field brine and other wastes into the 
Glorieta Sandstone is of concern to many local residents because of the possibil
ity of pollution of the overlying fresh-water aquifers, particularly the Ogallala 
Formation. Permits for 147 disposal wells into the Glorieta have been issued in 
this area. 

This report swnmarizes the data on geology, hydrology, and water development 
currently available to the U.S. Geological Survey. Geologic information indi
cates that, in the report area, the Glorieta Sandstone lies at depths ranging 
from about 500 to 1,600 feet below the base of the Ogallala Formation. The 
rocks between those two formations are of relatively impermeable types, but 
solution and removal of salt has resulted in collapse of the rocks in some 
places. Collapse and fracturing of the rocks could result in increased vertical 
permeability. This might result in movement of brine under hydrostatic head 
from the Glorieta Sandstone into overlying fresh-water aquifers, in places where 
an upward hydraulic gradient exists or is created by an increase in pressure 
within the Glorieta. Abandoned or inadequately sealed boreholes are also 
possible conduits for such fluids. 

The mixing of water in the fresh-water aquifers with brines injected into the 
Glorieta is not known to have occurred anywhere in the report area, but the in
formation available is not adequate to show positively whether or not this may 
have occurred locally. Much additional information on the stratigraphy and 
hydrology--particularly, data on the potentiometric surface of water in the 
Glorieta--needs to be collected and analyzed before conclusions can be drawn re
garding the possibility of vertical movement of oil-field brines from the 
Glorieta to fresh-water aquifers aQove. 

This paper has been published as U.S. Geological Survey Circular 630 and only 
the abstract is printed here. 
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THE USE OF WELL LOGGING IN RECHARGE 
STUDIES OF THE OGALLALA FORMATION* 

W. S. Keys and R. F. Brown 
U. S. Geological Survey 

Introduction 

/Jhe Geological Survey initiated a major study of artificial recharge centred at 
Lubbock, Texas, in fiscal year 1969. The study resulted from the obvious need 
for replenishing ground water in the Ogallala Formation, in order to minimize or 
halt the decline of the water table and to provide a continuing supply of water 
from the Ogallala aquifer system. Several areas of research relative to artifi
cial recharge are being investigated at the present time:\ This paper deals with 
the use of geophysical well-logging in investigations o~rtificial recharge '· 
through water-spreading on the land surface. All of the illustrations qepict . 
conditions at a recharge site near the Lubbock airport . (Figure i) Logging 

· techniques are also used to study recharge through wells. Some preliminary re
sults of this work were described by Schneider and others, (in press). ·Most of 
the logging described in this report was done by the staff of a Geological Sur
vey research project on borehole geophysics as applied to geohydroiogy, ' which is 
headquartered in Denver, Colorado. · ' 

The most critical factor affecting artificial recharge through a spreadibg basin 
is the vertical permeability of the beds between the bottom of the spre~ding ba
sin and the water table . If the vertical permeability of these intervening beds 
is low, the time required for water to percolate from the basin to the ·water ' 
table will be so great that artificial recharge might be impractical in many sit
uations. Accordingly, one of the major research efforts is to develop methods 
for measuring or estimating the vertical permeability of the unsaturated zone so 
that favorable sites for surface spreading can be selected on the basis of dril
ling, logging, and testing. 

To do this, the vertical permeability of the beds to air l¥as determined, in 
place, using a method described by Stallman and Weeks (1969). Present plans are 
to test a method for relating air to water permeability proposed by W. P. Weeks 
(written connnun., 1970). Logging is used to guide construction of air-perme~ 
ability holes and may be used to provide porosity and moisture data for the cal
culations. For this study, one of the purposes of well logging and sampling is 
to describe the unsaturated part of the Ogallala Formation with sufficient ac
curacy to permit development of a correlation between air and water permeabili
ties and other lithologic parameters. It is hoped that the relationships be
tween sample analyses and geophysical logs will be sufficiently consistent that 
logging alone can be used to predict permeability. 

All of this work is in a preliminary phase and techniques are being developed 
rather than applying proven methods. A brief description of the drilling, 
sampling., and hole-completion methods and the analytical techniques employed in 

Publication approved by the Director, U.S. Geological Survey 
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Figure 1.--Map showing location of the Lubbock Airport recharge site. 

32 



the laboratory are necessary to establish a basis for a discussion of the logging 
results. 

Drilling and Sampling Techniques 

Most drilling to date has been done with continuous flight auger, either 4 1/2-
inch diameter solid-stem or 5 1/2-inch diameter hollow-stem. Where possible, the 
drilling is done without the addition of water so as to minimize the disturbance 
of moisture content in core samples and in the material penetrated by the hole. 

Drive-core samples were taken through the unsaturated section of the Ogallala at 
several locations. The cores were obtained by driving a split-tube sampler con
taining three aluminum liners, 6 inches long by 1 1/2 inches in diameter, through 
a hollow-stem auger. After each 18-inch drive, the core barrel was retrieved and 
the sample removed. As soon as 'the samples were obtained, the aluminum core 
liners were sealed with plastic caps, wrapped with electrical tape, and sealed 
in plastic and wax. This procedure is essential to assure that there is no 
moisture change in the sample after it is obtained and before it is analyzed in 
the laboratory. 

After each sample was obtained, a solid plug was placed in the auger bit and the 
auger rotated down the 18-inch section that had been sampled. When the auger 
reached the bottom of the cored section, the plug was removed and the split-tube 
sampler was inserted and driven through an 18-inch section. By this method, es
sentially undisturbed core samples were obtained. However, it was not possible 
to obtain continuous drive samples from the entire unsaturated thickness. Con
tinuous drive samples could not be obtained through the very hard caliche-cement
ed sections. Where .the sand was very friable and uniform in grain size, some was 
lost through the catcher at the bottom of the core barrel. Where thick clay sec
tions were sampled by driving there were less than 18 inches of sample after 18 
inches of drive, indicating significant compaction of the clay section; labora
tory results apparently corroborate this interpretation. 

Geophysical logs were run in many of the holes as soon as the drilling was com
pleted and the auger flights were removed. Some holes were logged first in an 
open hole, second, in 2-inch inside-diameter steel pipe, and third, in this same 
casing after various kinds of backfill had been placed in the annular space be
tween the pipe and the 4 to 5 1/2-inch diameter auger hole. The following types 
of backfill were used: Dry top soil, sand, dry cement, neat expanding-cement 
grout and AM-9 chemical grout. All of these backfill materials had some effect 
on the nuclear logs made in the 2-inch pipe. 

Several holes have been drilled with wire-line coring equipment, and experiments 
with this technique are continuing. The wire-line holes are smaller in diameter 
and, therefore, superior for quantitative geophysical logging. In addition, core 
can be obtained in caliche-cemented units where recovery is not possible with 
drive coring. Compaction of clay samples is minimized by the use of wire-line 
techniques. Penetration of the core by drilling fluids is being investigated by 
the use of dye. 
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Laboratory Analyses 

Drive-core samples have been analyzed for permeability, total porosity, moisture 
content by weight and volume, particle-size distribution, specific retention, and 
specific yield. The coefficient of permeability was determined by saturating the 
sample in a 6-inch liner and measuring the flow rate through it under either con
stant-head or variable-head conditions (Wenzel, 1942). 

The total porosity was determined by oven-drying the saturated samples to deter
mine the total volume of water that was lost through complete drying. Moisture 
content by weight was determined as the weight loss due to oven drying divided by 
the total sample volume. The particle-size distribution was determined by sieve 
and hydrometer analysis of the sample after it had been prepared by crushing by 
mortar and pestle. The specific retention and specific yield were determined by 
saturating and then centrifuging a sample which was reconstituted from all the 
material which passed a U.S. standard no. 10 sieve. 

Initial determinations of permeability were affected by clay compaction and by 
the chemical characteristics of the water used to make the tests; moisture con
tents were affected by carbonate content. Analyses by more adequate techniques 
are not yet complete, so the preliminary comparisons of log and sample data shown 
in this report may be erroneous. 

Cores taken by wire- line method have been analyzed radiometrically for radium
equivalent uranium, thorium, and potassium. Fractions of these same cores were 
analyzed for calcium carbonate content by chemical means. 

Core damples are the chief basis for the qualitative and quantitative interpre
tation of geophysical logs in a newly-investigated geohydrologic environment. 
Geophysical logs indicate lithology and grain-size distribution, and may be cali
brated in percent moisture, porosity, or bulk density by logging core holes and 
correlating the results with those of laboratory analyses of the core samples. 
The logs are then used to extrapolate the core data laterally and vertically, re
sulting in a significant reduction in cost compared to that for obtaining cores 
and performing laboratory analyses for each hole. The relationship of logs and 
sample analyses should be consistent within a given lithology where the hole con
struction is the same. 

Principles of the Logging Techniques Employed 

Investigations described in this report were carried out above the water table 
and most of the logging was done in cased holes; therefore, only a limited numb
er of logging techniques were employed. These included caliper (in uncased 
holes), natural ganuna, gamma-gamma, and neutron. 

The caliper log is a record of the average diameter of a drill hole. Its major 
uses are to evaluate the borehole environment in which other logs are made in 
order to correct them for hole-diameter effects and to provide information on 
lithology. The probe contains three motor actuated arms or feelers which open 
at the bottom of the hole. As the probe is withdrawn from the hole, the spread 
of the feelers is constricted by the diameter of the borehole. 
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The natural gamma log is a continuous record of the intensity of gamma radia
tion produced by all naturally occurring radioisotopes present in all rocks. The 
log, which is made with a sodium iodide detector, is routinely used for the 
identification of lithology and for stratigraphic correlation. It does not show 
the relative abundance of potassium 40, and the uranium and thorium series. This 
may be done in boreholes by a special technique called gamma spectrometry (Keys 
and Boulogne, 1969). 

The ga11DDa-gamma probe contains a source of gannna photons, cobalt 60, shielded 
from a sodium iodide detector by heavy metal. The gamma-gamma log is a record 
of the intensity of gamma radiation from the source after it is attenuated and 
backscattered by the borehole and surrounding rocks. The main uses of gamma
gaUDI1a logs are for the identification of lithology, hole construction parameters, 
and the measurement of the bulk density and porosity of rocks. Gamma transmit
tance logging, a variation of this technique, utilizes a source in one drill hole 
and a detector in another nearby hole that are synchronously moved to provide a 
log of a very large volume of material. The log can provide absolute values only 
if the distance between holes is constant. However, it does provide a sensitive 
means of logging changes in the environment, and it is relatively free from bore
hole effects. 

The neutron log is made with a neutron source and a scintillation detector ar
ranged in a probe so that the output is primarily a function of the hydrogen con
tent of the borehole environment. Neutron logs are chiefly used for the measure
ment of moisture content above the water table and total porosity below the water 
table. 

In this investigation we have employed two different types of neutron probes, one 
commonly used in soils investigations, and the other in oil-well logging. The 
neutron moisture probe commonly used in soils investigations utilizes a 100 mil
licurie americium-beryllium source positioned several inches from the detector. 
This tool can be used only in relatively small diameter holes and the count rate 
increases with higher moisture content. For most logging, a neutron tool was 
used with a 3-curie americium-beryllium source positioned at least 17 inches 
from the detector. This probe, commonly used in oil-well logging, may be used 
under a wide variety of hole conditions. The count rate decreases as the mois
ture or saturated porosity increases; thus in this report, the neutron trace 
shows moisture increasing to the left. Neutron transmittance logging is done in 
the same way as gamma transmittance and provides a log that is remarkably free of 
borehole effects and thus is more effective for monitoring changes in the envi
ronment. 

Most of our preliminary investigations on the use of geophysical logs in the 
Ogallala Formation consist of comparing laboratory data on cores with data from 
l ogs . An important factor in this process is the great difference in the volume 
of material sampled by the two techniques. The radiation detector for each of 
the nuclear logs utilized should be visualized as the center of a roughly spher
ical volume of the formation which contributes to the signal recorded as a log. 
Within this volume of i nvestigation, the material closest to the detector con
tributes the greates t part of the signal, and the material farthest away the 
least. For the natural gamma log, the volume investigated is about 250 times 
the volume of a drive-core sample of the same depth interval . For the neutron 
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log the volume may be more than 600 times as great, depending on the moisture 
content. 

A further difference in sample size is introduced by. laboratory procedures which 
involve ·splitting of the core. For these reasons, exact correspondence of sample 
analyses and log values is not to be expected in a nonhomogeneous lithologic unit 
like the Ogallala. Depth errors, due to core loss, add an additional di fficulty 
to the collation of logs and core . 

Application of Logs 

Lithology and Correlation 
Composite interpretation of several different types of logs based on one cored 
hole is the best way to identify and correlate units within the Ogallala Forma
tion. Lithology seems to be best identified by the natural gamma log. Project 
work in other sedimentary environments indicates that the response of the natur
al gamma log can be semiquantitatively related to the percent clay fraction. To 
date, sufficient mechanical analyses of samples from the Ogallala are not avail
able to make such a comparison, but the natural gamma log is the best available 
for use both above and below the water table in identification of sand and clay 
sections. 

The neutron log is outstanding for lithologic identification above the water 
table. Clay beds have a higher specific retention than sand and silt beds and, 
therefore, a higher moisture content. Below the water table, the lithologic 
separation based on water content is less pronounced but is still useful. Some 
correlation of units is evident from gamma-gannna logs, and caliche zones are i n
dicated by solution cavities or extremely uniform diameter holes by cali per l ogs 
in some wire-line core holes. 

Stratigraphic correlation of lithologic units. in the Ogallala is easily accomp
lished at the Lubbock airport recharge site by use of natural gannna and neutron 
logs. The clay beds are the most readily identified and are the most continuous 
lithologic units at the site. Even clay beds a few inches thick extend f or hun
dreds of feet, and a thick clay such as that shown on the logs between depths of 
90 and 100 f eet (Fi gure 2) may have a very great lateral extent. Similar clays 
are detected on logs of wells in many parts of the High Plains of Texas, but no 
attempt has been made at correlation to date , 

Permeability 
The ulti mate objective of most geophysical logging in hydrology is the measure
ment of some parameter relate d to permeabi lity . No geophysical log measures 
permeabi lity directly . In a well-recharge project northwest of Lubbock , it was 
found that the zone having the lowest gannna intensity also exhibited the highest 
permeability. Above and below this zone, high gamma intensity indicated inter
stitial clay which decreased the permeability of the sand. In contrast, at a 
surface spreading site near the Lubbock airport, the natural gamma log does not 
appear to be a measure of permeability in the upper part of the Ogallala. The 
clay beds shown on Figures 2 and 3 are much less permeable than the clean sands. 
However, the presence of the caliche or calcium carbonate also seems to decrease 
the permeabil i ty of the sands. 
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On the basis of preliminary laboratory analyses of data from cores, the highest 
vertical permeabilities in the .Ogallala at the Lubbock airport recharge site are 
in the zones that are relatively low in both clay and calcium carbonate content. 
Laboratory data on a series of samples from a test hole at this site showed only 
one sample with a coefficient of permeability greater than 7 gallons per day per 
square foot (gpd per sq ft) within the zone where CaC03 is more than 35 percent 
(Figure 4) or the clay beds shown on Figure 3. The one high permeability mea
sured in the caliche zone was not substantiated by an adjacent sample. 

In contrast, the zones having lower carbonate and clay contents have permeabili
ties as high as 180 ~pd per sq ft; most of the higher values were found between 
depths of 108 and, 128 feet. Below the high CaC03 zone, all of the samples having 
coefficients of permeability greater than 10 gpd per sq ft contained less than 30 
percent clay and silt size grains. In contrast, the permeabilities measured on 
core from the clay bed between 90 and 100 feet ·deep, averaged .004 gpd per sq ft, 
and the silt and clay fraction averaged 64 percent. In this area, logs that pro
vide data on clay and caliche content are .J.ikely to be the most useful for pre
dicting the vertical permeability of the unsaturate'd zone. 

Clay Content · 
The thicker clay beds are clearly distinguished by their higher gamma intensity 
at a depth between 90 and 100 feet; as can be seen on Figure 2. Thin clay beds 
which do not fill the volume of influence of the detector are not sharply defin~ 
ed. It is evident in figure 3 that the neutron log more clearly defines the thin 
clay beds than does the natural gamma log. The clay beds have a higher specific 
retention and, therefore, a higher moisture content than the surrounding sands. 
As previously noted, the response of the natural gamma log can be semiquantita
tively related to the percent clay fraction, if closely tied to core analyses. 

Above the water table, the neutron log 'gives outstanding differentiation of clay . 
because of the higher moisture content. The prominent clay layer depicted on 
Figure 2 shows the characteristic trace of a neutron log and a comparison of the 
response of neutron and natural gamma logs. 

Caliche Content 
A unique problem that is related to recharge of the Ogallala by surface spread
ing, concerns the identification and quantitative determination of caliche or 
calcium carbonate content. Neither natural gamma nor neutron logs have provided 
useful information on the caliche content to date. In theory, the gamma-gamma 
log should provide data indirectly related to caliche content because bulk den
sity increases with an increase in carbonate content. In practice, the log 
trace has not been definitive; perhaps, in part, because of the· susceptibility 
of the gamma-gamma log to borehole effects. 

To date, the most effective method for identifying the caliche-rich zones is 
gamma spectrometry. Radiometric ratios for 25 wire-line core samples are shown 
in Figure 5. Note the general correspondence of the radium-potassium ratios and 
the calcium carbonate content, shown in Figure 5. Figure 6 is a graph of CaC03 
and Ra/K. There is a sharp break between those samples with less than 31 percent 
CaC03 and those with more than 34 percent CaC03 . 
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On the basis of these few samples, clay and sand also appear to be distinguished 
by Ra/K ratios. The reasons for these relationships are not clear at this time. 
However, potassium and thorium are consistently low in the caliche, and radium is 
quite variable, probably due to leaching. The content of all three elements is 
low in the sand below the caliche and high in the clay. 

It has been demonstrated that the identification of radioisotopes in boreholes 
can be accomplished with the equipment used on this project (Keys and Boulogne, 
1969). In boreholes, the determination of ratios between natural radioisotopes 
should be easier than the quantitative determination of the individual isotopes 
because of the difficulty of maintaining a constant relationship between the de
tector and sample investigated. Research on the relation of natural radioiso
topes to the lithology and water-bearing characteristics of the Ogallala will 
continue and in-hole radiometric analyses will be carried out in the near future. 
Caliper or hole-diameter logs have some potential for locating caliche in open 
holes because the caliche-cemented sections are commonly smooth and of smaller 
diameter than sand or clay. 

Moisture Content 
Neutron logs are widely used for the measurement of moisture content above the 
water table. In the Ogallala, we have used the long spaced, oil-well type, 
neutron probe for most of our logging because of the reduced effect of borehole 
parameters. 

Figure 7 shows moisture content (by volume) measured in the laboratory and a 
neutron log. In view of the limitations described under "principles" in this 
report, the correlation is good. No major differences in character are seen be
tween the open-hole log of the core hole and a log made in a hole 2 feet away 
after a 2-inch pipe was inserted and the hole was backfilled. The clay beds have 
the highest moisture content because of their high specific retention and the 
caliche and sand have the lowest moisture content. Neutron logs have been made 
over a period of a year at this site, and the only significant changes above the 
water table have been due to hole-construction techniques. The logs, however, 
show that there was a 2.5 to 3 foot rise in the water table during this period 
(Figure 8). The water-table rise is probably due to continued seepage from pits 
just west of the site which have periodically been used for disposal of waste 
water from the Lubbock water treatment plant. Leakage from a regulating reser
voir of the Canadian River pipeline system, or leakage from the pipeline itself 
might also be sources of recharge. 

Porosity and Bulk Density 
The neutron log may be interpreted in terms of porosity below, but not above the 
water table. 

The output of a ganuna-gamma probe is inversely proportional to the bulk density 
of the material penetrated by a drill hole. Unfortunately, such a measurement 
of bulk density also includes the varying density of the liquid-gas mixture in 
the pore spaces. Total porosity is related to bulk density by the following 
equation: 

Porosity Grain density - bulk density 
Grain density - fluid density 
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Average grain density may be assumed to be 2.65 (quartz), or it may be determin
ed by laboratory analysis. Fluid density may be assumed to be 1.00 below the wa
ter table. Bulk density may be related to caliche content below the water table 
because calcite (CaC03) has a density of 2.71. The high content of CaC03 in the 
caliche zones should, therefore, be indicated by a higher bulk density. 

Neutron and gamma-gamma logs can be used to calculate total porosity below the 
water table. The measurement of effective porosity is important to calculations 
of the amount of water that may be stored in the Ogallala. However, at this 
stage in the investigations, it is not certain if there is a significant dif
ference between total and effective porosity in the Ogallala. Effective porosity 
may be calculated from quantitative resistivity logs of the saturated portion of 
the saturated portion of the Ogallala. Guyod (1966), presents a chart which en
ables the determination of effective porosity for granular aquifers from resis
tivity and water quality data. 

Guide to Well Construction and Performance 
Geophysical logs can be of benefit as a guide to the proper construction of wells 
in the Ogallala. Data presented in this paper suggest that logs may enable the 
selection of the most permeable zones where screens should be set or casing per
forated. Screens and perforations may be located in old wells by means of the 
collar and perforation locator. Logs that measure vertical flow within a well 
may be used to determine the actual source of water under pumping conditions or 
the zones taking water under injection or recharge conditions. Plugged sections 
of screen and leaks in casing may be identified by this technique. The gamma
gannna log may be used through the casing to locate hole enlargements due to sand 
production. Neutron, gamma-gannna, or temperature logs may be used to locate 
grouted zones behind the casing. 

The Effects of Recharge 
A potential use for well logging in the Ogallala is to study the effects of arti
ficial recharge. Gamma-transmittance logs have been used to study plugging near 
a recharge well and temperature logs to trace the flow of recharge water 
(Schneider and others, in press). Transmittance logs may also be used to measure 
plugging caused by sediment in surface-spreading operations. The much greater 
volume of material investigated by this technique increases the sensitivity to 
changes in the formation and decreases sensitivity to changes in the annulus of 
the well. Another potential use of logging is for the in-situ detection of 
tracers added to recharge water. Neutron activation in boreholes may be used to 
detect non-radioactive tracers through casing. Resistivity logging may be used 
to monitor changes in water quality caused by recharge. 

Problems in Utilizing Logs 

This report describes actual and potential uses of geophysical well logs in the 
Ogallala without discussing the several problems inherent in their use. Assum
ing that adequate logging equipment is available, problems in the quantitative 
use of logs can be separated into three general categories: Drilling and hole 
construction; sampling; and sample analysis. The latter two categories are in
cluded because of the importance of samples as a guide to log interpretation in 
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a new area and for the calibration of logs. Research in drilling, sampling, and 
analytical techniques should proceed hand-in-hand with lo_gging ·investigations in 
a new area. 

Drilling and Hole Construction 
It is impossible to drill a hole without disturbing, in some way, the environment 
that is to be measured. If moisture determination is the objective, drilling 
with water will increase the moisture content near the hole. However, friction
al heat and the circulation of air caused by augering will also dry out the wall 
of the hole. Any deviation from standard hole size will have some effect on the 
output of logging probes that are not decentralized and side collimated. If 
drilling is done with water or mud, differential pressure will cause some mud 
filtrate to enter the formation and mud cake to form. 

In the Ogallala any holes that are to be used for periodic logging must be cased 
so tha- they will stay open. Unless the casing fits the hole very tightly, back
fill material should be added to maintain the hole and prevent water circulation 
in the annulus. Any variation in the casing, backfill, or hole diameter will 
have some effect on nuclear logs. Figure 8 compares three neutron logs of a hole 
at the spreading site that were made over a period of one year. After 2-inch 
pipe was inserted, the hole was backfilled with fine, dry topsoil and dry cement 
was added in the two intervals shown in order to prevent the movement of water in 
the annulus. The major difference between these logs was caused by the gradual 
increase in the moisture content of the dry cement. (A rising water table is 
also shown.) Obviously, dry cement is not a satisfactory material for backfil
ling. Both chemical grout and expanding cement have also been found unsatisfac
tory from the standpoint of moisture logging because they have a high equivalent 
moisture content and penetrate the formation to varying degrees. 

Figure 9 shows the effect of non-uniform backfill on a neutron log made with a 
3-curie source in core hole S-3. The shift on the right-hand log, which was made 
after installing 2-inch pipe and backfilling, was even greater on logs made with 
a neutron-moisture probe. The neutron log shown by a solid line was made by the 
transmittance technique between hole S-3, and S-11 which is approximately 2 feet 
away. Note that the effect of backfill is completely eliminated. Although the 
sensitivity of the transmittance log is somewhat greater, it conforms very 
closely to the open-hole log of S-3. 

Sampling 
Most of the samples taken in the Ogallala, to date, have been drive cores. The 
chief difficulties with drive coring have been the compaction of clay samples 
and the inability to penetrate caliche-cemented sections. Furthermore, it is 
difficult to determine the degree to which samples of various lithologies are 
distrubed. Presently experiments with wire-line coring techniques are being 
conducted in order to improve recovery and reduce disturbance of the cores. The 
technique appears to have considerable promise if penetration of the core by 
drilling fluid is not too great. Penetration of the hole wall by drilling fluid 
is apparently insignificant in comparison with the volume of investigation of 
the neutron device. A normal-moisture log is obtained within several days after 
termination of drilling. Holes drilled by the wire-line technique have the ad
vantage of being at least 2 inches smaller in diameter than the hollow-stem 
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auger holes. For logging these holes, Hght-fitting pipe will be installed which 
will eliminate the necessity for backfill. 

Sample Analysis 
Only a brief mention of some of the problems in sample analysis will be made here. 
However, the importance of recognizing these difficulties cannot be overemphasiz
ed. Use of erroneous laboratory data will obviously lead to incorrect interpre
tation of geophysical logs. Compaction or channeling of the sample will affect 
moisture, porosity, and permeability data. Grain-size distribution is meaning
less unless it is preceded by quantitative analyses for carbonate or other non
detrital cement and a thin-section study is made to determine its mode of occur
rence. Furthermore, significant differences in permeameter results are noted 
when using water of different quality than that with which the formation would be 
in equilibrium. This factor will, of course, have a major bearing on recharge of 
the Ogallala. 

Conclusions 

Geophysical well logging is most useful in investigations of the feasibility of 
artificial recharge of the Ogallala aquifer. Logs can be used to extrapolate 
sample and test data laterally and vertically. They can provide information that 
is not otherwise obtainable from some cased irrigation wells. Logs may enable 
the prediction of the yield or recharge potential of specific sections of the 
Ogallala. They can provide data of use for proper well construction. If enough 
logs are made they will provide the basis for the construction of more accurate 
lithofacies maps of the aquifer. Finally, borehole geophysics provides methods 
for the in-situ measurement of changes in the aquifer cuased by artificial re
charge. 
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Abstract 

The southeast-trending Running Water Draw-White River lineament and the nearly 
parallel Double Mountain Fork line were described by the late James C. Wright 
in a memorandtnn dated March 1968. These features, which were not previously 
reported, are based on linear topography and associated drainages and on aline
rnents of closely spaced depressions developed on the upper flat caliche caprock 
surface of the Ogallala Formation in eastern New Mexico and West Texas. The 

·approximate restored post-Ogallala surface of the High Plains appears to be 
faulted along the Running Water Draw-White River lineament. Wright noted that 
the thick zone of the water-saturated Ogallala lies north of the Double Moun
tain Fork line and extends along the Running Water Draw-White River lineament. 
It is suggested that artificial recharge of the Ogallala aquifer may be best 
done along linear drainages and alinements of depressions. 

Introduction 

In a memorandum dated March 1968, the late James C. Wright described the south
east-trending Running Water Draw-White River lineament and the nearly parallel 
Double Mountain Fork line, two features not previously reported, and he related 
these features to the distribution of ground water in the Ogallala Formation. 
Study of these features by the senior author only slightly modified Wright's 
findings, but did serve to clarify and sharpen some of the relations. Study of 
small-scale maps brought out some details not evident on large-scale maps. Re
view of the manuscript by T. G. McLaughlin, U.S. Geological Survey, is grate
fully acknowledged . 

The area studied is the broad, flat, southeast-sloping surface of the Southern 
High Plains south of the Canadian River in eastern New Mexico and West Texas 
(Fig. 1). It is bounded on the east and west by a prominent escarpment de
veloped in the Ogallala Formation of Pliocene age and underlying beds. The 
Ogallala is directly underlain by red beds of Triassic age over most of the 
northern part of the ·area studied and by limestone of Early Cretaceous age in 

~Publication authorized by the Director, U.S. Geological Survey. 
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the southern part. A thick section of sandstone, shale, limestone, dolomite, 
gypsum, and salt of Permian age underlies the Jriassic red beds. Differential 
solution of the soluble salts within tpe Permian section has caused collapse 
of the overlying Permian, Triassic, and younger rocks. A caliche caprock is 
developed on the top of the Ogallala. The caprock surface is largely covered 
by soil and by windblown sand that, in places, forms large areas of sand dunes. 
Spotting the caprock surface are thousands of playa lake deposits formed in 
depressions. 

The caliche caprock consists of friable to well-indurated calcium carbonate
rich layers, some of which are undulatory and brecciated. The total thickness 
of the layers generally ranges from a few feet to about 20 feet, but in a few 
depressions it is as much as 150 feet. The caliche formed most likely by an 
eolian aggrading soil process, which started at the end of Ogallala deposition 
and continued to the present time (Brown, 1956). Drainage on'the caprock sur
face is generally unintegrated and much of the rainfall accumulates in depress
ions, which extend downward into and in places through the caprock. The sur
face water either evaporates or passes into the underlying Ogallala through 
depressions and drainage channels. 

Theories of origin of the depressions fall into two general categories: (1) an 
origin by action of leaching and wind deflation and (2) an origin by collapse 
of the surface because of differential solution of Permian rocks (Judson, 1950). 
Dunes on the southeast sides of many depressions indicate at least some modif i
cation of the depressions by wind defla tion. The linear distribution of many 
depressions suggests control of their location by structural elements such as 
faults and joints, and their intersec tions, and possibly by attendant solution 
of Permian rocks. Several depressions definitely are related to collapse, but 
most show no obvious relation. Judson (1950, p. 261), for example, described 
the dissected San Jon depression (Fig. 3) and noted that an older broad gentle 
depression existed before the fo rmation of the present depression. 

Method of Study 

National Topographic Maps (1:250,000; also known as AMS sheets) of the Southern 
High Plains were s tudied to fi nd linear features such as straight segments of 
streams and alinements of closely spaced depressions, many of which contain 
playa lakes. Details of some linear features were s tudied on 15-minute and 
7-1/2-minute topographic maps. On the 1:250,000-scale National Topographic 
Maps, the approximate contours on the post-Ogallala surface of the High Plains 
were restored on the basis of present-day topography. The present-day contours 
are believed to represent slight modification of the land surface developed on 
the Ogallala Formation during the Quarternary Period. The post-Ogallala contour 
lines were drawn smoothly and slightly downslope from present-day topographic 
noses and into the heads of conspicuous valleys . This is a conunon method of 
restoring ancient topography. . 

Linear Features 

Many of the thousands of depressions on the High Plains show no apparent 
linearity wi th nearby depressions. In places, two or three depressions are 
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connected by a segment of shallow drainage channel and form a short alinement 
of less than 3 miles; in other places, three to as many as 18 closely spaced 
depressions are alined along a distance as great as nearly 20 miles. In parts 
of the High Plains, straight linear drainage channels are as long as 10 miles 
and broken segments of alined linear drainages are as long as 40 miles. 

Alinements of closely spaced depressions and linear drainages that are 3 miles 
or more long are shown on Figure 2 for parts of the areas of the Clovis, Brown
field, Plainview, and Lubbock National Topographic Maps. The dominant trends 
of the linear features are southeast, and minor cross trends are southwest. 
This conjugate pattern fits the pattern found by Reeves (1970, this symposilUll) 
in his study of high-altitude photographs. The southwest cross trend is also 
evident in southwest offsets in streams and in alinements of depressions. Most 
of the southeast-trending linears lie in a belt 25- to 35-miles wide bounded 
on the south by the Double Mountain Fork of the Brazos River and on the north 
by the Running Water Draw and White River. The zone of strongest linear pattern 
along the north edge of this belt defines the Running Water Draw-White River 
lineament. 

Running Water Draw-White River lineament 

The Running Water Draw-White River lineament extends 170 miles from Curry 
County, N. Mex., southeastward into Crosby County, Tex. (Fig. 3). It consists 
of linears visible on 1:250,000-scale National Topographic Maps, integrated 
drainage on both sides of the lineament, and alinements of closely spaced de
pressions. This linear system would not be remarkable by itself, but the ap
proximate restored post-Ogallala surface of the High Plains appears to be 
faulted along the lineament, downdropped on the south side about 25 feet at the 
east end and about 100 feet at the west end (Fig. 2). 

The lineament around Clovis, N. Mex., is shown on Figure 4. The general south
east grain to the distribution of depressions becomes stronger near Running 
Water Draw. The southwest offsets in both Running Water and Frio Draws corres
pond to southwest offsets of alinements of the depressions. Prominent ridges 
marked by general absence of depressions lie between the two draws and south 
of the strong alinement of depressions just south of Running Water Draw. The 
trellis drainage pattern of the draws is present only in their upper reaches. 
Su~h a pattern connnonly either develops between topographic features deposited 
by wind or ice, or reflects marked structural control of stream courses (Thorn
bury, 1954, p. 121-123). The trellis pattern of these two draws contrasts with 
the parallel drainage pattern of, T.ierra Blanca· Creek to the north (Fig. 2). 
Where Frio Draw, a tributary of Tierra Blanca Creek, approaches the lineament 
it is markedly linear and has q trellis pattern. 

Double Mountain Fork line 

The Double Mountain -Fork line, inferred from linear drainage and alinement of 
closely spaced depressions, runs from Lamb County, Tex., southeastward through 
Garza County, Tex. (Fig. 3). Faulting along this line is not evident in the 
approximate restored post-Ogallala surface (Fig. 2). Although faults are ex
tremely rare in the region, a short fault with about 35 feet of offset in 
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Triassic rocks strikes parallel to the line and lies just north of its eastern
most part (Fig. 3). Also, near the east end of the Double Mountain Fork line 
and extending about 20 miles northward toward the Running Water Draw-White 
River alineament is an unexplained large, circular, and conspicuous gravity 
high known as the Crosbyton anomaly (McLernore, Weaver, and Barton, 1942). 
This anomaly appears to be related in some way to the position of the linear 
features. 

The Running Water Draw-White River lineament and the Double Mountain Fork line 
seem to converge northwestward in the vicinity of Alamosa Creek (Fig. 2). Note 
the obtuse bend in Alamosa Creek from a southeast direction to a southwest di
rection parallel to the minor cross trend of linears. This unusual bend is 
roughly along and parallel to the extension of the Bonita fault shown on Figure 
3. The linear features described here are part of the story of the diversion 
of Alamosa Creek from its southeast course into the Brazos River drainage to 
its southwest course into the Pecos River (Theis, 1932). This report, however, 
is not the place to tell that story. 

Ground-water distribution in the Ogallala Formation 

The approximate thickness of the saturated zone in the Ogallala Formation prior 
to large-scale use of ground water is shown by Cronin (1964, pl. 7) to range 
from zero to slightly more than 350 feet. The main area of the 200- to 350-
foot saturated thickness, which is elongated southeastwardly, not only lies 
north of the Double Mountain Fork line, but extends along the Running Water 
Draw-White River lineament (Fig. 3). The present ground surface and water 
table are both rather smooth. The base of the saturated zone, however, is irre
gular, and it nearly coincides with the base of the Ogallala. The thick satur
ated zone lies in a proto-White River valley cut 150- to 250-f eet deep and in 
a southeast direction along and parallel to the Running Water Draw-White River 
lineament. The high buried mesa to the south of the proto-White River valley 
and a few outlying buttes to the north of the mesa were held up by capping 
Cretaceous limestone (Fig. 3); both the Ogallala and its saturated zone are 
thin here. 

Conclusions 

The linear system described here is believed to reflect a acne of structural 
weakness that has influenced geologic events since Cretaceous ti~e and perhaps 
much longer. Control is evident in the pre-Ogallala erosion, the localization 
of Ogallala drainage and sedimentation, the location of present-day drainages 
and depressions , and finally in the distribution of ground water in the Ogallala 
Formation. In the Nittany Valley of Central Pennsylvania, specific capacity 
tests by Lattman and Parizek (1964) show that fracture traces reflected by 
linear drainages and topographic alinements are guides to locating zones of in
creased weathering, solution, and permeability of carbonate rocks at the land 
surface. Artificial recharge of the Ogallala aquifer through the caliche cap
rock may be done best along linear drainages and alinernents of depressions. 

56 



References Cited 

Brown, c. N., 1956, The origin of caliche on the northeastern Llano Estacado, 
Texas: Jour. Geology, v. 64, no . 1, p. 1-15. 

Cronin, J. G., 1964, A summary of the occurrence and development of ground 
water in the Southern High Plains of Texas, with a section on Artificial 
recharge studies, by B. N. Myers: U.S. Geol. Survey Water-Supply Paper 
1963, 88 p. 

Judson, S. S. Jr., 1950, Depressions of the northern portion of the southern 
High Plains of eastern New Mexico: Geol. Soc. America Bull., v. 61, 
no. 3, p. 253-274. 

Lattman, L. H., and Parizek, R.R., 1964, Relationship between fracture traces 
and the occurrence of ground water in carbonate rocks: Jour. Hydrology, 
v. 2, no. 2, p. 73-91. 

McLemore, E.W., Weaver, Paul, and Barton, D. C., 1942, The Crosbyton anomaly, 
southeastern Crosby County, Texas: Geophysics, v. 7, no. 2, p. 179-191. 

Reeves, C. c., Jr., 1970, Drainage pattern analysis, Southern High Plains, 
Texas and eastern New Mexico: Texas Tech Univ., Proc. Ogallala Aquifer 
Symposium April 30-May 1, 1970. 

Theis, C. v., 1932, Report on the ground water in Curry and Roosevelt Counties, 
New Mexico: New Mexico State Engineer 10th Bienn. Rept., 1930-32, p. 99-
161. 

Thornbury, w. D., 1954, Principles of geomorphology: New York, John Wiley 
& Sons, Inc., 618 p. 

51 



DRAINAGE PATTERN ANALYSIS, SOUTHERN HIGH PLAINS, 
WEST TEXAS AND EASTERN NEW MEXICO 
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Abstract 

The regional drainage pattern and the locations of large pluvial lake basins 
on the southern High Plains, West Texas and eastern New Mexico, have been con
trolled by three lineament directions which correspond to the world's deep
seated regmatic fracture pattern. The most recent stresses which caused reju
venation of the regmatic shear pattern in the area were of post-Pliocene but 
pre-late Pleistocene age. 

Introduction 

The systematic lineament pattern common to Earth's Precambrian areas, known 
as the regmatic shear pattern (Sander, 1947) has been recognized by many ge
ologists (Vening Meinesz, 1947; Hills, 1947: 1956; Cloos, 1948; Boutakoff, 
1952; Sander, 1956; Badgley, 1965). However, the cause(s) of the fractures 
are not clear. Stokyo (1932: 1936) and Esclangon (1932) suspected that the 
regmatic shears were produced by variations in the earth's rotational velocity 
and Harve (1931) and Ussov (1937) suggested pulsations in the earth. Vening 
Meinesz (1947) developed a theoretical shear-net for the earth (which closely 
matched the actual shear net!) based on flattening of the earth due to rota
tional slowing and changes in the axis of rotation. 

Regional fracture systems in sedimentary rocks in many areas of the United 
States, Canada, Alaska, South America, Europe and Africa exhibit the same 
northwest-southeast, north-south, and northeast-southwest trends as the Pre
cambrian regmatic shears, those areas in the United States well documented by 
Barton (1933), Fisk (1944), Kelley and Clinton (1960), Murray (1961), and 
Hodgson (1961) . Propagation of the deep-seated regmatic shears into the over
l ying sedimentary sections has supposedly resulted from post Precambrian re
juvenation by tectonic (Badgley, 1965) or even tidal (Hodgson, 1961) forces . 
Moody and Hill (1965) an Moody (1966) studied possible stress directions 
causing propagation of the matic pattern and associated lower order fault 
systems into the overlying se entary rocks, concluding that the surficial 
shear net has resulted from a a-rly (north-south) oriented force. 

Description and Origin of Lineaments 

High altitude photo indexes of the southern High Plains, West Texas and 
eastern New Mexico (scales.ranging from 1:360,000 to 1:315,000) show that the 
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major intermittent drainage channels are aligned northwest-southeast (Fig. 1). 
Abrupt changes in directions of the channels occur to the northeast or south, 
small scale drainage pattern analyses indicating that these deviations occur 
along regional linear trends. There are therefore three main lineament 
trends indicated by the drainage pattern on the southern High Plains (Fig.2): 
north-south, northeast-southwest, and northwest-southeast. 

The northwest-southeast lineaments trend N 65-70° W over most of the southern 
High Plains, although in the southern part of the area the lineaments trend 
N 40° W (Fig. 2). The northeast-southwest lineaments trend N 55° E in the 

0 
northern part of the area but only N 48 E in the central and southern parts 
(Fig . 2). The north-south lineaments, which actually trend about N 5° W occur 
mostly in the central and eastern parts of the area (Fig. 2). 

The southern High Plains consist of an isolated plateau of Cretaceous, Ter• 
tiary, Pleistocene and Holocene sediments sloping 8- to 10-feet per mile to 
the southeast. Most of the plateau consists mainly of fluvial sands, clays, 
and gravels (the Ogallala section) with minor amounts of eolian and lacus
trine debris. The plateau surface is formed by the Pliocene "cap rock" caliche 
which is covered in most places by Pleistocene sands and thin lacustrine 
fills. On such a surface the regional drainage pattern should be dendritic 
(Howard, 1967), but is actually subparallel to modified dendritic (Fig. 1). 
The abrupt changes in direction of the channels and the subparallel and modi
fied dendritic drainage pattern are all indicative of structural control; how
ever, the absence of other than small local displacements in the Triassic, 
Cretaceous, Pliocene and Pleistocene strata makes control by faulting un
likely, except perhaps along some of the major lineaments (see Finch and 
Wright, this symposium). 

The lineament directions on the southern High Plains are about the same as 
joint trends in underlying Permian (R. M. Winn, personal communication, 1969) 
and Triassic (F. E. Green, 1954) bedrock, both of which closely correlate 
with the earth's terrestrial regma.tic pattern. These correlations and the ab
sence of widespread faulting therefore suggest that the lineaments of the 
southern High Plains are a reflection of the deep-seated regmatic shear 
pattern, even though local deviations exist. 

The change of lineament direction from N 65-70° W to N 40° W in the southern 
and eastern parts of the investigated area (Fig. 2) may be somehow related to 
a N 30° W joint trend in the Triassic Trujillo Formation (Green, 1954) be
cause the N 40° W lineaments exist only on Triassic bedrock or where the 
Ogallala section directly overlies the Triassic red beds (Fig. 2). 

The N 55° E lineaments in the northwestern part of the studied area may be 
related to the N 55° E joint trend in the Triassic Trujillo Formation (Green, 
1954) and in the Permian San Andres Limestone; however, to the south the 
trend of the lineaments changes to N 48° E (Fig. 2). This was at first 
thought to be a re~lection of the block of Cretaceous rock whicg underlies 
the central part of the investigated area (Fig. 3) yet the N 48 E trend per
sists south of the Cretaceous strand line (Figs. 2 and 3). 
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Figure 1. Major intermittent drainage channels of southern High Plains. 
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Figure 2 

Three main lineament trends indicated by drainage net analysis, southern 
High Plains. 
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Figure 3 

Extent of subsurface Cretaceous sediment of southern High Plains. Black 
areas represent filled and unfilled pluvial lake basins. 
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In Lea and Curry Counties, New Mexico, northwest-southeast trending linea
tions have been termed "etched dune patterns" by Price (1958: personal com
munication, 1969). Although I am just now mapping in the area I have no data 
on these lineations as yet; however, after hearing the previous paper (Finch 
and Wright, this symposium) I suspect the lineaments will be structural. 

Geologic mapping recently completed in Lea County (Reeves, 1970) revealed two 
different groups and types of lineations. To the northwest and west of 
Lovington, immediately e-ast of the Mescalero Escarpment, intermittent drain.
age and small depressions are aligned N 60° W, but northeast and southeast of 
Lovington the intermittent drainage and associated depressions are aligned 
N 65° W. The line of contact between the two groups is more or less due north 
of Lovington. 

Field study shows several significant differences between the two groups of 
lineaments (Table 1), the most important relating to genesis being the pres
ence or absence of the Ogallala "caprock" caliche and the locations of the 
individual depressions. The lineaments northwest of Lovington have resulted 
from solution along fractures as indicated by absence of "caprock" caliche 
beneath the depressions (Reeves, 1969; Havens, 1966) and because each single 
low trough is often interrupted by caliche highs. Drilling in small depres
sions along the lineaments indicates that solution and subsidence are con
tinuing today. Like development has occurred on the Nullarbar Plain, 
Australia (Jennings, 1967) although the sinks are steeper and deeper due to 
thickness of the surficial limestone layer. 

The lineaments northeast of Lovington exhibit circular depressions like those 
to the west, but only on intervening highs of "caprock" caliche. The 
Pleistocene eolian debris which has been trapped in the swales has weathered 
to soils with good A and B zones which rest on the Pliocene caliche. How
ever, aligned buried depressions caused by solution along the regional linea
ment pattern exposed to the west may exist beneath parts of the sand sheet 
remnants. 

When the density of the small natural lake basins on the southern High Plains 
reaches about one per square inile, as it does in many areas, it is impossible 
to determine if the basins have been influenced by the lineaments unless a 
lineament is determined by some other means. There are so many basins in 
some areas that "lineaments" can be drawn in any preferred direction. Natu
rally basins underlain by Ogallala "caprock" caliche have probably resulted 
from causes other than solution: deflation, depositional irregularities, or 
ungulatory action (Reeves, 1966; ·Price, 1968; Reeves and Parry, 1969). 

Figure 3 shows the locations of large filled and unfilled pluvial lake ba
sins on the southern High Plains and their relation to the underlying 
Cretaceous block. Most all of these basins occur along or at the intersec
tions of the mapped lineaments. For instance, the major northeast-southwest 
lineament east of Lubbock (Fig. 2) has at least seven large pluvial lake ba
sins along its 240 mile trace (Blanco, Wood Ranch, Tahoka, Guthrie, Frost, 
Cedar-McKenzie, and Shafter basins). Thus, it is not surprising that the 
trends of the large pluvial lake basins and of some of the playas correspond 
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to the trend of one of the lineaments (Table 2). And, as would be expected, 
the predominant shape of s_uch play as is linear. Previous work (Reeves, 1966: 
1969) shows that the large pluvial lake basins of West Texas formed along 
drainage channels crossing Cretaceous highs. This study indicates that a 
thi\i)d major contributory factor must have been the intersections of the re
~ional lineaments or the lineaments themselves . 
8 

Influence of Lineaments 

Intersections of lineaments corresponding to the _earth's regmatic shear pat
tern have apparently acted as preferential locations for accumulation or ore 
deposits throughout the western United States, on the Czechoslovakian Massif, 
in the Frieberg district, Germany, in the Madan district, Bulgaria, in the 
northern Pennines, in Scotland and Sardinia (Kutina, 1968: 1969) and in 
Chihuahu~, Mexico (written communication to J. Kutina, 1969). Therefore, it 
is probable that such intersections on the southern High Plains existed not 
as local areas of ore deposition, but as local areas susceptible to fluvial 
erosion. Before the southern High Plains was isolated by formation of the 
Pecos River Valley, and during early Pleistocene pluvial periods, streams 
originating in the glaciated mountains of east central New Mexico excavated 
the large basins in those local areas of erosional susceptibility, whereas 
in other areas the thicker blanket of Ogallala debris was not as severely 
eroded (Fig. 4). 

Kutina (1969) also found that east-west sets of shear stress lineaments have 
exerted some control of distribution of ore deposits as well as influencing 
parts of the ColUmbia and Colorado rivers. On the southern High Plains there 
are sporadic east-west lineaments in several areas, for example, parts of 
Frio Draw in Parmer County an·d parts of Tierra Blanca Creek in Deaf Smith 
County . Other shorter east-west lineaments occur sou.thwest of Cedar Lake in 
Gaines County, in northern Andrews County, in central Lamb County, and north
west of Brownfield Lake in Terry County. The best defined east-west linea
ment in the studied area is the igneous dike known as Railroad Mountain in 
Chaves County, New Mexico. Railroad Mountain, rising 40 to 50 feet above the 
surrounding Triassic and Quaternary plain, is exposed for about 12 miles but 
is known to extend eastward a considerable distance beneath the southern High 
Plains (S. E. Galloway, personal communication, 1969), However, no surface 
reflection of Railroad Mountain is evident on the plains. 

/ 

Age of the Lineaments 

Subsurface study of the base of the Ogallala section shows principal post
Cretaceous but pre-Pliocene drainage was irregularly to the southeast . Thus 
rejuvenation of the regmatic fractures must have occurred after Cretaceous 
deposition. There is only sporadic north-south orientation of tributaries 
and parts of the main channels and little indication of any influence of the 
northeast-southwest trending lineaments, but this could be due to-1-ake of 
data. l"c.K' 

65 



...... (/) .......... 
::s a 
(l) ..... 

BASIN TREND MAJOR MINOR LIN. Ill ...... 
a cu 
(l) t1 
::s ..... 
("t ("t 

'< 

Arch, N.M. ? NE-SW NE-SW • NW-SE rt 

• t1 0 • (l) Hl 
;:I 
Q. ("t 

NE-SW NW-SE 
(/) t1 

Muleshoe, Tex. N45E NE-SW • Ill 
• 0 ::s 

Hl Q. 
(/) 

t"t 

Ye I I owhouse, Tex. NS N-S N-S ::r 0 
(l) Hl 

(/)"ti 
0 I-' 
i:: i:: 

Rich, Tex. N35W NW-SE NE-SW • NW-SE rt < ::r ..,. • 11> Ill a I-' 
I-' 

Brownfield, Tex. NS N-S N-S ~~ 
()Q (l) 
::r 

O" ~ 

°' NE-SW 
>ti Ill ~ °' Tahoka, Tex. NS N-S • NW-SE I-' (/) 

• Ill ..... ..... ..... ::s Cl> ::s 
tll "ti N 

Three Lakes, Tex. N25W. NW-SE NE-SW • NW-SE • I-' 

• ~ 
Ill 
(/) 

Bai leyboro, Tex. N60E NE-SW NE-SW • NW-SE ~ • Q. 

rt 

Spring Creek, Tex. ? ? NW-SE 
::r 

• NE-SW 11> 
• • • El 

Ill 
w. 

Wood Ranch, Texo ? ? NW-SE NE-SW 0 
• t1 

• • • Ill ::s 
p. 

Blanco, Tex. ? NW-SE NW-SE • NE-SW El • ' ..... 
;:I 
0 
t1 



0 

..... ... 

t 
3 

Miles 

c.r. - 20' 

\ 

' ··. 

\ 
\ \ 
\ \ 

\ ' ' .... 

\AO 

... 

Figure 4 

Isopachous map of the Ogallala Formation in Terry County Texas, illustrating 
the buried Cretaceous topographic highs beneath the three pluvial lake basins 

shown·. 

67 



Isopachous maps of the Ogallala section (Wyatt, 1967: 1968) and studies by 
Plummer (1932), Frye and Leonard (1959), Van Houten (1961), and Menzer and 
Slaughter (1970) indicate Pliocene streams flowed due east across Texas and 
New Mexico. Pleistocene streams flowed southeast, thus movement along the 
deep-seated regmatic shear zones and formation of overlying lineaments must 
have also occurred between Pliocene and Pleistocene time, perhaps concomitant 
with tectonic movements in north central New Mexico and regional tilting of 
the southern High Plains to the southeast. 

The strict control of Pleistocene drainage and of the pluvial lake basins, 
yet the divergence of the drainage established by the etched dune pattern 
northeast of Lovington, New Mexico, indicates the most recent movement along 
the regmatic shears was in post-Pliocene but pre-Late Pleistocene time. 
Barton (1933) found the latest movement along correlative lineaments in south 
Texas also" ..•. since the end of the Pliocene and possible fairly late in the 
Pleistocene." 

Conclusions 

Examination of the Ogallala outcrops along the "caprock" caliche escarpments 
of eastern New Mexico and West Texas fails to reveal any fracture systems, 
although polygonal jointing locally occurs on outcrops of the lower part of 
the Ogallala. The Ogallala section consists mainly of incompetent sands, 
silts, clays and gravels which would not be expected to maintain open fractures 
long after formation. However, the geomorphological result of fractures in 
such material has been well documented in the lower Mississippi River Valley 
(Fisk, 1944) and south Texas (Barton, 1933). There is therefore a preponderance 
of evidence which links the lineaments ·Of the southern High Plains with earth's 
deep-seated regmatic shear system. 

We are now in the midst of developing the so-called Texas Water Plan: the 
conveyance facilities, canals, storage reservoirs have all been picked. How
ever, discovery of the lineaments of the southern High Plains is going to 
necessitate some additional study. What effects the lineaments may have on con
struction of surf ace reservoirs or use of present surface basins for short-term 
water storage, on subsurface recharge, or on subsurface distribution of re
charged water must be determined . If displacements exist along many of the 
lineaments, as found by Finch and Wright along the Running Water Draw-White 
River (this symposium), distribution problems become greatly magnified. And 
lastly, there is always the problem of renewed movement along the lineaments. 
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DIGITAL SIMULATION OF THE OGALLALA AQUIFER 
IN SHERMAN COUNTY, . NORTHWESTERN KANSAS 

Thomas J, McClain 
Geologist, State Geological Survey of Kansas 

and 

Edward D. Jenkins 
Hydrologist, U.S. Geological Survey 

Abstract 

An area of 340 square miles was selected for the purpose of developing a digi
tal model of the Ogallala aquifer. The selected area has 253 irrigation, four 
industrial, and seven municipal wells that obtain water from the Ogallala aqui
fer. Pumpage from 1966 through 1969 was computed for each well from municipal, 
indus trial, and power-company records. Aquifer tests and water-level measure
ments were made at selected wells to determine average aquifer coefficients. 

A digital computer model was used to simulate inflow, outflow, water levels, 
recharge, transmissivity, storage coefficient, saturated thickness, and pump
age. After the model was tested and found to be generally compatible with ac
tual field conditions during 1966 through 1969, it was progranmed to define 
the e ffects of future development (1970 through 1989). Water-level declines 
r e lated to time and rate of pumpage illustrate the results of the simulation. 

Introduction 

Irrigation, which is increasing at a rapid rate, is the largest use made of 
ground water in northwestern Kansas. It is becoming increasingly important to 
an area that receives a small amount of erratically distributed precipitation. 
This report is an outgrowth of an investigation of the geology and ground
water resources of six counties in northwestern Kansas, including Sherman 
county, which was begun in 1964 to determine the effects of irrigation on the 
hydrology of the area. 

An area of 340 square miles (17 x 20 miles) in Sherman County (fig. 1) was 
selected for study. The purpose of the study was to observe the effects on 
the aqui fer of past pumpage and to predict, by digital computer simulation, 
the influence on the aquifer of future pumpage from wells. At the present 
time, 264 large-capacity wells are in the study area, including 253 for i rriga
tion, four for industrial, and seven for municipal use. The well density aver
ages 0 . 8 well per square mile but locally is as much as 5, and well yields 
range from 100 to 1,900 gpm (gallons per minute). In 1969 more water was pump
ed and more wells existed in Sherman County than in any of the other counties 
in northwestern Kansas. 

Water in the area is being "mined"; that is, water is being pumped f rom the 
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ground-water reservoir at a rate faster than it is being replaced by nature. 
To determine the nature of the response of the aquifer to past and predicted 
future irrigation development, it was necessary to 

1) Establish an observation-well network; 
2) Determine the location and annual discharge of all large-capacity 

wells; 
3) Determine the aquifer coefficients; 
4) Collect and tabulate hydrologic data from 1966 through 1969 that 

would be suitable for both manual and computer analysis; 
5) Test and adjust the input data by use of the digital model to simu

late actual field conditions during 1966 through 1969; and 
6) Apply the model (a) to predict the effects of projected development 

for 20 years (1970 through 1989); and (b) to predict the effects of 
little or no further development for 20 years (1970 through 1989). 

The work was a cooperative effort of the U.S. Geological Survey and the State 
Geological Survey of Kansas, the Division of Water Resources of the Kansas 
State Board of Agriculture, and the Environmental Health Services of the Kansas 
State Department of Health. The program was tested and run on the GE 635 com
puter at The University of Kansas Computation Center, Paul J. Wolfe, Director. 

The writers extend their thanks to Hassan E. Dabiri and Don W. Green, Depart
ment of Chemical and Petroleum Engineering, The University of Kansas, for 
their help in setting up the model and assisting in ~he review of the data. 

Hydrogeologic Setting 

The study area lies in the High Plains section of the Great Plains physio
graphic province . It consists of nearly flat to gently rolling uplands dis
sected by several relatively shallow valleys. The streams are intermittent, 
flowing only for brief periods during and immediately after rains. The normal 
annual precipitation at Gooland is 16.5 inches. 

The principal aquifer (water-bearing formation) in the area is the Ogallala 
Formation of Pliocene age, which consists of sand, silt, clay, gravel, caliche, 
and resistant "mortar beds" composed of sand and gravel cemented with calcium 
carbonate. The Ogallala is underlain by the Pierre Shale of Cretaceous age 
and is generally overlain by a thick deposit of windblown silt or loess of 
Pleistocene age. 

The depth to the Piere Shale in the study area ranges from 136 to 390 feet, 
and the depth to water ranges from 23 to 185 feet. The saturated zone is 80 
to 260 feet thick and averages 165 feet. 

Recharge in the area is derived either directly or indirectly from precipita
tion within the area, or from nearby areas to the west and southwest. Recharge 
from nearby areas occurs as ground-water inflow and by seepage from intermit
tent streams that enter and cross the area from west to east. Although much 
of the water pumped for irrigation is used by vegetation, some is lost by 
evaporation, and some percolates back to the water table . Ground water in the 
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area is discharged by wells and by ground-water outflow to the east. 

Collection and Use of Data 

One of the most important factors in data collection for the digital model was 
that of a complete network of observation wells. The network of observation 
wells, as shown on figure 2, was established in 1966-67 to determine the 
seasonal and annual fluctuations in the water table. The configuration 0£ 
the water table is shown by contours on figures 3 and 4 for January 1966 and 
January 1970, respectively. 

The amount of ground water pumped annually by wells was determined with data 
from several sources. Records of pumpage for municipal use were obtained from 
the city of Goodland; for industrial use, from a beet-sugar plant; and for 
irrigation use, from power companies. Total pumpage, as given in table 1, has 
increased considerably in the past few years. 

Table 1.--Pumpage from large-capacity industrial, irrigation, and municipal 
wells. 

Year 

1966 
1967 
1968 
1969 

Ground-water pumpage, 
in acre-feet 

26,000 
38,000 
59,000 
54,000 

Aquifer tests were made at selected well sites to determine the hydraulic 
coefficients of the aquifer . Hydraulic conductivities determined from the 
samples collected during test drilling also were used to approximate the 
transmissivity for the area as described by R.H. Pearl (written commun., 
1970) . Transmissivities, shown by lines on figure 5, ranged from 40,000 to 
130,000 gallons per day per foot. 

Storage coefficients from field tests ranged from 0.01 to 0.13. A coefficient 
of 0.15 was used initially in the digital model because complete drainage of 
sediments above the cone of depression (depression produced in a water table 
by pumping) probably did not occur during most field tests. Model trial runs 
were also made using storage coefficients of 0.10 and 0.20, but a coefficient 
of 0 .15 gave results that matched most closely the measured levels. The 
volume of water pumped from 1966 through 1969 was 177,000 acre-feet, whereas 
the volume of sediments dewatered was about 1,130,000 acre-feet. The volume 
of water pumped, including return flow from irrigation, was about 16 percent 
of the volume of sediments dewatered, hence the apparent storage coefficient 
(specific yield) could be as much as 0.16. 

The thickness of the saturated zone in 1966, as determined from test-hole and 
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well logs, is shown on figure 6. 

The water-level change for the period January 1966 to January 1970 (fig. 7) 
was prepared by superimposing the water-table contour maps (figs. 3 and 4) and 
connecting points of equal change in water level. During this period, water 
levels declined throughout more than 90 percent of the area. 

Digital Model 

The theoretical model used in this study was originally developed by Douglas, 
Peaceman, and Rachford (1960). A digital computer model based on the theoret
ical model was developed by Pinder and Bredehoeft (1968) and modified by H. E. 
Dabiri, D. W. Green, and J. D. Winslow (written commun., 1970). 

The model used a numerical form of the following differential equation to sim
ulate nonsteady two-dimensional flow in a nonhomogeneous aquifer: 

a/ax{Tx(x,y) ah/ax]+ a/ay [TY(x,y) ah/ay] = S(x,y) ah/at+ W(x,y,t) 

where his hydraulic head (L) (ft); 
tis time (T) (hr); 
x,y are space coordinates (L) (ft); 
T(x,y) is transmissivity (L2/T) (ft2 per hr); 
S(x,y) is storage coefficient (dimensionless); and 
W(x,y,t) is a source/sink term, volume flux per unit area (L/T) (ft per 

hr). 

The source/sink term, W(x y,t), may be used to represent pumpage, recharge 
from precipitation, and flow between the aquifer and streams or lakes. 

The differential equation applies to a confined aquifer; however, a correction 
for change in transmissivity owing to variation in the saturated thickness was 
inserted in the computer program. Thus, the resulting solution of the equa
tion, though not exact, is assumed to approximate closely the solution of the 
equation for an unconfined aquifer. 

A grid normal and parallel to the general direction of ground-water flow in 
the area, with a node spacing representing a distance of 1 mile, was super
imposed on the plan view of the study area. Data from those well locations 
that did not coincide with the node locations of the grid were transferred to 
the nearest node. In a number of instances, the discharge values for several 
wells were transferred to the same node. Values for inflow and outflow across 
the boundaries of the model are the product of transmissivity, gradient of the 
water table, and length of boundary. Inflow and outflow were maintained con
stant for the simulations. 

Input data 
Data for each node location were transferred from the maps showing location of 
wells (fig. 2), initial water-table altitude or head (fig. 3), transmissivity 
(fig. 5), and initial saturated thickness (fig. 6) to punch cards for use with 

80 



r 
I o, 

01 (/) <( <( 
0:: (/) 
61Z 
_JI<( 

3l~ 
I 

us 24 

I 70 

EXPLANATION 
. .... .. ; ... 

. ·.· .· . . . . . . 

l 
100-150; ..... 
·:·:·:·:·:·:·:·:·:·:·:·:·:·:· 

Saturated thickness, ,._ 

R. 39 W. R. 38 W. -----, -- ----

0 
I 

5 MILES 
I 

L _ __J ~ n_::·~ L_ - - - - .J - - - - _J_~ - - - - - J -- - - - -

Figure 6.--Saturated thickness in 1966. 

81 

T. 

6 

s. 

39°30
1 

T. 

7 

s. 

T. 

8 

s. 

T. 

9 

s . 

T. 

10 

s. 



the model. Data representing storage coefficient, actual pumpage per year 
(1966 through 1969), and projected pum~age per year (1970 through 1989) also 
were punched on cards. Other data used as input to the model were total length 
of simulation period (24 years), nodal dimensions of the area (18 columns and 
21 rows representing the 17- by 20-mile area), initial time step (500 seconds), 
and recharge. 

A value for recharge of 3 percent of actual annual precipitation for 1966 
through 1969 and 3 percent of the normal annual precipitation for 1970 through 
1989, about 1/2 inch (White and others, 1946; Cardwell and Jenkins, 1963), was 
uniformly distributed in the model to simulate recharge from precipitation and 
irrigation. Annual rates of pumpage were converted from acre-feet to gallons 
per year for use in the model. 

Output data 
Computed drawdowns for each of the 378 nodes on the grid pattern are printed 
for each of the 24 years of simulation. Also tabulated are time period, net 
boundary effect, and cumulative recharge. Actual and projected pumpage, as 
input to the model, is compared with the pumpage computed from the volume of 
the cone of depression, and the difference is given as a percentage. 

Application 

Field data were entered in the model and then were adjusted to approximate the 
measure d changes in water level from January 1966 to January 1970. Measured ' 
and computed changes in water levels show general agreement. Measured changes 
in water l evel from January 1966 to January 1970 (fig. 7) ranged from a 5-foot 
rise to a 20-foot decline but averaged a 5.2-foot decline; computed changes in 
water level (fig. 8) ranged from a 5-foot rise to an 18-foot decline. The 
average change for all 378 nodes was a 5.5-foot decline. 

A computer run was made to simulate the effects of continued development by in
creasing the pumpage at 5-year intervals for 1970 through 1989, as given in 
table 2(a). The discharges from table 1 were used for 1966 through 1969. By 

Table 2 . - -Projec ted pumpage from large-capacity wells, 1970 through 1989, (a) 
with continued development, (b) with no increase in development. 

Years 

(a) 1970 through 
1975 through 
1980 through 
1985 through 

(b) 1970 through 

1974 
1979 
1984 
1989 

1989 

82 

Ground-Water pumpage, 
in acre-feet per year 

54,000 
81,000 

108,000 
135,000 

59,000 
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1985, the well density is assumed to be about two wells per square mile, each 
with an annual discharge of about 200 acre-feet; therefore, the total annual 
pumpage will be about 135,000 acre-feet. An increase of 27,000 acre-feet was 
distributed over the area in 1975, 1980, and 1985, as given in table 2(a). 
The results of the simulation are shown on the 15-year (1966 through 1980) de
cline map (fig. 9) and the 24-year (1966 through 1989) decline map (fig. 10). 
Computations indicate that declines of about 48 feet by 1981 and 88 feet by 
1990 may be expected in local areas. The average declines by 1981 and 1990, 
as computed for all nodes, are 31 feet and 66 feet, respectively. The average 
saturated thickness for the model area was 165 feet in 1966. Digital model 
computations indicate that the aquifer could be depleted by 19 percent in 15 
years and by 40 percent in 24 years. 

Another computer run was made to simulate the effects of pumpage, assuming no 
increase in development or annual pumpage from 1970 through 1989. The pumpage, 
as given in table 1, was used for 1966 through 1969, but the annual pumpage 
was maintained constant at 59,000 acre-feet for 1970 through 1989, as given in 
table 2(b). The average decline by 1990, as computed for all nodes, is 43 
feet. Computations indicate that the aquifer could be depleted by 26 percent 
in the 24 years, 1966 through 1989. 

The average volume of aquifer dewatered was determined and then was compared 
with the decline computed by the model for continued development. The volume 
of aquifer dewatered, after pumping 2,070,000 acre-feet of water (1966 through 
1989), would be about 12,940,000 acre-feet using the apparent storage coeffi
cient (specific yield) of 0.16 that was computed from figure 7. The computed 
avera5e decline for the 340-square-mile area, therefore, would be 59 feet 
(14,940,000 acre-feet T 217,600 acres) as compared with the digital model com
putation of 66 feet. The quantity of water pumped, as input to the model, was 
20 percent less than that calculated from the cone of depression. Assuming 
that the drawdown or cone of depression developed by the model is larger than 
it should be, perhaps a storage coefficient of 0.16 or 0.17 should be used in
stead of 0.15. The storage coefficient appears to increase slowly with time 
as water drains from fine-grained sediments above the cone of depression. 

The maps showing water-level changes give an indication as to what may be ex
pected, provided .the assumptions of pumping rates, distribution of pumping, 
and aquifer characteristics are correct. Different patterns of well develop
ment will change the amounts and areas of decline. In this model, values for 
different parameters were adjusted individually for each node so that the com
puted water-level-change maps agreed with observed data. Other combinations 
of the data may provide similar results; therefore, no conclusions can be made 
about the uniqueness of the final results. 

The digital model used in this study could be modified to simulate a larger 
area, such as the area of the Ogallala aquifer in northwestern Kansas. 

Conclusions 

A digital model was used to simulate the effects on the aquifer of past pump
age and to predict the effects of future pumpage from wells in a part of north-

85 



r 
O' 

I QI(/) 
<t <t 
a: (/) 
O•z 
.JI <t 

g1_~ 
I 

I US 24 

I 70 

.-
EXPLANA TI 0 N 

l0-20 : 

L 
140-501 

R. 39 W. R. 3 8 W. -----r-- ----

Water-level decline, 0 5 MILES 
1 In feet ,... 

C\J 

L _ _J_ - -L---- _J_ - -- r - -- -- J ___ --

T. 

6 

s. 

39°30
1 

T. 

7 

s. 

T. 

8 

s. 

T. 
9 

s. 

T. 

10 

s. 

Figure 9.--Computed changes in water level, January 1966 to January 1981, 
assuming an increase in pumpage from 54,000 acre-feet in 1970 to 108,00 acre
feet in 1980. 

86 



102°R.42W. R. 41 W. R.40W. 101°45' R 39 W 
,--,~~~~;N-C~UNT-Y-,----- -, -·---·-r _R:. 

38 
_w.:...__ 

I 
I 

r 
o' 
QI(/) 

<l: I <l: a:: (/) 
o,z 
_J I <l: 

8L~ 
I 

us 24 

I -
l 

I 70 

EXPLANATION 

:'.~'.#'. '.~'.*#,\\ 
45 :60: 
:·:·:·:·: 

'Water-level decline, in feet 
0 5 MILES 

L~ ~ - _ __ t__ ____ j ____ J....: _____ J ____ _ _ 

T. 

6 

s. 

T. 

7 

s. 

T. 

8 

s. 

T. 
9 

s. 

T. 

10 

s. 

Figure 10.--Computed changes in water level, January 1966 to January 1990, 
assuming an increase in pumpage from 54,000 acre-feet in 1970 to 135,000 acre-
feet in 1989. 

87 



western Kansas . A comparison between observed and model-computed data showed 
general agreement. The model simulation indicates that present pumping con
ditions with no increase in development could reduce the volume o~ ground 
water in storage by about 26 percent by the year 1990, whereas the continued 
development assumed could reduce the volume ·in storage by about 40 percent by 
the year 1990. With continued development, water levels could be expected . to 
decline about 88 feet in local areas but average about 66 feet. 

The results of this model were achieved by adjusting the values for individual 
parameters . As other combinations of the data may give a similar solution, no 
conclusions can be made about the uniqueness of the results. A continuation 
of data collection would aid in making refinements in the model. 

The digital model can be used by the hydrologist and those interested in the 
management of our water resources as an aid in checking aquifer constants, and 
in making predictions under assumed conditions to provide a basis for the ad- . 
ministr~tion of ground water. 
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Introduction 

The American people have increasingly demanded better utilization of their 
existing natural resources. As the most visible of the life sustaining 
resources, water in particular has been subjected to these demands. Better 
utilization, however, demands better planning. Better planning requires the 
use of imagination, technology, and a great deal of common sense. Systems 
simulation has become a common tool of technology ta supply management 
(defined as the decision making body of the structure, whether public or 
private) with the predicted results of alternative decisions. Most such system 
simulation. applications have several features in common: the need for model 
verification;. certain oversimplifications of physical phenomena; and the 
ability to predict the response of the system in a gross way to certain input 
information. 

Groundwater basin management has not escaped this pressure. The resistance
capacitance networks of a decade ago were early responses to management's 
need for a predictive tool. From a technical point of view, the R-C model had 
at least two drawbacks: construction of a model was restricted to those 
organizations with considerable technical ability in electronics, and the 
resulting configuration represented an aquifer with a linear saturated 
thickness-transmission relation, i.e., a confined aquifer. The digital computer 
has made possible numerical models which bypass these two objections to the R-C 
models. 

Several such models have been constructed. The model constructed by E. M. Weber 
of the California Department of Water Resources for application in the 
Riverside-Chino Basin area of Los Angeles County is typical of one such model. 
It is this model which has been adapted to a portion of the Southern High 
Plains of Texas. 
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the Interior, Texas Tech University Water Resources Center, and High Plains 
Underground Water Conservation District No 1. 

The Research Project 

The research, as funded by the Office of Water Resources Research, is a joint 
effort of the High Plains Underground Water Conservation District Number 1 and 
the Water Resources Center at Texas Tech University. A consulting group from 
the TEMPO division of General Electric aided by Dr. David Todd of the 
University of California at Berkeley has met at regular intervals with the 
research group to provide review and suggestions. The objective of the 
program from the beginning has been to 

. . • investigate the application of existing techniques to the 
development of a mathematical model describing the flow of water 
in the Ogallala (and similar) aquifers • • • with the end 
objective of achieving a tool to be used in managing the operation 
of the aquifer. · 

That portion of the High Plains Underground Water Conservation District 
Number 1 lying within Potter, Randall, Deaf Smith, Parmer, Castro, Bailey, and 
Lamb Counties was selected for use in the study. As shown in figure 1, this 
area embraces both the hard and mixed soils of the Southern High Plains. Total 
area is 3,182.4 square miles. After several months of work, it became apparent 
that topographic control would not be available from the U.S. Geological Survey 
on the unmapped portions of Potter and Randall Counties. Some consideration 
was given to obtaining this information with District personnel; however, the 
magnitude of such a task made it beyond the scope of the project in both time 
and funds. Accordingly, the study area was reduced to the portion of the 
original study area lying in Parmer, Lamb, Castro, and Bailey Counties, an 
area of 2,288.6 square miles. 

The Mathematical Model 

Although we began with the computer program of the California model, 
of the modeling technique will make the application more meaningful. 
elementary parallelepiped is shown in figure 2. Application of the 
continuity principal leads to the expression: 

where 

V is the velocity vector 

V • dA = oS* at 

a review 
An 

(1) 

A is a vector representing the area oriented normal to the velocity 
vector 

S* is the volume of water stored within the parallelepiped, and 
t is time. 
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If the .element is within the saturated region, the right-hand side of equa
tion (1) becomes zero, that is, inflow and outflow are equal. However, 
making the Dupuit assumptions, the elementary volume has been redrawn in 
figure 3 to extend from an impervious boundary at the bottom to the surface. 
The total storage in the column at any time, t, may be expressed as: 

where 
h 
s 

S* = h • dy • dx • S 

is the saturated thickness, and 
is the storage coefficient. 

Noting that vertical velocities are not consistent with our assumptions, , 
equation (1) becomes: 

avx av 
• dx • dy • h + --L • dy • dx • h = 

ax ay 

(2) 

(3) 

where Vx and Vy are the velocity components in the x and y directions, 
respectively. Equation (3) takes account of the time dependent nature of the 
saturated thickness, h, but not of the time dependent nature of S, which may 
be an important oversimplification in some applications. Substitution for the 
velocity components from Darcy's law produces the basic equation of saturated 
flow in an unconfined aquifer consistent with the Dupuit assumption: 

a2h a2h s ah - ISt axz - 1Sr ayz = h" a-t (4) 

To obtain a numerical model, equation (4) is rewritten in finite difference 
form, i.e., the exact derivatives are replaced by finite difference approxi
mations. These approximations are defined in terms of values of the dependent 
variable, h, at discrete points in time and space. These points are generally 
called nodes. 

At this point two different schools of thought have developed in modeling 
groundwater systems. One group uses rectangular spaced node points similar to 
the parallelepiped of figure 2. Another group, of which the California model 
is an example, uses irregular spaced nodes, as shown in figure 3. Polygons 
are constructed around each node and flow across each face of the polygon is 
used. 

There are advantages and disadvantages for each technique. The rectangular node 
arrangement is mathematically more attractive, particularly with regard to the 
analysis of convergence and stability of the numerical methods applied. It is 
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also quite simple to define. Some difficulty arises during the model verifi
cation stage because, in general, there are. no wells located at the node 
points, hence no measured values to compare with simulated values. However, 
values interpolated from nearby observation wells may be as good (perhaps 
better) than a single point measurement. The principal disadvantages of the 
irregular polygon approach is in the time required to define the polygon. 

Recourse is made to the basic co·ntinuity equation (equation (1)) written in 
the form 

where 

Qi .is 

Qp is 
A is 

the 
the 
the 

flow rate across the ith face 

A S ah 
at 

net withdrawal (pumped water minus recharge) 
area of the element. 

The f low~ ~re d~fined by Darcy's law as before 

where 

K . ah 
i ~A. oxi l. 

Ai is the flow area of the ith face. 

(5) 

(6) 

Substitut i ng f rom equation (6), and assuming a homogeneous, isotropic aquifer, 
equation (5) becomes 

where 

n 
K I 

i=l 

ah h.w. -
1 l. ax. 

l. 

=As.£!!. at 

i s the saturated thickness of the ith face, 
is the width of the ith boundary 
i s the number of faces of the polygon. 

The time derivative may be represented as 

where tit is the time increment, and the superscript s denote time steps. 

The space derivative may be approximated as 
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where 

hj is the head at the node which shares polygon bounda~y 
m 

i is the node under consideration, 
Lm is the distance between the two nodes. 

(9) 

In general, the saturated thickness, hi, is not known, and is approximated by 

(10) 

Using the approximations given in equations (8), (9), and (10), and attaching 
the superscripts to denote time step to all h values, equation (7) becomes 

K . w • 
i 

- hj-1 
i ) 1 

Equation (11) shows that 

(1) The value of hj may be found in terms of the values of h at the 
other nodes at times j and j-1. 

(2) The equation is nonlinear in the values of hat time j. 

(11) 

If equation (11) is written for all m nodes which define the aquifer, there 
results a system of m simultaneous nonlinear equations to be solved at each 
time step. The California model uses an iteration process to solve this 
system of equations. 

Concep~ually, then, the aquifer is represented by an array of nonregular 
polygons. Continuous time is discretized to finite ·time steps. Within each 
time step flows across each boundary of each polygon (including downward 
through the ground surface) must satisfy continuity. 

Input for the Program 

Obviously a large amount of descriptive data is required. Three types of input 
data may be identified : 
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(1) Physical data associated with each node 
(a) Polygon area 
(b) Base of aquifer elevation 
(c) . Land surface elevation 
(di : Per~eability 
(e) Storage coefficient 

(2) Physical data associated with each flow path 
(a) Length of flow path (distance from node to node) 
(b) Width of polygon interface 

(3) Data needed for model verification 
(a) Measured water levels at each observation well, i.e.; at each 

node 
(b) Net withdrawals for each polygon. 

Consideration was given at the beginning of the research program to the rather 
tedious task of manually defining the polygons. While nothing within the 
derivation of the mathematical model requires that polygon boundaries be 
perpendicular to flow lines, such polygons were attractive because they were 
uniquely defined. A computer program was written which defined the Theissen 
polygon around each node. While simple in concept, the implementatio.n of the 
idea turned into quite a chore. Actual determination of the polygon vertices 
was reasonably straightforward; however, when the external boundary became one 
side of the polygon, a considerable amount of computer time was spent in 
delineating the polygon configuration. 

Items lb, le, 3a, and 3b qf the input data were supplied by the High Plains 
Underground Water Conservation District, as well as the latitude and longtitude 
of each observation weil. The program which defined the polygon configuration 
produced items la, 2a, and 2b. Personnel of the Water District supplied an 
estimate of permeability of 400 gpd/ft2 and a storage coefficient of 0.15. It 
was anticipated that refined values of these two parameters would be deter
mined by the verification runs. Early in the research work, Water District 
personnel undertook to define net withdrawals in each polygon based on power 
consumption. To allow Tech to commence computer runs on the model, estimates 
of "duty figures," net withdrawal per surface acre, were made by the Water 
District. A single duty figure was used for Castro and Parmer Counties, while 
two figures were used in Bailey and Lamb Counties. The resulting data deck 
covering the five year period 1962-1966, including the measured water levels, 
contained 1,135 cards. This is data for 181 wells connected to each other by 
485 paths. Simulation on the IBM 360/50 for the five year period, using 20 
time steps per year consumes approximately 3.30 minutes of computer time. 

Boundary Conditions 

In general, the California model accepts statements of boundary conditions in 
terms of the effects on the net withdrawal. For example, if a node has one of 
its boundaries the Llano Estacada escarpment, then no flow would take place 
across that boundary. For the five year verification runs, one "tier" of nodes 
around the outside edge of the study area was used as a control to furnish 
boundary flow values. These polygons are shown in figure 4. The flow across 
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the boundary common to each of these polygons and those congruous to it 
within the study area was determined for each year and combined with the net 
withdrawal calculated from the duty figures for the interior polygon. In 
these calculations, a permeability of 400 gpd/ft2 was used. 

Interpreting the Results 

The number of wells involved made examining the results of the computer run a 
rather formidable task. Wells are identified by State well number, which 
furnishes only a general location index. For each year the computer printed 
out the January water level as simulated and in later runs, the error 
associated with the simulated level and the measure level. As an aid in 
analyzing the voluminous output, the program was modified to print a "map" of 
the errors. The well locations on this map are accurate to one-half mile; 
that is, the space occupied by each symbol is one-half mile by one-half mile. 
This required that each error be represented by a single symbol. This is 
accomplished by classifying each error into a small interval, representing 
that interval by a letter, and printing the corresponding letter at the well 
location. Originally the interval width was chosen as 15 feet; however, after 
all input data errors had been corrected, the interval width was reduced to 3 
feet. This allo·,,ed us to spot those areas which were consistently high or low, 
figure 5. 

A second aid to rapid 
histogram of errors. 
of errors was printed 

evaluation of the _computer run was a simple frequency 
Using the same intervals as for the map, the histogram 
each year, figure 5. 

Results of Computer Runs 

At this point, it may be worth recalling the ·assumptions which have been made. 
These are: 

(1) The Dupuit flow assumptions 
(2) Convergence and stability of the numerical solution 
(3) Linearity of bottom of aquifer 
(4) Linearity of water surface 
(5) Homogeneous, isotropic aquifer with permeability of 400 gpd/ft2 and 

storage coefficient of 0.15 
(6) Flow across boundaries specified by this value of permeability and 

beginning of year water levels in observation wells 
(7) Net withdrawal for each node specified by a duty figure applicable 

to a large area. 

Early computer runs indicated the desirability of modifying assumption (7) to 
the extent of applying an adjustment to the duty figures so that continuity for 
the entire study area was maintained each year . The results of the computer 
run for these assumptions are shown in figure 6 and table 1. Figure 6 shows 
the difference between simulated water levels and measured water levels after 
the five years of simulation. The last column of table 1 gives the distribu
tion of errors at the end of the period. In general, there is no particular 
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TAULE 1. STATISTICAL DISTRIBUTION OF ERRORS FOR EACH YEAR 

Error in reet 

H *** to -16. 5 
-16.5 to -13.5 

-13.5 to -10.5 
- 10. 5 to - 1 . 5 

- 7.5 to - 4.5 
- 'I . 5 to - 1 . 5 

- 1.5 to l. 5 

1.5 to 4.5 
'1.5 to 7.5 

7.5 to 10. 5 
10 .5 to 13.5 

13.5 to 16 .5 

16.5 to * "k* ·k 

Duty figure 
adjust111cnt 

Mean Error (ft) 

Standard 
Dev"iat"ion (ft) 

'--· 
Number of Occurrences 

1963 1964 1965 1966 --· 

0 0 3 4 

0 1 1 4 

0 2 4 8 

2 6 11 11 
5 19 19 23 

51 43 34 23 
75 45 38 29 

37 35 34 34 
9 17 17 16 
2 8 8 14 

0 5 5 7 

0 0 7 3 
0 0 0 5 

.97 l.06 l.02 0.87 

-0.10 0 0.05 0 

3.07 4. 91 5.63 7.89 

"-----~--·-~-
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1967 

7 
8 

5 

10 
22 

24 
26 
24 
24 

10 
10 

5 
6 

0. 78 

-0.07 

9.12 



concentration of errors of a particular size or type, as one might expect if a 
portion of the region was very badly reproduced. Instead, there seems to be a 
rather random distribution of the errors throughout the study area. Table 1, 
however, does indicate a definite worsening of the simulated data for each 
successive year, so evidenced by the increasing variance of the distribution. 
To be certain that this was simply the growth of the error with time, and not 
either an ·error in programming or data, the program was modified to. use meas
ured water levels to begin simulation each year. Table 2 shows the resulting 
distributions. There is little difference; therefore, we conclude that the 
model is performing adequately, and the input data is consistent. 

Validation of the model, in the sense of determining the spatial variation of 
permeability and storage factor, was begun by adjusting the permeability in 
approximately 20 of the polygons. Results of the computer run were very 
disappointing in that the simulated water levels were almost identical to 
those prior to the adjustment. Changes in storage coefficient produced 
similar disappointing results. We realized that a large part of our problem 
could be traced to the assumption of near uniform withdrawals. We reasoned 
that we could adjust the net withdrawals in each polygon so as to exactly 
match the liistorical recor_d using the assumed permeability and storage 
coefficient values, or any other pair of values. We have a system with more 
unknowns than equations. This is not necessarily utter ruin, provided the 
surplus of unknowns can be estimated with reasonable accuracy and provided the 
system is not particularly sensitive to those unknowns. In other words, if we 
can estimate values of the extra unknown (in our case, net withdrawals) and 
small errors in the values. produce ·negligible variation in the other two 
unknowns (permeability and storage) we still have a usable model. 

A simple test was devised to test the model's sensitivity to the accuracy of 
the net withdrawal. The other two unknowns were intimately tied to the flow 
across the polygon boundaries; the permeability directly controlling this 
flow, and the differences in storage coefficients between the two polygons 
affecting the difference in head. Therefore, if the model was relatively 
insensitive to withdrawal values, but sensitive to flow across the polygon 
faces, operation with no flow across the polygon faces would produce large 
errors. For each of the five years for each node, the amount of water removed 
(or in some cases recharged) based on the change in water level recorded that 
year, and a 0.15 storage coefficient was calculated. These values were then 
used as net withdrawals in a computer run. This run used the policy of 
beginning each year with the measured water levels. Table 3 shows the 
distribution of errors for each year for the original withdrawal rates (duty 
figures) and for the assumption of zero permeability. The zero permeability 
model is noticeably better in every case as evidenced by the smaller 
variance, that is, more of the errors are closer to zero. 

We conclude from the above results that model verification within the Ogallala 
or any other similar aquifer will require withdrawal values of better quality 
than "duty figures." This problem was not encountered by the California group 
since most wells in their study were metered individually for power, and many 
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TM:t.E 2. STATISTICAL DISTRIBUTION OF ERRORS FOR EACH YEAR 
BEGI NNING WITH MEASURED WATER LEVELS . 

. ··--·-·-· ---- - - --- -·-· ·- ··- --··- ·~-- ---

EITOl' in Fe2t 

1963 - --- · ---·- -- ~--- - ·--- ··-· · ·-·----··-·-

Number of Occurrences 

1964 1965 1966 -- ·----
* --~ to -16 . 5 0 0 0 0 

-16.5 to -13.5 0 0 0 0 
-13. 5 to -10. 5 0 0 0 0 

-10 . 5 to - 7.5 2 l 2 l 
- 7.5 to - 4.5 5 5 3 8 

·- 4. 5 to - 1. 5 45 44 41 43 
- 1. 5 to 1. 5 75 75 80 67 

1. 5 to 4 . !) 43 40 39 53 
tl.5 to 7.5 9 14 15 7 

7.5 to 10.5 2 2 1 2 
10 . 5 to 1 ~. r: 

,,), ~ 0 0 0 0 

13.5 to lG.5 0 0 0 0 
16.5 to *-l:i; 0 0 0 0 

·:ean Error (ft ) +0.10 +O. 15 +0.31 +0.18 
Stanclurd 
lcv"iut ion (ft) 2. 99 

·------ ----------

3.10 2.98 3.03 

-- - -- ·- --
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19 67 

0 

0 

0 

l 

10 

33 
80 
43 
11 

3 
0 
0 

0 

+0. 28 

3. 20 



...... 
0 
Vl 

Error in Feet 

*** to -16.5 

-16 .5 to -13 . 5 

- 13. 5 to - 10. 5 
-10.5 to - 7. 5 

- 7.5 to - 4.5 
- 4.5 to - 1. 5 

- l .5 to l.5 

l. 5 to 4.5 
4. 5 to . 7.5 
7.5 to l 0. 5 

10.5 to 13.5 

13. 5 to 16 .5 
16.5 to *** 

Mean Error (ft) 

Standard 
Deviation (ft) 

TABLE 3. COMPARISON OF STATISTICAL DISTRIBUTIONS USING (a) DUTY FIGURES FOR 
DETERMINING NET WITHDRAWAL AND (b) ASSUMING ZERO PERMEABILITY FOR 
DETERMINING NET WITHDRA~JAL . EACH . YEAR BEGINS WITH MEASURED \~ATER 
LEVELS. 

Number of Occurrences 
1963 1964 1965 I 1966 

Zero Zero Zero Zero Measured Perm. Measured Perm. Measured Perm. Measured Perm. Measured 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 1 0 0 0 0 0 0 0 

2 l 1 l .2 l l l l 
5 3 5 3 3 2 . 8 2 10 

45 37 44 37 41 37 43 34 33 . 
75 95 75 92 80 92 67 l 01 80 
43 . 37 40 41 39 40 53 33 43 

9 5 14 6 15 8 7 9 11 
2 . 2 2 l 1 1 2 l 3 
0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
0 0 0 0 0 . 0 0 0 0 

0. l 0 0.05 0.15 0.17 0. 31 0.30 0. 18 0.22 0.28 

2.99 2.75 3.10 2.56 2.98 2.59 3.03 2.20 3.20 

1967 ! 

Zero : 

Perm. 

0 

0 
0 

1 
2 

37 

96 
35 

8 
2 

0 

0 
0 

0.27 

2. 62 
: 



for flow. We are currently examining an alternate method, utilizing a varia
tion of the consumptive use idea, for determining not only net withdrawals, 
but also permeability and storage coefficient from cropped acreage data. The 
Department of Agriculture now gathers about 85 percent of the data needed for 
such application. If the method proves accurate, the additional information 
in future years could be easily secured . This would allow application of the 
model to any aquifer where agriculture is the major water user. 

A Management Application Example 

While the lack of more refined withdrawal data has prevented completion of the 
model verification, the results of the zero permeability runs indicates the 
duty figures are "within the ballpark." Using these figures, we can obtain 
crude estimates of the long term results of certain operational practices. 
For illustration purposes only, we have chosen to evaluate the results of a 
recharge operation in the sandhills area located in Bailey County. The 17 
shaded polygons shown in figure 7 were chosen because of accessibility for the 
recharge activities. The total area of recharge is 153,066.8 acres. · The 
problems of how to recharge were bypassed; the question to be answered is, 
given recharge, what is the effect on the water levels in the surrounding area. 
Because the yearly data was not easy to use, the year of 1963 was used as a 
typical year, · that is, the withdrawals of 1963 were repeated year after year. 
Recharge rates were established at a uniform amount per acre across the area. 
An annual recharge of only 0.5475 acre feet per acre produced water at the 
surface at the end of the 20 year simulation period. This is equivalent to 
recharging 83,804 acre feet per year. The effect of pumping at the 1963 rate 
with no recharge is shown in figure 8. · The increases in water surface 
elevations at the end of the 20 year period is shown in figure 9. The spatial 
effects of such an operation appear quite limited; · since the ·spatial effects are 
controlled to a large extent by the permeability, the run was repeated with 
the permeability increased to 800 gpd/ft2 • These results are shown in figure 
10. No significant increase in the spatial distribution was observed for this 
increased permeability. 

On the basis of such findings, we believe management would be better able 'to 
evaluate concentrated localized recharge. In the real world of the Ogallala in 
the Southern High Plains, after model verification has been accomplished, the 
effect of various plans now prevalent for importing water can be evaluated. In 
conclusion, we believe the model has substantial value to management as a 
decision making tool; its application is badly handicapped at the present by 
lack of high quality input data. 
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Contours of Water Levels, 1983 Using 1963 
Pumping Rates. 
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Incremental Effects of Recharge 1983, 
Permeability= 400 GPD/FT2. 
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Incremental Effects of Recharge, 1983 
Permeability= 800 GPD/FT2. 
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DYNAMIC MODEL OF THE OGALLALA AQUIFER 

F. A. Rayner 
Manager, High Plains Underground 
Water Conservation District No. 1 

Lubbock, Texas 

The dynamism· of an aquifer model is a measure of its applicability to simulate 
real and changing aquifer conditions. 

The Ogallala aquifer in Texas -is a relatively thin aquifer, of considerable 
areal extent. The top of the aquifer is the water table in the Ogallala For
mation, the base of the aquifer is formed by the eroded surface of older rocks. 
It is the configuration of this old erosional surface--incised and meandering 
stream channels, mesas, cuestas, hills and valleys--that controls, for the 
most part, the configuration of the Ogallala aquifer. 

The magnitude of the economic dependence upon this aquifer has established a 
trend .to its depletion, and as the water table draws closer to the base of the 
aquifer, the configuration of the aquifer is undergoing change. Therefore, to 
economically model this aquifer to near depleted conditions is going to re
quire a model that can effect its own internal adjustment to compensate for 
the changes in aquifer configuration--a dynamic model . 

Models 

The present generation of aquifer models may be much too rigid in their con
figuration to be readily adaptable as a management tool for the Ogallala aqui
fer. 

The analog model has finitely established nodes and fixed analogies. Aside 
from a host of other inflexible characteristics, storage depletion cannot be 
readily simulated by this type of model--a condition of paramount importance 
for modeling the Ogallala aquifer. 

Mathematical models are presently the most flexible method of simulating aqui
fers, and they can readily model storage depletion. When fed into large high 
speed computers, they are the least expensive of all procedures for modeling 
large areas. However, they presently have one inherent inflexibility that may 
limit their application to modeling the Ogallala aquifer--this inflexibility 
is in the manner in which the model is partitioned for analysis. 

Polygons 

.To mathematically model an aquifer it is necessary to divide it into segments 
(polygons) of known geometric configuration. It is the mathematical simulation 
of the balancing of the flow of water into and out of these polygons that con
stitutes the model. 
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In the Ogallala formation, the top of the polygon is the water table and the 
bottom is some preselected elevation chosen to represent the base of the aqui
fer--both surfaces are assumed to be flat. A model of this type is now being 
constructed by Texas Tech University, in cooperation with the District, on the 
area within the District in Bailey, Castro, Lamb, and Parmer Counties.! 

This model is an adaptation of the California Department of Water Resources, 
Chino Basin model--the work of Ernest Weber, Mel Schrecongost, Kiyoshi Mido, 
and others. 

Bill Claborn's (Texas Tech University) adaptation of this model to the four 
county research area has produced some surprisingly accurate first run results. 
However, this modeling has been confined to predicting water levels through a 
known historical range, which only applies to the top few feet of a relatively 
thick blanket-like aquifer; a condition where the assumption of a flat base of 
the aquifer, in polygons covering large areas, is not a critical factor. This 
condition is illustrated by Figure 1. 

In the interest of simplicity, only the total configuration (all sides, bottom 
and top) of polygon A is shown on Figure 1. This drawing is further simplified 
by assuming a corranon water table elevation ·for all of the polygons (A,B,C & . 
D)--a condition that would not exist in a real model. · 

The base of polygon A (simulated base of the aquifer in this polygon) is part
ly below the base of the aquifer. This, or a base above the bottom of the 
aquifer, may be a common condition for large polygons in the Ogallala aquifer; 
because of the slope of the base of the aquifer, its unevenness, and the as
sumption of an average elevation for same. 

The base of polygon B would probably be above, and below, parts of the actual 
base of the aquifer; due to the averaging of the elevations associated with 
the buried mesa therein. 

If the model was to be run to near depletion of the aquifer, a condition illus~ 
trated by Figure 2, the ·model predictions could be expected to contain . inher
ently large errors since the uneven base of the aquifer would then become a 
critical factor. 

However, if a model of the Ogallala aquifer could be developed that had the 
ability to automatically adjust its polygonal configuration through successive 
stages of the depletion of the aquifer, the assumption of a flat bottom for. 
the polygons would become less critical, and the predictions for the polygons 
more accurate. A model to provide this dynamism is the object of a research 
proposal now before the Office of Water Resources Research, from Tech and the 
District. 

I This work is being financed by a grant to Texas Tech University and the 
District from the Office of Water Resources Research, U. S. Department of the 
Interior. A complimentary grant, also from the Office of Water Resources Re
search, provides funds to General Electric TEMPO, ·and their consultant Dr. 
David K. Todd, to consult on the Tech-District project. 
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Tech's modeling expert, Bill Claborn, has developed a computer program, cou
pled with a Cal Comp Plotter, that plots polygons based upon the Thiessen 
method of polygon construction. This routine provides a quick way to con
struct polygons, when the nodal and boundary data are provided as input. This 
is a rather involved routine that requires considerable machine space and time. 
Perhaps square or rectangular polygons will have to be employed in the dynamic 
model in order to simplify the automatic machine routines for constructing 
same. The projections provided by a square patterned model would also be 
better adapted to field conditions. 

Data Codified 

It is hoped that the sought-after dynamic model will have the capacity to as
similate raw well-data, and from such data determine the correct polygon con
figuration to represent changing geohydrologic conditions. The raw data is 
available as indicated by the Lamb County data point control map (Figure 3). 
Each point on the map represents an irrigation, municipal or industrial well, 
or well data point. Approximately 80 percent of these points are existing, 
large capacity wells . 

The District has established procedures2 for the card punching of these data; 
to date, all of the locations, and about one-half of the other geohydrologic 
data for the 14,000 wells in the 4-county research area have been codified and 
card punched. 

Groundwater Basin Management 

11le "cast in concrete" polygon is th~ primary physical inflexibility to model
ing the Ogallala aquifer. However, there is one other limitation to model 
simulation by high speed computers, and that is the type of model output usu
ally generated by such machines--a mannnoth series of lists of numbers. This 
type of output is not readily adaptable to the framework for groundwater basin 
management in this area. 

In Texas, groundwater basin management is provided through local districts 
that are established over aquifers, or subdivisions thereof. These districts 
are governed by a 5-member board of directors, who are elected for two-year 
terms. Although a board member may serve any number of terms, he, neverthe
less, must stand for re-election every two years. Groundwater basin manage
ment, as it is practiced by these districts, is principally through controls 
on well development. This means that such management is directly involved 
with one of the irrigators' primary instruments for creating income, therefore, 
decisions made by water district directors are directly linked with the eco
nomic well-being of an individual, and/or the general public. Within this re
alization, it is apparent that the model output must be of such a character 

£ Procedures for Codification of Ground-Water Data, High Plains Underground 
Water Conservation District No. 1, by F. A. Rayner and A. W. Sechrist, 1969. 
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FIGURE 3 WELL LOCATIONS, LAMB COUNTY (EACH DOT REPRESENTS A WELL OR WELL 
DATA POINT) 
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to be convincingly usable to these board members. It should also be pointed 
out that the board members are experts in their own fields; be it farming, 
cattle feeding, or other agriculture or general business--they are not engi
neers, hydrologists, geologists, or computer experts--therefor e, the computer 
out put must be tailored to their needs. 

The · computer programmers comments regarding pictorial computer output is that 
the machines were not designed to do ar twork, however true this may be, if 
their output is not readily understandable by those responsible for ground
water basin management, the model output will not receive the acceptance 
needed to make i t worth the efforts of developing same. 

If a physically flexible model can be built, making it speak in the language 
of management does not appear to be an insurmountable inflexibility. 
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COMPARISON OF METHODS FOR DETERMINING 
THE SPECIFIC YIELD OF THE OGALLALA 1 

Ordie R. Jones 
Soil Scientist 

and 

Arland D. Schneider 
Agricultural Engineer 

The inventory of total available water in the Ogallala is of vital concern to 
irrigated agriculture in the Southern High Plains. Most estimates of the 
amount of available water, and the projected economic life of the aquifer (1), 
are based on the thickness of the saturated aquifer, its areal extent, and the 
specific yield of the sediments. Aquifer thickness and areal extent can be de
termined from well logs. Specific yield - defined by Prill (2) as the ratio of 
the volume of water that a saturated rock or soil will yield by gravity drain
age to the total volume of the rock or soil - can be determined by several 
methods. The most common is the pump test. 

Cronin (3) estimated an average specific yield of 0.15 for the Ogallala, and 
this value has been used in projecting the economic life of the aquifer (1). 
Cronin's estimate was based on specific yields obtained by 3 different methods. 
First, a specific yield of about 0.14 was obtained in the Hereford and Plain
view district by comparing the volume of water pumped wi th the volume of Ogal
lala dewatered (4). Second, specific yields ranging from 0.09 to 0.16 were ob
tained from long-term pump and recharge tests. Third, a specific yield esti
mated between 0.15 and 0.20 was obtained by laboratory methods. Some of these 
reported variations in specific yield may be attributed to the method used and 
not to variation in the aquifer. In order to evaluate and compare the results 
of different methods of determining specific yield, the specific yield of the 
Ogallala aquifer at the USDA Southwestern Great Plains Research Center, Bush
land, Texas, was determined by (1) pump and recharge tests (2) the neutron 
me thod (3) tracer techniques and (4) laboratory analyses of cores. Figure 1 
shows the relative locations of wells used for these investigations. 

Pump and Recharge Tests 

A pump test of a well is the most common method of determining aquifer proper
ties. The theory and application of pump and recharge tests have been review
ed by Ferris, and others (5), Walton (6) and many others. 

1contribution from the Soil and Water Conservation Research Division, Agricul
tural Research Service, USDA Southwestern Great Plains Research Center, in co
operation with the Texas Agricultural Experiment Station, Texas A&M University, 
Bushland, Texas. 
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Grea·t Plains Research Center, Bushland, Texas. 
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The aquifer properties normally determined by pump and recharge tests are the 
c oefficient of transmi ssibility (T) -- defined as the rate of flow of water at 
the prevailing water temperature in gallons per day (gpd) through a vertical 
strip of aquifer 1 foot wide extending the full saturated height of the aqui
fer, under a hydraulic gradient of 100 percent -- and the coefficient of stor
age (S) , which for a water table aquifer such as the Ogallala, is equivalent to 
specific yield (5). 

The method selected to analyze pump and recharge test data is important. Gen
e rally, Jacob's straight-line method (7) gave. smaller values of (S) than did 
Lhe curve matching methods (6), although both are solutions of the nonequilib
rium formula. This is probably due to interpreting data points in Jacob's 
1:1e thod as describing a straight line when actually they describe a gentle curve. 
,\ ::; an example, analysis of the October 28-November 7, 1969, recharge test 
(Tab] e 1) by the straight-line method gives a storage . coefficient o~ 0 . 15. An
~ J ysis of the same data by the time-drawdown method (curve matching) gives a 
s l orage coefficient of 0.19. Analysis of mound buildup data for wells 68, 74, 
77, and 78 by the distance-drawdown (curve matching) method also gives a stor
~ ge coefficient of 0.19. 

The method of pump and recharg~ test analysis preferred by the authors is curve 
malching, using time-drawdown and distance-drawdown data near the end of the 
test that fits the nonleaky, artesian-type curve trace. Figures 2 and 3 illus
tra te that several days of pumping or recharging are required before the effects 
of gravity drainage become small, and the data begin to fit the nonleaky, arte
sian-type curve. For this reason, time-drawdown and distarice-drawdown data 
near the end of the tests are selected for ' analysis. Walton (6) adequately de
s cribe s and illustrates the techniques. 

The res ults of pump and recharge tests .at Bushland are summarized in table 1 . 
An analysis of the longest and best controlled pumping test, September 7-21, 
1966, is illustrated in figure 2. More weight is given to well 74 data in the 
interpretation since it is farther from the pumped well than is well 68. Also, 
we ll 68 has 50 feet of sand in the bottom of the casing. From this one pumping 
test, we conclude that the aquifer has a transmissibility of 22,000 gpd/ft and 
a s torage coefficient of 0.17. By using an average of the pump test results 
shown on table 1, we obtain a transmissibility of 21,000 gpd/ft and a storage 
coefficient of 0.15. This value is the same as the average specific yield of 
the Oga llala estimated by Cronin (3). 

An analysis of a 10-day recharge test is illustrated in figure 3. From these 
data we conclude the aquifer has a transmissibility of 14,500 gpd/ft and a stor
age coefficient of 0.18. By using an average of the recharge test results shown 
on table 1, we obtain a transmissibility of 16,600 gpd/ft and a storage coeffi
c ient of 0.17. This average storage coefficient value is greater than the stor
a ge coefficient of 0.15 obtained by pump test, but the averages may be biased 
by the analysis techniques. 

Neutron Method 

The spec ific y ield of the aquifer was also determined with a neutron moisture 
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Table 1 --Coe fficients of Transmissibility (T) and Storage (S) for Pump and Recharge Tests Conducted at the 
USDA Southwestern Great Plains Research Center, Bushland, Texas. 

1967 1966 
July 11-19 Aquifer 

Property 
April 4-13 

Well 68 Well 74 

Pump Tests 
1966 

Se pt. 7-21 
Well 68 Well 74 Well 68 Well 74 

Q (gpm)!/ 
r (feet)-~./ 

300 
150 

300 
250 

Jacob's straight line method 

T gpd/ ft 
s 

19,100 
0 .15 

24,700 
0 .14 

400 
150 

22,800 
0 . 13 

400 
250 

22,800 
0.15 

Time-drawdown method (curve matching) 

T gpd/ft 
s 

22,000 
0 . 13 

21,800 
0 . 17 

Distance-drawdown method (curve matching) 

T gpd/ft 
s 

18,500 
0.20 

!/ Q =pumping or recharge rate for well 13. 

197 
150 

15,500 
0.17 

11 r~ distance from well 13 to the observation well. 

]_/ Determined from wells 68, 74, 77, and 78. 

19 7 
250 

21,600 
0 . 14 

Recharge Tests 
1967 1969 

October 31-Nov 10 
Well 77 Well 68 Well 73 

348 
299 

22,000 
0.13 

348 
150 

14' 100 
0 .18 

348 
243 

14,800 
0 . 19 

14,900 
0.17 

October 28-Nov 7 
Well 74 

360 
250 

19,400 
0.15 

15,900 
0 .19 

15,20~/ 
0.19 



meter (8). An access tube penetrated a 12-foot vertical section of the aquifer 
near the water table. This section was saturated by recharging water to the 
aquifer and then dewatered by pumping for 11 days. The specific yield of the 
aquifer was calculated from neutron measurements made at saturation and after 
mos t gravity drainage had occurred . Figure 4 shows the aquifer water content 
before recharge, at saturation, and after most gravity drainage had occurred. 
The average specific yield for 25 1/2-foot depth increments was 0.22. 

Water yield-time curves for selected aquifer increments are shown in figure 5. 
The time required for an aquifer increment to drain 90 percent of its measured 
specific yield ranged from 1.5 to 5.8 days. Many additional days would be re
quired for the remaining water to drain. 

The neutron method permits accurate measurement of the water storage properties 
of undisturbed aquifer material, but the volume of aquifer sampled is small. 
Also, neutron access tubes are difficult and expensive to install to the depth 
required. 

Tracer Method 

The tracer method described by Scalf, and others (9), was used to determine the 
specific yie ld of the aquifer during two recharge tests. For the first test, 
which was a study of the fate of DDT and nitrate in ground water, 348 gpm of 
water containing tritium, nitrate and DDT were injected into well 13 for 10 
days. Specific yields determined from the detention times between recharge and 
observation wells were 0.23 and 0.20 for the tritium and nitrate, respectively. 
From this test the authors concluded that nitrate could be used as a tracer for 
water recharged to the Ogallala. The difference between the specific yields 
determined by tritium and nitrate was due mainly to difficulty in accounting 
for the nitrate present in the native ground water. 

For the second test, which was a study of the fate of herbicides in ground wa
ter, 360 gpm of water containing nitrate, trifluralin, atrazine and picloram 
were injected into well 13 for 10 days (10). The storage coefficient determin
ed using nitrate as a tracer was 0.24 (figure 6). A much greater concentration 
of nitrate in the recharge water negated the effec t of ground water nitrate; 
and the storage coefficient of 0.24 agrees very well with the storage coeffi
cient of 0 . 23 determined with tritium in the first test . 

The tracer method of determining aquifer storage properties appears to be a 
valuable tool of the hydrologist . However, there is some question regarding the 
influence of hygroscopic water on movement of the tracer . This effect is prob
ably minimal, but it has not been taken into account. 

Laboratory Analysis of Ogallala Cores 

Specific yield values were determined for over 100 1-foot long by 3-inch dia
meter undisturbed cores from the Ogallala at Bushland (11). The cores were 
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taken from several different bore holes with a Damco AR 500 core drill
2 

and 
core barrel. In the laboratory analyses, the cores were saturated and then de
watered with Tempe cells operating at 1/3 atmosphere pressure. Specific yield 
values ranged from 0.15 to 0.25 and averaged 0.20. 

This method provides measurements of spec ific yield at a point location within 
the aquifer, but sampling is expensive; and the volume of aquifer sampled is 
small compared to other methods. Also, in order to relate the core specific 
yield with aquifer specific yield, the suction value selected must be approxi
mately the same as that found in the aquifer after rapid drainage has ended. 

Discussion and Summary 

The specific yields determined by the different methods are summarized in table 
2. The authors believe the actual specific yield of the Ogallala at Bushland 
is 0.22 or greater. This belief is based primarily on water yield-time curves 
(figure 5) obtained with the neutron method and the detention times obtained 
from tracer tests. 

The influence of slow draining and slow filling of Ogallala sands must be con
sidered, regardless of the method used to determine specific yield. Early time
drawdown data for pumping tests clearly show this influence. The water yield
time curves obtained with the neutron method show that 90 percent of the measur
ed specific yield will be obtained in 1.5 to 5.8 days, but many additional days 
or even weeks will be required to obtain the remaini ng water subject to slow 
drainage. 

The data presented have shown the specific yield of the aquifer at Bushland is 
gr eater than 0.20 and is probably 0.22. The average specific yield determined 
by pump test was 0.15, which means that the actual specific yield of the Ogal
lala may be from 33 to 47 percent greater than the present estimate. Since the 
specific yield values obtained at Bushland by pump test correspond very closely 
with pump test results reported by Cronin (3), it is possible that the estimated 
average specific yield of 0 .15 for the Ogallala is low and an estimate of 0.20 
is justified. 
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Table 2.--Specific yield of the Ogallala aquifer at Bushland, Texas, 
determined by different methods. 

Specific yield 
Method 

Pump tests 
Straight line method 
Time-drawdown method 
Distance-drawdown method 

Recharge tests 
Straight line 
Time -d r awd own 
Distance-drawdown 

Neutron moisture meterl/ 

Tracer (Tritium)l/ 

Tracer (Nitrate)lil/ 

Laboratory analyses~/ 

Range 

Volume 
Fraction 

0 . 13-0.17 
0.13-0.17 

0.13-0.15 
0.18-0.19 
0 . 17-0.19 

0.14-0 . 28 

0-20-0.24 

o .15-0. 2s2I 

Average 

Volume 
Fraction 

0.15 
0.15 
0 .20 

0.14 
0.19 
0.18 

0 . 22 

0 . 23 

0.22 

0 . 20 

ll This value is the average of 25 ~-foot depth increments of the 

aquife r near t!E static water level. 

1/ Scalf, e t al. (10) 

]/ Schneider, et al. (10) 

!±.I Lotspeich, et al. (11) 

ii These values are for 1-foot cores taken throughout the depth of 

the aquifer, but not continuous from one bore hole . 
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METHOD FOR ESTIMATING AVERAGE COEFFICIENT OF PERMEABILITY 

USING HYDROGEOLOGIC FIELD DATA1 

Richard Howard Pearl 
Hydrologist 

u. S. Geological Survey 
Cheyenne, Wyoming 

ABSTRACT 

The relations between average permeability and particle-size distribution in 
the Ogallala aquifer were derived by multiple regression. The only size frac
tions significantly correlated with permeability were found to be fine and very 
fine gravel . This result is in conflict with most laboratory studies wherein the 
permeability was found to be highly correlated with the smaller-size fractions. 
Most laboratory measurements are made on samples taken perpendicular to the 
bedding planes, but average permeabilities of interest in the field relate to 
flow parallel to the bedding planes. Therefore, correlations between perme
ability to horizontal flow and the larger size fractions may be of greatest 
significance for field use. 

INTRODUCTION 

Since 1965 the U.S. Geological Survey and the State Geological Survey of 
Kansas have been engaged in a study of the water resources of six northwestern 
counties of Kansas. To help in determining the transmissibility distribution of 
the water-bearing materials in northwestern Kansas, a secondary investigation 
was made to determine whether a relation could be found between the particle
size distribution of the aquifer and its hydraulic characteristics by which the 
average coefficient of permeability and transmissibility might be estimated . 

The procedure used for determining particle-size distribution from litholo
gic logs at each test site may be summarized as follows: 

(1) Estimate the thickness occupied by each class- size; (2) calculate thickness 
percent by dividing the individual class-s~ze thickness by total thickness of 
the saturated zone; (3) calculate cumulative thickness percent values; and (4) 
test the cumulative thickness percent by plotting on log-probability paper and 
comparing with a standard particle-size distribution curve developed for the 
Ogallala aquifer in northwestern Kansas. If the curve does not have the same 
general shape as the standard, repeat steps 1-4 while adjusting the estimated 
thickness assignments in step 1. 

1Publication authorized by the Director, United States Geological Survey. 
Prepared in cooperation with the State Geological Survey of Kansas, the Envi
ronmental Health Services of the Kansas State Department of Health, and the 
Division of Water Resources of the Kansas State Board of Agriculture. 
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Transmissibility was measured by aquifer tests at eight sites. The average 
permeability was computed by dividing transmissibility by the saturated thick
ness. The relation between permeability and particle-size was tested by re
gression analysis . 

GEOLOGIC SETTING 

Northwestern Kansas, which lies within the High Plains physiographic pro
vince (Fenneman, 1931), is underlain by the Ogallala Formation of Pliocene age. 
Underlying the Ogallala Formation, with pronounced angular unconformity and 
forming an impermeable base, are the Pierre Shale and the Smoky Hill Chalk member 
of the Niobrara Formation, both Cretaceous in age. 

The Ogallala Formation, as much as 300 feet thick, consists of discontinuous 
lenses of gravel, sand, silt, and clay that are largely unconsolidated but may 
be cemented to various degrees by calcium carbonate and, locally, by silica. 
The Ogallala Formation is covered over most of the area by loess and alluvial de
posits of Pleistocene and Holocene age; the loess deposits are as much as 135 
feet thick, and the alluvial deposits are as much as 85 feet thick. 

GROUND WATER 

Ground water in northwestern Kansas is obtained from the Ogallala Formation 
in the upland area and from alluvium along the principal stream valleys. 

During the last 30 years, many aquifer tests have been made in northwestern 
Kansas to determine the coefficient of transmissibility of the alluvium and the 
Ogallala Formation. However not enough such tests have been made so as to accu
rately describe the transmissibility distribution in the Ogallala Formation. 

PERMEABILITY AND TRANSMISSIBILITY 

Permeability, which is the capacity of a rock to transmit water, depends 
upon the shape and size of the pores in the rock and the configuration and extent 
of the interconnections. 

The field coefficient of permeability is the rate of flow of water in gallons 
per day through a cross section of one square foot under a hydraulic gradient of 
one foot per foot at the prevailing water temperature. An average coefficient 
of permeability can be calculated from results of aquifer tests by dividing the 
transmissibility by the saturated thi ckness of the aquifer. For a complete ex
planation regarding analysis of aquifer tests, the reader is referred to Ferris 
and others (1962). 

PARTICLE-SIZE DISTRIBUTION 

The size categories used for this investigation are: 
Screen diameter (in millimeters) 

Medium gravel Greater than 8 

Fine gravel 4-8 
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Very fine gravel 2-4 

Very coarse sand 1-2 

Coarse sand .5-1 

Medium sand .25-.50 

Fine sand .125-.25 

Very fine sand .06250-.125 

Silt and clay less than . 0625 

These categories, used by the U. S. Geological Survey, are identical to the 
Wentworth scale except for the gravel subdivision. 

Eighty-one test holes were drilled with a hydraulic rotary drill as part of 
the water resources study of the six northwestern counties of Kansas. The drill 
cuttings were collected continuously and bagged in 10-foot increments. Each 10-
foot increment from the saturated zone was processed for particle-size distribu
tion as follows: (1) The sample was split by a mechanical sample splitter until 
a weight of approximately 100 grams was obtained; (2) after all 10-foot incre
ments had been split and combined with each other, the new sample then was split 
until a sample weighing approximately 100 grams was obtained. This combined 
sample then was: (1) Soaked in dilute hydrochloric acid overnight, or until 
effervescence ceased, to remove any calcium carbonate cement; (2) the acid was 
decanted, and the sample washed and wet sieved through a 0.0625 millimeter 
screen to separate the silts and clays from the coarser fraction; (3) the coarse 
fraction was air dried while the fine fraction was oven dried and weighed; (4) 
the coarse fraction was analyzed by standard dry sieving in a Ro-Tap machine to 
determine its particle-size distribution. 

From analysis of the particle-size distribution of the 81 test holes drilled, 
it was determined that no size fraction larger than fine gravel occurs in the 
Ogallala Formation in northwestern Kansas. 

The particle-size distributions of the Ogallala aquifer obtained from the 
drill cuttings were plotted on log-probability paper. The curves were generally 
smooth and concave around the medium to fine-sand size. There was sufficient 
similarity in the shape of the curve so that a standard curve shape was adopted 
as an aid to estimating particle-size distribution from lithologic logs. Curves 
a, b, and c, figure 1, are for samples from other fluviatile deposits. Distinctly 
different curvatures are obtained from each of the formations. Curve d shows 
the typical shape of the size-distribution curve adopted for the Ogallala Forma
tion in northwestern Kansas. 

For many of the 128 test holes drilled by the State Geological Survey of 
Kansas in northwestern Kansas, the drill cuttings were not retained but the 
lithologic logs were published in bulletins of the State Geological Survey of 
Kansas (See Keene, Pearl, and Pabst, 1969, for complete list of all lithologic 
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PARTICLE SIZE, IN MILLIMETERS 

?igure 1.--Particle-size distribution curves of several Tertiary fluviatile 
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logs) . To make use of the lithologic logs of the Ogallala Fonnation for this 
investigation, it was necessary to ·devise a method of estimating from the lith
ologic logs the amount of each class-size present. To do this, the following 
procedure was developed: 

1. Estimate the thickness of each class-size present in each lithologic 
unit. This thickness should correspond fractionally to the weight retained on 
each screen if the unit had been mechanically analyzed. 

2. Calculate the thickness percent by dividing the individual class-size 
thickness by total thickness. 

3. Calculate cumulative thickness percent values. 
4. Test the estimated size distribution by plotting the cumulative thick

ness percent values for each log on probability paper and compare with the 
particle-size distribution curve developed for the Ogallala aquifer in north
western Kansas. If the curve does not have the same general shape, then repeat 
s teps 1-4, adjusting the estimates of thickness in step 1. 

In recalculating the size distribution by successive applications of steps 
1-4, no attempt should be made to hold any of class-size estimates constant. 
This procedure is followed until a curve having the general shape of the Ogallala 
Formation curve is obtained. 

To test this method, it was applied to lithologic logs of test wells from 
which the drill cuttings had also been collected and analyzed by sieving. In 
most cases, there was very close agreement between the estimated curve and the 
actual particle-size distribution curve. Table 1 is part of the lithologic log 
of a test well drilled in Shennan County, Kansas (For the complete log and de
scr i ption of well-numbering system, the reader is referred to Keene, Pearl, and 
Pabst, 1969). This log will be used to demonstrate the procedure described 
earlier. 

Curve ~ of figure 2 was the first estimate made. From this curve, it was 
apparent that the amount of very coarse and coarse sand had been underestimated; 
medium sand, overestimated; fine sand, slightly underestimated; very fine sand, 
overestimated; and silt and clay, greatly overestimated. Table 2 shows the 
estimates made of each class-size for curve 2_· 

Curve E_ (fig. 2) was the second estimate made. Whereas this curve is 
smoo ther than curve a, it was apparent that the fines had been overestimated 
again; therefore, a third estimate was made. 

Curve c (fig. 2) was the third estimate made. Although the amount of silt 
and clay still is high, the shape of the curve did approach the shape of the 
standard curve. It was decided to accept this curve. 

Curve d (fig. 2) was determined by actual mechanical analysis of the drill 
cuttings. As can be seen, curves .£ and d are in close agreement. 
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PARTICLE SIZE, IN MILLIMETERS 

Figure 2.--Particle-size distribution curves from mechanical analysis of 
drill cuttings and estimated from lithologic log, test hole 
7-40W-6adb2, Sherman County11~nsas 



Table 1.--Lithologic log of the saturated zone of the test hole number 7-40W-
6adb2, Sherman County, Kansas. 

Drilled 8-6 7; depth _to water, 150 feet. 
TERTIARY SYSTEM 

Pliocene Series: 
Ogallala Formation: 

Thick
ness 

(feet) 
Depth 
(feet) 

Gravel, very coarse to very fine, and medium sand---------- 11 161 

Silt, sandy, pale yellowish-brown-------------------------- 8 169 

Sand, Medium to very coarse, and fine gravel--------------- 6 175 

Silt, sand, pale reddish-brown, and streaks of cemented 
fine sand--------------------------------------------- 5 180 

Silt, sandy, limy, white---------~---------------------~--- 11 191 

Sand, medium to very coarse, and very fine to very 
coarse gravel----------------------------------------- 11 202 

Silt, very sandy, moderate orange-pink, with streaks of 
cemented fine sand and some very coarse gravel to 
pebbles---------~------------------------------------- 20 222 

Silt, sandy, limy, white and pale reddish-brown, with 
streaks of very fine sand----------------------------- 35 257 

Sand, medilllll, limy, cemented, with sandy silt-------------- 16 273 

Sand, fine to very coarse, silty--------------------------- 5 278 

Sand, medium, with sandy silt------------------------------ 20 298 

Silt, very sandy------------------------------------------- 2 300 

Sand, medium, and some gravel------------------------------ 25 325 

CRETACEOUS SYSTEM 
Upper Cretaceous Series: 

Pierre Shale: 

Shale, ochre and green------------------------------------- 13 338 
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STATISTICAL ANALYSIS 

The particle-size distribution of samples obtained in eight observation 
wells, which had been drilled for aquifer tests, was determined by sieving and 
compared with the average permeability found by aquifer tests. This was done 
to d~termine whether some relationship exists between the physical and hydro
logical properties of the aquifer . Eight wells are a small sample on which to 
base a conclusion, but cuttings from them were the only ones available from 
aquifer-test sites. The particle-size distribution and the field coefficient 
of permeability observed at the eight observation wells are given in table 3. 

Tests of the correlation between permeability and particle size were re
stricted so as to include only the data generally obtained in field studies. 
Because details of the permeability to radial flow in the vertical profile are 
generally unknown, attention was focused on the possible correlation between 
the average permeability and particle-size fractions. 

Regression analyses were performed on data from the eight observation wells. 
Table 4 sutlmlarizes the single independent variable correlations obtained be
tween permeability and each of eight particle-size fractions. Correlation co
efficients shown in table 4 indicate that average permeability may be 100st sig
nificantly related to the fine gravel and very fine gravel content. 

A multiple regression was performed relating average permeabi lity to the 
particle-size distribution. Analysis of variance of the multiple regression 
formula showed that only two classes, fine and very fine gravel, accounted 
either separately or collectively for most of the field coefficient of per
meability estimate. Formulas 1 and 2 summarize the results from multiple 
correlation. · 

Formula 1: Relation of the weight percent of very fine gravel to the 
field coefficient of permeability. 

P = 148 + 29X1 

P = Field coefficient of permeability 

X
1
= Weight percent very fine gravel 

Standard error of estimate: 183.71 

F. Ratio: 7.884 (D.F. 1,6) 

Coefficient of multiple correlation: 0.7536 

Formula 2: Relation of the weight percent of very fine gravel plus 
fine gravel to the field coefficient of permeability. 

P = 48 + 54X
1 

- 62X2 

P Field coefficient of permeability 
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Table 2.--Estirnated thickness of particle-s ize classes from the lithologic log of well No . 7-40W-6 adb2, 

Sherman County, Kansas. 

Depth Thick- Cumulative 
Class size r rotal ness % thickness % 

I 150- 161- 169- 175- 180- 191- 202- 222- 257- 273- 278- 298- 300-
l 161 169 175 180 191 202 222 257 273 278 298 300 325 

Fine gravel 4 1 1 6 3 3 

Very fine 3 1 2 2 4 12 7 10 
gravel 

Very coarse 
sand 1 2 1 1 1 6 3 13 

Coarse sand 2 3 1 6 3 16 

Medium sand 4 2 3 8 1 10 20 48 27 43 

Fine sand 1 1 2 5 8 1 18 10 53 

Very fine I 
sand 1 2 3 5 12 5 5 1 36 21 74 

Silt and 
clay 4 2 6 6 15 3 1 5 1 43 26 100 

Thickness 
1

1 
(in feet) 11 8 6 5 11 11 20 35 16 5 20 2 25 175 100 
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Table 3.--Particle-size percentage distribution and field coefficient of permeability for eight obser-

vation wells in northwestern Kansas. 

Fine Very Very 1 Coarse!Mediuml Fine Very I Silt Field 
Well number gravel fine coarse sand I sand Sand fine and coefficient of 

gravel sand sand clay permeability 
3-36W-28daa ~/ 
Rawlins County 0.00 5.24 15.09 29.40 26.02 13.46 5.35 5.44 265-380 
4-39W-2ldcb 
Cheyenne County 0.30 3.41 8.47 20.44 30.60 19.84 7.36 9.58 180 
5-33W-29bda2 
Rawline County 1.61 4. 77 7.50 22.00 39.15 16 .14 3.22 5.61 420 
7-28W-2labb 
Sheridan County 2. 73 14.79 42.57 20.05 7.78 4.63 2.49 4.96 565 
7-40W-6adb2 !!1 
Sherman County 0.98 8.34 16.41 24.65 27.55 11.44 3. 71 6.92 310-420 
7-42W-27aab2 
Sherman County 6.49 12 .44 16.64 19.04 17.37 13.96 5.41 8.65 190 
8-33W-2cdd 
Thomas County 0.00 13.91 25 .89 24.55 14.78 8.83 3.88 8.16 810 
9-41W-31abb 
Sherman County 9.18 23.52 15.47 11. 73 10.63 11.24 6.59 11.64 850 

!!1 Average value used in computation. 
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Table 4.--Single-variable correlation coefficients obtained by regression anal yses of permeability 

versus particl e size . Data from eight observation wells in northwes t ern Kansas. 

! 
Fine gravel Very fine Very coarse Coarse sand Medium sand Fine sand Very fine Silt and 

gravel : sand sand clay 
I 

0. 613 0.754 I 0 . 411 - 0 . 361 - 0 . 583 -0.456 - 0.209 0.263 

I 
I 

' 



X
2
= Weight percent fine gravel 

Standard error of estimate: 134.64 

F Ratio: 10.425 (D.F. 2,5) 

Coefficient of multiple correlation: 0.8981 

Using the above two formulas, the field coefficient of permeability was cal
culated for 209 test holes drilled during the last 30 years in northwestern Kansas. 

While only eight observation wells were drilled for aquifer tests in the 
six northwestern counties of Kansas, in many instances test holes had previously 
been drilled as part of earlier studies in the general vicinity (up to several 
miles away) of the aquifer tests run as part of this latest study. When the es
timated average permeability was compared with that determined by the aquifer 
t es ts, very close agreement was noted. The average permeability, as determined 
by aquifer tests, was 422 (standard deviation 237) (table 5), while the average 
estimated permeability at the nearby test holes was 480 (standard deviation 133) 
(table 5). 

While the agreement between the estimated and observed values of permeabil
ity is excellent, the magnitude of the standard deviation obtained from the re
gression analysis is so great as to make prediction by means of formula 1 ex
tremely unreliable. It is reconunended, therefore, that additional physical and 
hydrological data be obtained so as to permit statistical validation of the re
gression coefficients. 

The multiple correlation coefficient (0.8981) obtained by the use of formula 
2 indicates that there is a significant correlation between permeability and the 
amount of fine and very fine gravel sizes in the Ogallala Formation. This 
finding is contrary to results obtained from most laboratory tests. Many workers 
have found that vertical permeabilities are best correlated with amounts of the 
finer size fractions (see, for example, Rose and Smith, 1957). The data obtained 
from samples of the Ogallala Formation suggest, however, that the composite sam
ples which were analyzed for particle-size distributions may well reflect the 
influence of gravel layers on the radial flow occurring in the vicinity of the 
pumping wells. Thus, although the data are few and the statistical significance 
of the analysis is uncertain, these findings suggest that composite samples of 
relatively coarse-grained aquifers may provide a valid basis for predict:ing the 
permeabilities that would be obtained from pumping tests. 

SUMMARY 

Good correlation was found between the average permeability and the amount 
of very fine and fine gravel present in the saturated zone of the Ogallala For
mation. It is believed that this correlation represents a significant relation
ship between the coarser grain size in the aquifer and the radial flow condition 
present during most aquifer tests. 

The method used, but not the formulas derived, should be applicable to any 
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Method of computation 

Aquifer tests 

Regression analyses on 
nearby test holes 
(formula 1) 

Difference between 
estimated permeability 
values and nquifer test 
values 

Table 5 . --Statistical data 

Number of tests · 
Aver.:igc pe rmeability I ----

in gallons per day I 
per foot . 

Standard deviation 

29 422 
l 

237 

29 480 133 

29 58 150 



.;c·!'".i- to unconsolidated-aquifer in that these types of deposits lend themselves 
r c~ a dily to pa rticle-size analysis, and the factors affecting the field coeffi
c i t: nt of permeability are generally the same. 

It i~ recorrunended that the hydrologist, upon starting a regional study of 
;rn unconsolidated aquifer, develop a drilling and aquifer-test pro gr am so that 
1 :1c: procedures herein outlined might be followed. The drill cuttings from the 
" :·1t urated :rnne of the observation wells, at least 10, and preferably more, 
:.!([ uife r-· test sites, should be mechanically analyzed and related to the aquifer's 
hydrologi.c: parameters. If a relationship is found, then it should be possible 
to limi.t the number of additional aquifer tests in that area. 
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WATER TRANSFER AT BEDROCK-ALLUVIUM CONTACTS 

James P. Waltz 
Assistant Professor of Geology 

Colorado State University 
Fort Collins, Colorado 

The increasing demands on Colorado's ground water resources have brought paral
lel increases in problems of ground water management. To alleviate some of 
these management problems, Colorado legislators passed the Colorado Ground Wa
ter Management Act of 1965. This Act provides for the establishment of "Des
ignated" Ground Water Basins in the state so that equitable water management 
policies can be formulated within each basin. For a basin to become "Designa
ted", information mµst be assembled on the geographic boundaries of the basin, 
the size, shape and water-storing characteristics of all aquifers within the 
basin, the annual recharge to these aquifers, and the present and projected 
withdrawals from these aquifers. 

Fwidamental to the concept of a Designated Ground Water Basin is the isolation 
of water. That is, a minimum of surface and/or ground water should flow from 
one basin to another. Where basin boundaries can be established such that wa
ter transfer is minimized or accounted for, it is feasible to determine the 
availability of water in the basin and to develop appropriate management poli
cies. 

Six Designated Ground Water Basins have been established in Colorado s i nce 1965 
wider the provisions of the Ground Water Management Act. Three of these basinBJ 
however, have geologic and hydraulic characteristics which may partially inval
idate the purpose of the ground water management act. Preliminary investiga
tions indi cate that appreciable volumes of water may be passing through the 
contact between the alluvial aquifers and the supposedly impermeable bedrock in 
the High Plains, Kiowa-Bijou, and Black Squirrel Designated Basins of Colorado. 
The locations of these Colorado Basins are given in Figure 1. 

The purpose of this presentation is to briefly describe the characteristics of 
these three basins, the nature of our investigations in these basins, the evi
dence of water transfer, and f i nally to comment on some of the implications of 
ground water transfer into or out of the alluvial aquifers of a designated 
ground water basin. 

The principal aquifer in the High Plains Designated Basin is the Ogallala For
mation of Pliocene age. The underlying bedrock consists mainly of _the Creta
ceous Pi erre Sha le Formation. In the northern portion of the area, however, 
the Oga llala Formation is underlain by the Oligocene White River Group (Figure 
2). Although the Tertiary stratigraphy in the northeastern portion of Colo
rado is still in debate (Denson, 1969), most published geologic maps show the 
White Rive r Group to be present in the High Plains Designated Basin (Figure 2). 
The White River Group consists of continental sediments and contains some chan
nel deposits which locally serve as bedrock aquifers. 
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Work by Reddell (1967) on distribution of ground water recharge in the High 
Plains of Colorado showed a zone of negative recharge (dischar~e) in the uncon
fined Ogallala aquifer which coincides approximately with the sub-Ogallala con
tact between the Pierre Shale and the overlying White River Group (Figure 2). 
This coincidence indicates that .ground water is transferred from the Ogallala 
Aquifer through the nearly horizontal channel deposits of the White River Group 
northwestward into the alluvium of the South Platte River. Thus, even though a 
ridge of White River Group "bedrock" separates the Ogallala aquifer from the al
luvium of the South Platte River, ground water apparently does cross the ridge. 
The hydraulics of the system promote this transfer in that ground water eleva
tions in the Ogallala aquifer are higher than ground water elevations in the al
luvium of the South Platte. Owens (1967) reports that near Akron, Colorado the 
piezometric gradient in the Chadron member of the White River Group trends to 
the northwest while the water table contours in the overlying Ogallala trend to 
the southeast. Reddell has estimated that ground water discharge from the Ogal
lala aquifer northwestward into the South Platte may exceed 75,000 acre ft/year. 

The second ground water basin in Colorado which I would like to discuss is the 
Kiowa-Bijou Designated Ground Water Basin (Figure 1). Quaternary and recent 
stream deposits serve as the principal aquifer in this basin. Beneath the al
luvial aquifers lie the Cretaceous sediments of the Pierre Formation, Fox Hills 
Formation, and the Laramie Formation (Figure 3). Several relatively clean sand
stone units in the upper Fox Hills and the lower Laramie Formations are impor
tant artesian aquifers in various parts of the Denver Basin. One of the first 
indications that ground water was moving through bedrock in this basin was 
the distribution of wells in the valley which produced "soft" water. The water 
in the alluvium of the Kiowa and Bijou Creeks is usually "hard" water. Yet, 
the water from wells drilled in the alluvium near the sub-alluvial outcrops of 
the Fox Hills Formation is commonly soft. One explanation for this is that water 
has been imported into the alluvial aquifer by way of the Fox Hills aquifer. 

Independent verification of ground water transfer into the Kiowa-Bijou basin 
has recently been provided by Kuhn, 1967, and Bibby, 1968. Kuhn compared water 
table elevations in the alluvial aquifer to the piezometric levels in the Fox 
Hills aquifer in the vicinity of the basin. He found that piezometric levels 
exceeded water table levels in several areas and concluded that hydraulic con
ditions would cause ground water to move from the Fox Hills aquifer into the 
alluvium in these localities. 

In another study of this area, Bibby (1969) approached the problem of evaluating 
the location and extent of ground water transfer with a digital computer 
model designed to simulate input and output conditions for ground water within 
the basin. Bibby's calculations produced an estimate of 19,000 acre feet/year 
as the rate of ground water discharge from the Fox Hills aquifer into the al
luvial aquifers of the Kiowa-Bijou Basin. The areas of discharge are indicated 
in Figure 4. 

Figure 5 shows a cross section along A-A' (Figure 3) which illustrates how geo
logic structure and hydraulic conditions combine to provide the mechanism for 
long distance transport of ground water. Transfer of ground water over dis-
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t~nces of at leas t 100 miles is indicated. 

In the general geologic map of the Denver Basin (Figure 3) and the cross sec
t ion (Figure 5), note that extrapolation of the Fox Hills piezometric surface 
to tile southwest would indicate that recharge of ground water to the Fox Hills 
1ormation centers around the exposures at the southern end of the structural 
basin. This hypothesis brings me to the last of three Designated Ground Water 
Basins to be discussed in this paper. 

The Black Squirrel Designated Basin, located south of the Kiowa-Bij ou Basin 
(Figure 1), has as its principal aquifer the alluvial deposits of Black Squir
rel Creek. Drainage of both surface water and alluvial ground water is to the 
south into the Arkansas River . Beneath the alluvium of the Black Squirrel Ba
s in, the Fox Hills Formation, Laramie Formation, and the Dawson Formation all 
dip northerly toward the center of the Denver Basin (Figure 5). The elevation 
of the s uballuvial outcrops of the Fox Hills Formation within the Black Squir
re l Basin is about 6,000 feet. Considerable flow potential is thus available 
to recharged water as it travels through the Fox Hills Formation, eventually 
to be discharged at an elevation of about 4,300 feet into the alluvium of the 
Kiowa-Bijou Designated Basin. Preliminary results from a computer simulation 
of ground water flow within a portion of the Black Squirrel Creek Bas i n show 
tha t app rnxima tely 4, 000 acre feet of ground water passes from the alluvial 
aquifer i nto the Fox Hills Sandstone each year (Goeke, 1970). 

The three ground water basins which I have briefly discussed are presen tly be
ing studied in gre ater detail in order to establish improved techniques for the 
dete rmi na tion and evaluation of gains or losses of ground water through the 
bedrock . Although the present es timates of rate of water transfer at bedrock
alluvi um contacts in these three basins are only approximate, it i s certain 
that appre ciable quantities of ground water have not been accounted for in the 
l edger of Colorado ' s ground wate r resources. One must conclude that only whe r e 
these inte rbasin transfers of ground water can be recognized and evaluated can 
the r e be any assurance of proper ground water management. 

References Cited 

Bibby, Rober t, 1969, Flow be tween the confined aquife r of the Fox Hi l l s Sand
stone a nd the alluvial aquifer, in the North Kiowa-Bijou Distr i ct, Colo
rado. Maste rs Thesis , Colorado State University. 76p. 

Denson , ~ . M., 1969, Dis tribution of nonopaque heavy minerals in Miocene and 
Pliocene rocks of central Wyoming and parts of adjacent states; in Geo
logical Survey Research, U. S. Geol. Survey Prof. Paper 650-C, p.---C25-C32. 

Goeke, James W., 19 70 , An analysis of 
Basin , El Paso County, Colorado. 
r ado State University. 

ground water flow in Black Squirrel Creek 
Masters Thesis (in preparation), Colo-

Kuhn , Alan K., 1968, Fox Hills Aquifer, Northeast Colorado. Masters Thesis , 
Colorado Sta te University. 50p. 

151 



~ 
Vt 
N 

! BLACK SQUIRREL l KIOWA-BIJOU BASIN -~ 

A 

recharge 
area '-

"-

CREEK BASIN 
A' 
• 

Approximate Fox Hills 

Fonnation 
piezometric surf ace 

- --- _....,-
......... - - · - --..................... - -- - ------- ~- ---.... - ------

I '\ Pierre Shale "-.. -- - 'Fox Hills Aquifer 
I , , --.. - - - _ - _ - _ - _ - - I I " ' .................. ........._ - - - -"- . 

I , 10 0 100 90 80 70 60 50 40 30 20 

Figure 5. Geologic structure and hydraulic conditions are shown 
which cause groundwater to be transferred from the 
Black Squirrel Basin to the Kiowa-Bijou Basin. 

7500 
CD .... 

7000 CD 
< 
~ 
rt' 

6500 ~· 
0 ::s 

6000 
~· ::s 

5500 Hi 
CD 
CD 

5000 rt' 

45,00 



Owens, Willard G., 1967, Ground water resources of northwest Washington Coun
ty, Colorado. Engineering report by Nelson, Haley, Patterson and Quirk, 
Engineering Consultants, Greeley, Colorado. 32p. 

Reddell, Donald L., 1967, Distribution of groundwater recharge. Masters 
Thesis, Colorado State University. 132p. 

153 



PROBLEMS OF ARTIFICALLY RECHARGING THE OGALLALA FORMATION IN COLORADO~/ 

by Jenkins, C. T., Hydrologist, and Hofstra, W. E., Geologist 

U. S. Geological Survey 
Denver, Colorado 

ABSTRACT 

Two studies relating to artificial recharge were made by the U. S. 
Geological Survey in the northern High Plains of Colorado in 1969. The 
studies consisted of an evaluation of water availability in Kit Carson 
County, Colorado, and test drilling near Akron, Colorado. 

The water-availability study indicated that less than 1 percent of the 
average annual precipitation, which is about 16 inches, leaves the area as 
surface runoff. This limited amount of water available for increasing 
recharge probably precludes the construction of large recharge projects. How
ever, the study indicated that significant natural recharge occurs in some 
ephemeral stream channels, as shown by substantial differences in mean annual 
discharge determined from channel-geometry measurements. A project by the 
Civil Engineering Department of Colorado State University near Cope, Colorado, 
recharged a significant amount o~ water using inexpensive detention 
structures. 

'!'he test-drilling study showed that many poorly permeable lenses within 
the Ogallala Formation inhibit recharge to the aquifer. However, one test 
hole near a dry wash penetrated only permeable beds of the sand and gravel. 
Treatment of streambeds by scarification or excavation sometimes may be 
warranted to increase recharge to the water table. Test drilling at the sites 
considered will determine the amount of streambed treatment that would be 
required. 

Some water might be salvaged from playas either by pumping the water for 
reuse onto cropped land or by recharging it to the aquifer through wells . 

INTRODUCTION 

Two studies relating to artificial recharge were made by the U. S. 
Geological Survey in 1969. The studies consisted of an evaluation of water 

2_1 
Report prepared in cooperation with the Plains Ground Water Management 

District and the U. S. Department of Agriculture, Agriculture Research 
Service. Publication authorized by the Director, U. S. Geological Survey. 
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availability in Kit Carson County, Colorado, and test dr illing near Akron, 
Col orado (fig. 1). Both study sites are north of the Arkansas River, in the 
area generally known as the northern High Plains of Colorado, where the 
principal aquifer is the Ogallala Formation . 

This paper is primarily a condensation of the report entitled "Avail
ability of water for artificial recharge, Plains Gr ound Water Hanagement 
District, Colorado," (Jenkins and Hofstra, 1969) with a section added concern
ing the test drilling near Akron, Colorado . 

This paper is concerned only with the physical availability of water and 
some hydrologi c problems concerning recharge of the water; legal or economic 
problems are not considered . The legal rights of downstream water users should 
be considered in any decision to use surface water for artificial recharge. 
Economic factors also affect the feasibility of recharge operations . 

The studies consisted of analyses of long-term streamflow records in the 
area , review of unpublished hydrologic maps in the files of the Geological 
Survey , examination of recent aerial photographs, and analysis of the results 
of test drilling and logging . Field work consisted of installing four 
combination streamflow and precipitation gaging stations, measuring channel 
geometry of selected streams to estimate average runoff, and drilling and 
logging of 16 test holes. Sample cores for moisture determinations were 
obtained at most holes. 

DESCRIPTION OF THE AREA 

Boe ttcher (1966) described the northern High Plains and the ground-water 
development us of 1962. This development has increased dramatically . Yearly 
withdrawal has increased from 90,000 acre- feet from 525 wells in 1962 to 
308,000 acre-feet from 1,810 wells in 1968 (Boettcher, Hofstra, and Major, 
1969). This development has resulted in water-level declines between 1964 and 
1969 of as much as 15 feet where withdrawals are the greatest (fig . 2). 

The area is an eastward-sloping, gently rolling plain. Surface materials 
range from heavy clayey soils in the eastern part to light sandy soils in the 
wes tern part. Sand dunes cover about 1,240 square miles of a total area of 
about 9,500 square miles that is underlain by the Ogallala Formation. Most of 
the streams are ephemeral, although several are incised into the saturated 
part of the Ogallala and are perennial in the reaches near the Colorado-Kansas 
State line. 

The area is -dotted with small shallow depressions (playas). Evaluation 
of aerial pho tography made in 1967 and data on file in the Colorado District of 
the U. S. Geological Survey indicate that as much as 20 percent of the area 
does not contribute to surface runoff . These playas become ponds after heavy 
rains. Water in those on the light soils disappears rapidly, but the playas 
on the heavy soils may contain water for several months after a major storm. 

155 



• 104° 103° 
41 r ··-· ·-··-r-··-··--r··-··-··-··-··-.··~·· : I ' 

1 
Julesbur 

· r -:.:~ 
I COLO RA DO 

, . •Putblo 

i i_ __ _ __ _ __ _ __ j 

I 
! 
f 
I WELD , -- ·----...__ 

. . I I . 
4c•r·-. _ _j __ ___ 

1 
__ _j 

I ADAM S i 

r~~.~- . 
I 

38° -

0 50 MILES 
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Water-level change map, 1964-69, northern High Plains, Colorado. 

157 



:·1ean annual precipitation ranges from about 17 inches at Wray, Colorado, 
to about 14 inches at Cheyenne Wells, Colorado. The average probably is 
about 16 inches, which is about the mean at Burlington, Colorado. Most of the 
precipitation occurs between May and August from intense storms of short 
duration that cover relatively small areas. 

SURFACE RUNOFF 

Estimates were made of streamflow that might be available for artificial 
r ec harge in the Plains Ground Water Management District, which comprises the 
eas t ern two-thirds of Kit Carson County, Colorado (figs . 1, 3) . The basis for 
t he estimates for Landsman and Spring Creeks was the records of streamflow 
that the U. S. Geological Survey has collected since 1950 on South Fork 
Republican River near Idalia, Colorado (fig. 3, site A). Idalia is 6.5 miles 
nor thwes t of the s tation) and on Landsman Creek near Hale, Colorado (fig. 3, 
sit e D). The average annual runoff for the period 1951-69 from the two 
sta t i ons was 0. 34 inch from a drainage a'.rea of 1, 300 square miles for South 
Fork aepublican River and 0.22 inch from a drainage area of 268 square miles 
fur Landsman Creek. Much of the flow at the two stations comes from the 
Ogallala aquifer. This base flow (flow sustained by discharge from the 
aquifer) is not considered available for artificial recharge. Examina tion of 
the stream flow records indicates that surface runoff from both Landsman Creek 
an<l Spring Creek is about 0.15 inch per year. The estimated average annual 
s urface runoff from these two streams (total drainage area, 615 square miles) 
thus is about 4,900 acre-feet. 

Runoff estimates a lso were made using a channel-geometry method described 
by E. R. Hedman (written commun., 1969) and Moore (1968, p. 36) . Moore 
a ttributes the development of the method to W. B. Langbein. The basic premise 
is tha t selected s tream dimensions adjust themselves to the s treamflow and that 
empirical r elat i ons can be developed between these parameters and average 
annual discharge . Moore worked with 25 streams in Neva da. Mr. Hedman expanded 
t he work of Langbein and Moore to include 48 s treams in California. Hr. Hedman 
(oral commun., 1969) since has t ested the method on s treams in Kansas and 
assisted i n making estimates for this study. Estimates tha t were made a t the 
two l ong- t erm gaging stations (fig. 3, s ites A and D) agreed with the observed 
mean annual runoff within 10 percent a t s ite A and 20 percent a t site B. 
Estimates of mean annual runoff were made at 13 s~tes, including the two long
te rm gaging stations. These sites are identified in figure 3 . 

RECHARGE UNDER PRESENT CONDITIONS 

Water in some reaches of certain stream channels contributes s ubstantial 
r echarge to the aquifer under present conditions . Between sites E and F, 
Beaver Creek has cu t into the Ogallala Formation ; the indicated average annual 
recharge to the aquifer in this short reach is a lmost 200 acre- feet . Between 
s ites B and C on Landsman Creek, the drainage area of the stream increases 
about 95 square miles, but the average annual f low is es timated to decrease by 
about 1,000 acre-feet. Mos t of this 1,000 acre-feet, plus the runoff from the 
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95-square-mile drainage area, probably finds it way to the aquifer. The inflow 
to a gravel pit at site I on Sand Creek is estimated t o average 650 acre- feet 
annually; the outf l ow apparently is negligible. 

AVAILABILITY OF WATER IN STREAMS 

The mean annual surface runoff from Spring Creek, Landsman Creek, and the 
streams on the boundaries of the District where channel-geometry estimates 
were made (fig. 3, sites, G, H, J, K, and M) is estimated to be about 9,000 
acre-feet from 1,285 square miles. This represents about 75 percent of the 
total drainage area (about 1,700 square miles) of streams leaving the District. 
Therefore, the total mean annual surface runoff leaving the District is 
assumed to be about 12,000 acre-feet or an average of 16.6 cfs (cubic feet per 
second) . 

~unoff from the area is highly variable, as evidenced by the extremes in 
ilow in Landsman Creek near Hale, Colorado, during the period 1951 to 1968 . 
TIH! <.iisc:harge ranged from no flow to 4, 570 cfs, and averaged 4 . 32 cfs . 
Analysis of the record shows that 3,400 acre- feet of storage capacity would 
have been required to capture 90 .percent of the flow, assuming a maximum 
rele.:ise rate of 10 cfs from the impounding reservoir . 

Capturing the maximum amount of the 12,000 acre-feet per year would 
requ~Le 8 to 10 reservoirs having a combi~ed ·storage capacity of about 15,000 
acre-feet located at the boundaries of the District. The stored water being 
a t the lowest elevation of the area would not be available to recharge where 
large ground-water withdrawals are concentrated (the area in figure 4 showing 
a well density of between 36 and 50 irrigation wells per township). If the 
impounding structures were in or upgradient from the heavy use area, the 
amount of water subject to capture would be correspondingly reduced . 
Figure 5 shows the estimated annual runoff at the boundaries and at three 
other transects . 

Expensive permanent storage facilities and elaborate recharge operations 
inay not be feasible considering the small amount of water available for 
recharge; however, local efforts seem worthy of further consideration . For 
example, inexpensive detention structures were constructed in 1965 on the 
Arikaree River near Cope (fig. 1) by the Civil Engineering Department of 
Colorado State University (Brookman and Sunada, 1968) . To quote Brookman 
and Sunada (1968) : 

"During the life of the study, 1810 acre feet of water were recharged 
at a construction and maintenance cost of $13,140.00 or a cost of 
$7.26 per acre-foot. Assuming a return value of ten dollars per 
acre-foot, as this water was available to mature a crop, the study 
was a financial success . " 

"The recharge structures are still effective and the Cope site should 
provide additional recharge to the aquifer, thereby reducing the cost 
per acre-foot of recharged water . " 
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Figure 4. Map showing density of irrigati on wells in Kit Carson County, 
Colorado. 
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Detailed examination of stream ch~nnels in other parts of the northern High 
Plains of Colorado might reveal locations where similar structures would be 
useful . 

Scarifying or excavating stream channels into the Ogallala Formation also 
appears to offer possibilities. Although the substantial recharge from the 
stream channel on Beaver Creek between sites E and F apparently is the result 
of natural stream-channel erosion, it is an example of what might be 
accomplished artificially. The indicated recharge at site I on Sand Creek 
illustrates the results of artificial alteration of the channel, even though 
it probably was not a deliberate attempt to induce recharge. The outward 
appearance of the channel of North Fork Smoky Hill River between sites L and 
:1 is much the same as that of Landsman Creek between sites B and C, but the 
estimates indicate that there is little, if any, recharge in the reach. 
Recharge might be induced in this reach by excavating or scarifying the bottom 
of the channel at selected sites . 

Logs of test holes dril led near Akron (fig. 1) show that the Ogallala 
Formation in that area generally contains extensive lenses of clay and 
cemented sand and gravel (caliche) that inhibit the downward movement of water 
to the water table. However, in one of the holes near an ephemeral stream, 
none of this material was found. In such an area, scarifying the streambed 
would increase recharge. A test hole near another ephemeral stream penetrated 
a lens more than 20 feet thick that contained substantial amounts of caliche . 
In this area, extensive excavation would be required to prepare the streambed 
to transmit substantial recharge to the water table and the effort might not 
be warranted . Thus, test holes should be drilled at sites considered for 
recharge operation$ to determine the amount of streambed treatment that would 
be required to increase recharge significantly . 

AVAILABILITY OF WATER IN PLAYAS 

About 20 percent of the area does not contribute to surface runoff; some 
of this water can be salvaged . In Texas, water is pumped from playas and 
tailwater ponds to irrigate nearby fields in preference to recharging it down 
wells. Recharge wells have attendant problems and the cost has prevented 
widespread use. The amount of water available from playa depressions is not 
known, but probably the unit runoff to them is no greater than that to the 
drainageways. 

SUMMARY OF CONCLUSIONS 

The major conclusions reached in this study are as follows: 

1. The mean annual surface runoff out of the Plains Ground Water Management 
District, Colorado, is estimated to be about 12,000 acre-feet per year from 
an area of about 1,700 square miles, compared to ground- water withdrawals of 
about 142,000 acre- feet (1968) . The surface runoff amounts to about 0.13 
inch per year of a total of 16 inches of precipitation . 
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2. Capture of a large part of the surface water leaving the area would require 
sizable impounding structures. If the impounding structures were located in or 
upgradient from the ground-water withdrawal area, the amount of water available 
would be less than that available at the boundaries of the District. Expensive 
permanent storage facilities and elaborate recharge operations may not be 
feasible. 

3. A substantial amount of streamflow probably is being recharged under present 
conditions. This recharge probably can be increased locally by constructing 
inexpensive detention structures and by excavating or scarifying stream channels. 
Test drilling near the stream channel will aid in determining the amount of 
streambed treatment that will be necessary. 

4. Runoff from about 20 percent of the area of the Plains Ground Water Manage
ment District is caught in playas and does not contribute to surface runoff out 
of the District. Some of this water recharges the aquifer but most of it is 
lost by evaporation. 

5. A significant amount of water probably could be salvaged by pumping water 
from playas or tailwater ponds into irrigation systems. 
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A MATHEMATICAL MODEL FOR DETERMINGING AREAL DISTRIBUTION 
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Introduction 

The Ogallala Formation underlies approximately 9,300 square miles in the 
Northern High Plains of Colorado, and is capable of yielding large amounts of 
water to wells. The number of large capacity wells increased from approxi
mately 400 in 1960 to 1350 in July, 1966. Irrigation wells comprised the 
largest percentage of these wells. With the increased demand for high capa
city 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 aquifer should be 
evaiuated. 

Recharge to the Ogallala Formation is a variable in both time and space. In 
the past, estimates of natural recharge were reported as average values for 
the entire basin. However, since groundwater demand and use are not uniform 
over the entire basin, an average figure for recharge is inadequate. The 
primary objective of this investigation is to determine the average annual 
rate and areal variation of natural recharge to the Ogallala Formation in the 
Northern High Plains of Colorado. 
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Description of Study Area 

The study area, located in northeastern Colorado, is shown in Figure 1. The 
area is a part of the High Plains Section of the Great Plains Physiographic 
Province. The topography of the area is characterized by an eastward slop
ing, gently rolling plain . Large portions of the area have low undulating 
sand dunes which contrast with the relatively flat surrounding area. The 
climate of the study area is semi-arid and is characterized by hot summers 
and cold winters. Precipitation averages about 16-18 inches per year. 

General Geology 
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The geologic history pertinent to this study b_egins with the Cretaceous, and a 
discussion of the older rocks is omitted. Table 1 shows a generalized geolog
ic section of the Northern High Plains of Colorado and Figure 2 is a map show
ing the surface geology of the area. 

The Niobrara Formation of Cretaceous age underlies the entire study area and is 
the bedrock on which the Ogallala Formation rests in the southern part of the 
area. The Pierre Shale of Cretaceous age 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. Rocks of Oligocene age are represented 
in the study area by the White River Group. This group consists of two forma
tions, 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 area and 
lies unconformably over the Pierre Shale and immediately beneath the Ogallala 
Formation . 

The Pliocene Ogallala Formation underlies all of the study area except for a 
few small areas along streams where it has been eroded away . The Ogallala 
Formation is the most important source of groundwater in the study area and 
overlies an erosional bedrock surf ace cut in the Niobrara Formation, Pierre 
Shale and White River Group as shown in Figure 3. 

Several minor stratigraphic units of Recent and Pleistocene age are· found in 
the study area. These include the Grand Island Formation, Sappa Formation, 
Peorian loess, Dune Sand and Alluvium. 

Mathematical Model 

A mathematical model was developed for· an interconnected ne twork of f inite 
prisms r epresenting the unconf ined aquifer . Referring to Figure 4, a selected 
prism of the saturated aquifer is bounded by two pairs of vertical plane s par
allel to the XH and YH coordinate planes, respectively . The prism is bounded 
above by the water table (neglecting the capillary fringe) and below by an im
permeable bedrock material. Each prism is connected on four sides with adja
cent prisms of t he aquifer, thus making the model two-dimensional . 

Assuming the Dupuit assumptions are valid, Darcy 's law is valid, an incompress
ible fluid is used , steady-state flow conditions exist and the axes of the per
meability tensor coincide with the x-y coordinate axes, then the principle of 
conserva tion of mass yields the following differential equation, 

a 
ax 

where: 

ClH) 
(KX D -ai) + 

a 
Cly 

ClH ) 
(K D --ay) 

y -w 

K = hydraulic conductivity (LT-1), 
D = saturated thickness (L), 
H = piezometric head or water table elevation 
w net natural recharge (LT-1), and 

x, y = space dimensions (L) . 

( 1) 

(L), 

Equation 1 i s a two dimensional, steady- state form of the Boussinesq equation 
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Table 1. Generalized Geologic Section of the Northern High Plains of Colorado . 
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and 
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Pleis-
to-

cene 

Plio-
cene 

Oligo-
cene 

Upper 
Creta-

ceous 

Stratigraphic Thickness 
Unit (feet) 

Dune Sand O to 100+ 

Alluvium O to 100+ 

Physical Character 

Reddish-orange sand; primarily 
quartz and feldspar;wind.deposited . 

Pink,brown and gray unconsolidated 
sand, gravel, clay, and silt; 
stream deposited. 

Water Supply 

Yields little or no water to 
wells. Serves as an area of 
recharge. 
Yields small to large quantities 
of water to wells. 

Peorian Loess 0 to 120+ Yellowish-gray to gray silt and 
clay with some sand and calcar
eous concretions;wind deposited. 

Yields little or no water to 
wells • 

Sappa 
Formation 
Grand Island 
Formation 

Ogallala 
Formation 

White River 
Group 

Pierre 
Shale 

Smoky Hill 
Marl Member 
of the 
Niobrara 
Formation 

0 to 10+ 

0 to 50+ 

Light to medium gray sand and 
clayey, silty __ m~~liwin_d deposited. 
Reddish-b=own to light gray sand 
and gravel; loosely consolida·ted; 
stream deposited . 

0 to 450+ Buff, gray to red, sand,gravel, 
silt and clay;contains abundant 
caliche;has caprock of algal lime
stone; stream deposited. 

O to 600+ Massive,olive to tan siltstone 
containing lenses and channels of 
sandstone;stream deposited. 

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 fractures;considered 
bedrock in northern part of the 
Northern High Plains. 

O to 4500+ Thin bedded,gray to dark-gray Yields very small quantities of 
- shale and sandy shale;contains water to wells from upper weath-

bentonitic clay and calcareous ered zones;considered bedrock 
concretions;occasionly upper 4-8 over a large portion of the 
feet are a yellow weathered zone. Northern High Plains. 

700+ Gray, shaly marl; usually Not known to yield water to 
weathers to orange; contains thin wells. 
bentonitic streaks1 marine 
deposited. 
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Figure 3. Subsurface extent of the three different bedrock materials be
neath the Ogallala Formation in the northern High Plains of 
Colorado. 

170 



f--' ...... 
f--' 

y 

H 

W = W1 -W2 

~ 

W, W2 

,, .. ,,- -r----1----;4 
-' I / I 

//-' I //( I 
L-----1---- ---........ I I 
l I I I I 
I I I I I I . I 

ax 
I 
I 
I 
I 

D 

[//>------~?' 

~~~~~~~~~~~~~---x 

Bedrock 

Figure 4. Element of aquifer used for developing the mathematical model. 



described by Aravin and Numerov (1965), and is a mathematical model for flow in 
an unconfined aquifer under steady flow conditions. In the most strict sense of 
the definition, there are no steady-state flow conditions existing in groundwa
ter aquifers. However, prior to development by man, the average rate of natu
ral recharge can be assumed to have been balanced by an equal amount of natural 
discharge (dynamic equilibrium), and water table changes with respect to time 
may be considered small. Thus, in some aquifers, it suffices to obtain average 
values of the time dependent variables such as head or saturated thickness and 
obtain a steady state solution. 

In equation 1, a natural recharge rate, w1, is assumed to reach the prism, 
while an assumed natural discharge rate, w2, is withdrawn from the prism. For 
purposes of a sign convention, w1 is a positive quantity and w2 is a negative 
quantity. The net rate of recharge or discharge is thus given by W = w1 + w2, 
net recharge or discharge rate, W, averaged over time can be calculated using 
equation 1 . To obtain values of gross recharge, w1 , and gross discharge, w2, 
the unsteady state form of the Boussinesq equation would be required . 

Finite Difference Equation 

Since equation 1 is a nonlinear, second-order, partial differential equation, 
no general solution is available. Therefore, to calculate the areal distribu
tion of net recharge, W, equation 1 was written in finite difference form and 
the net recharge calculated directly with the aid of a CDC 6400 digital compu
ter. Five grids are arranged as in Figure 5 where i and j are block numbers in 
the coordinate system (x,y), mis the number of grids in they- direction, and n 
is the number of grids in the x-direction. Employing a central finite-differ
ence scheme, equation 1 may be written with respect to grid (i,j) as, 

(KD) . ·+l + (KD) . . 1,J 1,J 
tiX. • (!.IX. ·+l+ !.IX. . ) 1,J 1,J 1,J 

(KD) . . + (KD) . . 
1,J-1 l.,J 

!.IX. . (!.IX. • + !.IX .) 
1,J 1,J-1 i,J 

+ 
(KD) . . + (KD) . . 

1-l,J 1,J 
l.IY (l.IY .. +l.IY .. ) 

i,j 1-l,J 1,J 

(KD) ·+l . + (KD) .. 
1 ,] l.,J 

!.I y . j (!.I y . +l . + !.I y . . ) 
1, l.. ,] , 1,J 

H .. - H 
1,3 i,j+l 

H· . 1 1,J-

H . . 
1,J 

H.+l . l. ,J 

H· . l., J 

H 
i-1,j 

H .. 
1,J 

+ 

= w. (2) 

Appropriate boundary conditions due to geologic and hydrologic influences must 
be used in conjunction with equation 2 to obtain a solution. These conditions 
take the form of (a) no-flow boundaries, (b) hydraulic boundaries at ground 
surfaces, and (c) groundwater underflow boundaries. 
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Application of Recharge Model 

To determine the areal distribution of recharge , an aquifer is divided into a 
two-dimensional grid network and values of K, D, H, fiX and fiY are assigned to 
each of the grids. Equation 2 is then written for each grid and a value for 
the net recharge, W, is calculated. A square or rectangular grid network is 
used more often. However, Bittinger, et al. (1967) developed a curvilinear 
grid network for use along river systems. 

To obtain the necessary input data, a complete study of the hydrogeology in the 
Northern High Plains of Colorado was made by Reddell (1967). Using driller's 
logs of wells and shot holes, a bedrock map was constructed with a contour in
terval of 50 feet. Because of the dynamic equilibrium assumption, water levels 
from the earliest possible dates were used to prepare a water table map with a 
25-foot contour interval. In general, the water levels were selected from the 
1951-1957 period which is prior to any large scale well development. Values 
of hydraulic conductivity were determined from available pumping test data and 
specific capacity of wells. 

The selection of grid size depends on the availability of geologic and hydro
logic data and the desired accuracy and detail of results. The accuracy of the 
solution is improved as the values of fiX and fiY are decreased, provided repre
sentative values of hydraulic conductivity, saturated thickness and water table 
elevation are ~vailable for each grid. Experience and knowledge of the study 
area are valuable assets when making an analysis of this type. 

For this investigation, the study area was divided into a square grid network 
with fiX and fiY equal to six miles. This is admittedly a very coarse grid sys
tem. However, the basic data for the area is not sufficiently accurate to 
justify the use of a smaller grid size. As better data becomes available, such 
as a five-foot interval water table map instead of the 25-foot interval pre
sently available, the grid size can be reduced to give more accurate results. 

The six square mile grid system was superimposed onto the hydraulic conduc·tivi
ty, water table and bedrock maps. The area within each contour of each grid 
was planimetered and an average hydraulic conductivity, water table elevation 
and bedrock elevation determined for each grid. The average saturated thick
ness was cal culated by subtracting the average bedrock elevation from the aver
age water table e l evation . 

A Fortran IV program for the CDC 6400 digital computer was written and values 
of net recharge, W, were calculated using equation 2 and the appropriate bound
ary conditions. A positive value for net recharge represents water being added 
to the aquifer. A negative value of net recharge indicates that the aquifer is 
discharging water. Reddell (1967) presents all the data used and a copy of the 
computer program. 

Results 

The results of this study are presented as lines of equal rates of net recharge 
in Figure 6 . A wide variation in net recharge was obtained, varying from nega-
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tive quantities (indicating areas of natural discharge) to as 
inches of net recharge per year in small isolated loca tions. 
the recharge distribution with rainfall showed no appreciable 

much as six 
A comparison of 
correlation. 

The distribution of recharge appears to be largely a function of the surface 
conditions as reflected by the geology, soils and topography of the area. For 
instance, net recharge rates in excess of two inches per year are primarily 
confined to the sandhill portion of the study area. These sandhills lie mos tly 
above the water table, have a high permeability, and a poor surface drainage 
system which has made them a suspected area of high natural recharge for years. 

The total volume of net recharge to the Ogallala Formation in Northern Colorado 
was computed to be 405,000 acre-feet per year or an average of about 0.82 inch 
per year over the entire study area. This compares favorably with the previous 
estimate of 0.85 inch per year calculated by McGovern and Coffin (1963). The 
subsurface underflow across the state line into Kansas and Nebraska was calcu
lated to be 175,000 acre-feet per year. 

The total volume of net recharge is distributed unevenly over the study area. 
An indication of this variation can be obtained by inspection of the average 
net recharge rates for the various counties as shown in Table 2 . Yuma County 
(covered mostly by the sandhill area) has the highest average recharge rate of 
1.45 inches per year while Kiowa County at the southern tip of the study area 
has the lowest recharge rate of 0.15 inch per year. 

Table 2. 

County 

Sedgwick 
Phillips 
Logan 
Washington 
Yuma 
Kit Carson 
Lincoln 
Cheyenne 
Kiowa 

Average Net Recharge Rates for the 
Counties of the Northern High Plains 
of Colorado. 

Average Annual Net Recharge 
(inches per year) 

0.90 
0.95 
0.55 
0.80 
1.45 
0.40 
0.20 
0.65 
0.15 

Entire Northern 
High Plains 

0.82 

Several areas of net natural discharge are shown in Figure 6. Three of the 
main areas are along the effluent portions of the north and south forks of the 
Republican River and the Arikaree River. The volume of groundwater discharge 
into these streams was calculated to be 105,000 acre-feet per year. A field 
inspection of this area revealed that a significant amount of groundwater dis-
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charge does occur in the three river valleys with numerous seeps and springs 
contributing water to the streamflow. 

Surface water records published by the U.S. Geological Survey were reviewed to 
obtain estimates of the amount of groundwater discharge which occurs as stream
flow. This estimate was compared with the amount calculated from equation 2. 
To keep within the dynamic equilibrium assumption, earlier stream flow records 
from 1940 to 1950 were reviewed. The month of February was selected as a base 
for groundwater discharge in the study area because transpiration and evapora
tion is at a minimum. Also, surface water runoff from precipitation is virtu
ally nil during February. Thus, the gaging records for February essentially 
reflect the rate of groundwater discharge in the area. The mean flow for Feb
ruary was then transferred to an annual rate for comparison with the annual 
discharge calculated by equation 2. The results of this comparison are shown 
in Table 3. 

kt area of natural discharge, which was completely unexpected, was revealed in 
a long narrow band across the northern portion of the study area. Results in
dicated that about 75,000 acre-feet per year of net groundwater discharge oc
curs in this area. Field investigation revealed no surface discharge and the 
water table is generally greater than 100 feet below the surface in this area. 

Table 3. Comparison of Groundwater Discharge as Calculated by 
Equation 2 and as Estimated from Stream Gaging Records 

River 

North fork 
of the 
Republican 
River 

South fork 
of the Republican 
River* 

Arikaree 
River 

TOTAL 

Mean Flow 
for 

February 
1940-1950 

(cfs) 

70.0 

63.5 

26.1 

Estimated 
Annual Groundwater 

Discharge Using 
Stream Gage Records 

(ac.-ft. per yr.) 

51,000 

46,000 

19,000 

116,000 

* Mean flow for Feb.ruary is based on 1947-1950 period. 

Estimated 
Annual Groundwater 

Dis charge Using 
Equation 2 

(ac.-ft. per yr.) 

50,000 

35,000 

20,000 

105,000 

Upon comparison with a subsurface geologic map, the narrow discharge area was 
found to closely correspond with the approximate buried boundary of the White 
River Group as shown in Figure 7. Although the White River Group is generally 
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low in permeability, locally there are channel-like deposits of sand. Several 
wells in the area have penetrated sand layers in the White River Group. If 
such a sand member could be stratigraphically located over the area, then it is 
possible that water is moving from the Ogallala Formation laterally into the 
White River Group. The north-south geologic section of Figure 8 illustrates 
this hypothesis. Subsurface data are not available to confirm this hypothesis 
at the present time. However, it is hoped that an extensive field investiga
tion will be undertaken to study the possibility of subsurface discharge in 
this area. 

Several minor discharge areas are indicated in Figure 6 . These occur mainly as 
seeps and springs along the northern and eastern edges of the area and along 
several minor streams in the area where the water table is close to the surface 
and evapotranspiration losses exist. 

Conclusions 

The mathematic! model used for calculating the areal distribution of net natu
ral recharge to the Ogallala Formation is a convenient tool for establishing 
groundwater management criteria. With information on areal distribution of 
natural recharge, an analysis may be made to determine the advantages (or dis
advantages) of locating pumping centers in various areas. 

The particular model used in this study may not be applicable to all areas be
cause of the dynamic equilibrium assumption used in developing the mathematical 
model. However, with adequate pumpage and water level data, the unsteady form 
of the mathematical model for calculating recharge could be used. In this 
case, both the areal and time distribution of natural recharge could be deter
mined. 

The finite difference method of calculating net recharge is limited in its 
quantitative results by the quality of the input data. ni.e best che ck avail
able of the applicability of the method to field conditions is shown by the 
close correlation between the net discharge calculation from the finite differ
ence method and the amount of discharge as estimated from stream flow measure
ments on the north and south forks of the Republican River and the Arikaree 
River. 
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Introduction 

The irrigated agricultural economy on the Southern High Plains depends upon 
ground water derived from the extensive Ogallala aquifer. The continued ex
ploitation of this aquifer, resulting in the steady lowering of the water 
table, is well documented by Cronin (2). Natural recharge through the slowly 
permeable hardland soils of the High Plains is negligible, and the Ogallala is 
cut off from any other appreciable water source. This prompted White, and 
others (10), to prophetically state in 1946: "With their water supply , the 
farmers of the High Plains are in a position similar to that of a man who has 
a large capital but who uses a part of his capital each year." The farmer has 
but two alternatives, or combinations of both, to maintain his present economy. 
He can either import water, or he can conserve and utilize all of the rain that 
falls on the land. 

The relief of the hardlands is characterized by numerous playas or depressions 
in which most storm runoff collects during periods of high-intensity storms or 
low-intensity storms occurring on wet soil. The playa bottoms in hardland 
areas are usually blanketed with Randall clay which prevents measurable down
ward percolation. Because of the large surface area and shallow depth,large 
quantities of accumulated water are soon lost to evaporation. Hauser and 
Lotspeich (4) estimate that between 1.8 and 5.7 million acre-feet annually are 

lcontribution from the Soil and Water Conservation Research Division, Agricul
tural Research Service, USDA, in cooperation with the Texas Agricultural Ex
periment Station, Texas A&M University. 
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wasted in this way. About 18 percent of the playas are equipped with pumps 
to irrigate directly, but Hauser has shown that this is a very inefficient 
way to use playa water (4). 

Means of reclaiming these waters have been under intense study for a number of 
years, with varying success. Hauser (4), Clyma (1), and others have investi
gated the dual-purpose well where playa water is recharged into the underlying 
aquifer. Signor, and others (8), have utilized open shafts dug into the de
watered part of the aquifer. The drawback with these methods is the suspended 
solids in the playa water can seal the aquifer adjacent to the well. It is 
difficult and costly to remove them prior to recharge. A recent study2 
clearly demonstrated that recharging sediment-laden water into a fine sand 
formation rapidly reduces the effectiveness of the well for pumping or re
charging. 

Hauser and Lotspeich (5) demonstrated on a field scale that suspended solids 
can be removed from playa water with polyelectrolyte flocculants. Unfortu
nate~y, the techniques are presently too complicated and expensive for general 
use. Signor and Hauser (9) attempted without success to recharge the Ogallala 
through sand stringers in a playa bottom where the overlying Randall clay was 
removed. 

Although the suspended solid concentration of most playa waters is high, the 
dissolved solid conterit is very low; consequently, the water is excellent for 
domestic and ag+icultural use, Lotspeich, and others (6). 

The Pleistocene sediments overlying the Ogallala formation are considerably 
more permeable than the Pullman clay loam or the Randall clay of the playas. 
Tailwater basins and irrigation storage reservoirs excavated in these sedi
ments, have often leaked badly, and some have required clay blankets to prevent 
excessive loss by deep percolation. Eck and Taylor (3) found that modifying 
the Pullman profile to 5 feet resulted in deep percolation of irrigation water. 
Mathers, and others (7), observed that the Pleistocene sediments underlie 
much, if not all, of the Pullman and related soils of the Southern High Plains. 
This distribution is shown on Figure 1. 

Usually, the Pleistocene sediments and the Ogallala are separated by an ir
regular thickness of indurated caliche or caprock. The Pleistocene is char
acteristically buff to reddish and highly calcareous with small fragments of 
soft caliche material and well-rounded quartz grains similar to those observed 
in the Ogallala formation. Intermittent seams and lenses of indurated caliche 
may occur. Typically, it contains many fossil root casts and worm cavities, 
but where it has been exposed to the surface or reworked by water action, it 
is quite dense and has a blocky structure with clay skins along the blocks. 
The ·large pores are destroyed. 

The hydraulic conductivity of cores taken beneath Pullman clay loam ranged 

2unpublished manuscript by A. D. Schneider, O. R. Jones and D. C. Signor, USDA
ARS Southwestern Great Plains Research Center, Bushland, Texas. 
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from less than 0.26 to more than 4.7 feet/day. Usually, the hydraulic con
ductivity of cores are lower than field rates; thus, recharging the Ogallala 
aquifer through this material appeared feasible. 

Procedure 

A site 600 feet from a playa on the USDA Southwestern Great Plains Research 
Center at Bushland, Texas, was selected for basin recharge tests. Explora
tion pits were dug to 6 feet to obtain soil and substrate cores for determin
ing laboratory hydraulic conductivity. These data show two zones in the Pull
man profile that restrict water movement. Both the upper zone between 12 and 
18 inches and the lower zone between 40 and 47 inches had hydraulic conductiv
ity of less than 0.07 foot/day. A highly permeable white unconsolidated cali
che layer occurs between 47 and 52 inches and separates the soil and Pleisto
cene sediments. The Pleistocene was 46 feet thick at the site. At 50 feet, a 
very thin indurated caliche stratum was underlain by 4 feet of loamy sand and 
finally the main caprock was reached at 54 feet. 

On the basis ~f these findings, two 66-foot square basins with 1:1 side slopes 
were excav~ted with a backhoe to expose the unconsolidated caliche layer which 
was approximately 4 feet below ground surface. Neutron access tubes and sev
eral pie~ometers were installed with openings just above the caprock. Figure 
2 is a schematic drawing of the basin layout and instrumentation. The two 
basins were 160 feet apart. Before water was applied, the basins were 
chiseled to the 5-inch depth. 

The two basins will be designated as Basin A and Basin C. The area between 
them was for a third basin, B~sin B, which was not constructed. Basin C was 
filled with clear well water on July 24, 1969,and remained flooded for 46 
days. Basin A was filled with turbid water from the adjacent playa on 
September 8, 1969, and remained flooded for 66 days. The playa water was a 
mixture of storm runoff and well water. The amount of suspended and dissolved 
solids varied considerably throughout the observation period. 

Results and Discussion 

Neutron measurements indicated that the moisture content of the Pleistocene 
was at or below 0.19 ml/cm3 before wetting and 0.37 ml/cm3 after water was 
applied. The wetting front advanced approximately 0.47 ft/hr below Basin A 
and 0.42 ft/hr below Basin C. There were only moderate changes in rates during 
the advance to 50-foot depth, indicating that there were no significant bar
riers to downward percolation. Free water appeared above the caprock of Basin 
C in approximately 100 hours. At this time 11.2 feet had percolated through 
the basin and the Pleistocene sediments directly under the basin and gained 8 
feet of water. Free water appeared above the caprock of Basin A in about 120 
hours with a total percolate of 10 feet. Moisture gain directly beneath the 
basin was approximately 8 feet. The balance moved laterally beyond the 
basins of downward through the caprock. 

As recharge progressed, the free water surface continued to rise above the 
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c·aprock, but there was very little further change in the moisture content of 
Pleistocene sediments. 

Percolation rates of both basins increased at approximately the same rate un
til the 26th day, Figure 3 . Basin C continued to increase until the 42nd day 
and then began to level off. 

Two reasons for the continued rise in percolation rates are suggested: First, 
the release of entrapped air through the basin surface resulting in an in
crease in total pores contributing to water flow. Second, the physical en
largement or development of continuous macrochannels in the Pleistocene sedi
ments. 

Basin A began to decline gradually with the continued application of water 
containing suspended solids. Six times during the test period, 100 p0unds of 
playa sediments we r e thoroughly mixed with water and discharged directly into 
the basin intake sump. This was for the purpose of increasing the total sedi
ment introduced into Basin A. By the 26th day, 4,000 pounds (0 .92 lbs/ft2 of 
basin) of suspended solids were . discharged into the basin. By the 66th day, 
7,670 pounds (1.76 lbs/ft2 of basin) had entered the basin. The average sus
pended solid concentration for the 66 days was 189 ppm. This is below the con
centrations often found in playa water. 

On the 36th day, the percolation rate in Basin A dropped from 3.5 feet per day 
to 1 . 75 fee t per day. There was also a sharp drop in temperature from 67° F 
to 40° F. Correcting for water temperature did not, however, account for all 
of this decreased percolation rate whi~h can be explained only by a change in 
surface structure or ~logging . The concentration of suspended solids in the 
water applied had not increased . A tentative explanation is suggested by the 
presence of very large numbers of zooplankton directly before the temperature 
drop and a substantial drop in population directly after. Possibly, a coating 
of dead zooplankton on the basin surface caused the reduced percolation. If 
this assumption is correct, then zooplankton may be a sealant problem in sur
face wate r spreading . 

The perched water table mound directly under Basin C gradually rose to within 
12 feet of the basin bottom and then began to subside gradually, even though 
the percolation rate continued to increase . The water table mound beneath Ba
sin A gradually ros e to within 10 feet of the basin and then rapidly subsided 
as the percolation rate decreased. Horizontal spread of the perched water 
table above the caprock was observed in piezometers located 50 feet f rom both 
basin sides . However, no moisture increase was observed above the caprock in 
neutron access tubes 80 feet from the basins. When the water was shut off in 
each basin, the perched water table over the caprock rapidly disappeared. 

Following the disappearance of the free water surface the 46-foot depth of 
Pleistocene sediments continued to drain. After 60 days, the Pleistocene had 
drained 1.87 feet from Basin C, while after only 14 days Basin A drained 2.15 
feet . Roughly estimated , about 0.17 foot of water per foot of Pleistocene will 
be required to initiate percolation into the Ogallala formation . Subsequent 
recharging will require much less water to initiate deep percolation. 
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In final analysis, the success of a recharge program must be measured by the 
recharge water reaching the Ogallala aquifer. Two wells were used to observe 
the changes in groundwater elevations. Well 88C is located 10 feet south of 
Basin C, and well 89A is located 10 feet south of Basin A. Figure 4 distinctly 
shows that the high rate of percolation in Basin C resulted in a sharp water 
table rise in the well adjacent to it. Well 89A, located 170 feet west of 
Basin C, rose slightly. Rise in the water table underlying Basin A was much 
less spectacular, but the wells did show a slight rise, which is to be expected 
with the lower percolation rate . To define the shape of the groundwater mound 
developed by percolation through the caprock, several more observation wells 
would be required. Detailed characterization of the buildup and dissipation of 
the groundwater mound was not an objective of this study. 

The fact that in Basin C, 20.0 acre-feet of water were recharged through the 
Pleistocene sediments in 46 days and in Basin A, 14.9 acre-feet were recharged 
in 66 days suggests real potential as a means of utilizing percolation basins 
excavated ~nto the Pleistocene sediments for recharging playa water into the 
Ogallala aquifer. 

Careful site characterization will be essential to the relative success of such 
basins. Exploration pits are most desirable in selecting a recharge basin site. 
Where the Pleistocene has been reworked by erosion many of the marcopores are 
lost. The Pleistocene adjacent to the Research Center playa to depths of 
several feet has much lower hydraulic conductivity values than the Pleistocene ., 
underlying the Pullman.soil. at a higher elevation. The porosity .of this 
material will vary from one location to another; consequently, at ' this time all 
Pleistocene material cannot be classified as suitable for recharging . Further, 
some .. locations have much greater thicknesses of caprock than others. This also 
should be c,hecRed in planning q_ recharg~ basin. 

Recharge basins have two significant advantages over dual-purpose wells. First, 
should a basin become clogged with sediment, the sealed surface can easily be 
removed to regain the initial infiltration rates. Second, as long as the 
surface material limits the percolation rate, the recharge capacity of a basin 
is directly proportional to its area and can be increased by increasing the size 
of the basin. With a dual-purpose well, the recharge capacity is limited by the 
satura ted thickness and permeability of the aquifer. These inherent aquifer 
characteristics cannot easily be altered to increase the capacity of a well. 

An interesting feature of Basin C using well water was the green algae bloom 24 
days after filling. This bloom subsided and a second bloom developed 30 days 
after filling. The appearance of the algae and the settling to the bottom had 
no i nfluence on the percolation rates. No a lgae bloom occurred in Basin A. 

Summary 

Two 0.1-acre recharge basins were excavated into the Pleistocene pluvial sedi
ments underlying the Pullman soil on the Southwestern Great Plains Research 
Center. Similated playa water containing suspended solids was applied to Basin 
A for 66 days with a total intake of 14.9 acre-feet . Percolation rates 
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continued to r .ise until. 0 . 92 pound qf sediment per square foot of basin was 
added . Basin C was filled with sediment-free well water for 46 days with a 
total percolation of 20.0 acre-feet. A maximum percolation rate of 7.0 feet 
per day was reached before the basin was drained. 

The reaction of the water table in the Ogallala aquifer underlying both basins 
and the rapid drop in the perched water table after the water was turned off 
showed conclusively that percolate was passing through the Pleistocene sedi
ments, caprock, and dewatered Ogallala to the water table. Suspended solids 
definitely reduced percolation rates in Basin A, but zooplankton may have had 
an equally important influence. The zooplankton population at Basin C was 
very low or nonexistent, and the algae had no effect upon intake. 

Site selection is most important and requires careful field exploration and 
characterization of the Pleistocene sediments. The main advantage of basin 
recharge is the relative low cost and ease of sediment removal should it be 
necessary. 
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APPLICATION OF SURFACE PRESSURE TO ASSIST 
WATER RECHARGE INTO THE OGALLALA FORMATION 

Philip Johnson 
Professor 

Petroleum Engineering Department 
Texas Tech University 

Lubbock~ Texas 

Introduction 

The continued development of the High Plains Region of West Texas is dependent 
on the availability of fresh water in sufficient quantities to sustain contin
ued domestic, industrial and agricultural endeavors. The most efficient use of 
remaining Ogallala formation water, the collection and storage of excess rain
fall and the ultimate importation and storage of excess water from other areas 
must be implemented if future needs are to be met. Large surface storage fa
cilities with attendent high evaporation rates are costly to build, maintain 
and they require extensive canals or pipelines to distribute to areas of ulti
mate use. Natural underground storage facilities minimize these problems. Hy
drological data over a period of several years indicate the water levels in the 
Ogallala aquifer are declining at an alarming rate, leaving dewatered zones 
with large storage capacity. These porous zones are natural storage containers 
for excess rainfall or imported water. 

The use of recharge weils to return water to the dewatered zone is not new to 
the area. Recharging operations have been attempted by using different well 
completion and operating techniques an9 attempts have been made with varying 
degrees of success. Few methods reported have been successful in returning 
large volumes of water at rates sufficient to be worthy of attention. 

This paper is presented for the purpose of presenting information obtained dur
ing a series of field studies to develop a technique to economically recharge 
water into the Ogallala formation at high rates of flow by the application of 
pump pressure at the surface. Ideally, clean water can be recharged into a 
sand formation with success, but the injection of excess rainfall, collected in 
pl aya lakes, presents problems differing from the ideal. The ability of a well 
to accept large quantities of clay-laden water into the aquifer would indicate 
the feasibility of recharging both clean imported water and local excess rain
fall into the depleted intervals of the formation. 

Data contained in this paper was obtained by the operation of a recharge well 
adjacent to a playa lake intermittently filled by excess runoff water from cul
tivated land within the drainage area of the playa. Location is indicated in 
Figure 1 . 

Test Site Facilities 

Formation Characteristics 

193 



..... 
\() 

.&:-

. ' 

• <:A· l~ ·.£!:. • . 
0 

24 ·1'0·501 
0 

• 2'1-16-901 
:O 

24-ttl-902 
0 

/·· "fa.'.. ~ 

n -o9·7PI 
0 · -- - -~ 

t' LOCATION OF TEST SITE 

FIGURE 1 
• ~,)· IJ · fU4: 
•9 

.... ~ . 

' · . 
, 40I •• -··-.:.. 

-- -------.. 

23·11·701. 
0 

-2~M02 --0 . 
p 
,· 

23·11-601 ' 
0 23·12'401 . 

0 

- ~l-90e · · · -: 
0 

23~ 1-9Cll 
0 

• -~ 02~~0! . : :····-·· ··-- · 
, , _ t : :. . : 1'. 2lH8-301 - ~ : 

I • •. ' • . • ' · ~~L- •• -e . ······-'·· -····-·-; . . , • ' '-23.17.202._, -· ·· · · - ····--.. J;-s . • · ,, .¥·"~-...; .............. F . :; · · · i ... --.. ·1 

23·11·903 
:2~2·8030' ••• --· 0 

!$-49-llOI 
0 

· ·-· ··-.)-. ···-· . 

• ' ' . . ~11-eo~ .•. 

. . . 24·24:20;, : . . . . : : q l' .. . . . . ii'-WMOa : : 23.fi~~i - • - • • 

0
23-19-302 

0 '\.. : . ; . . . ' .. t.. . . . ,,...... ao,,.,,...j :o ' 
' \ : . : 0 1'1:12~---- ---9······--·------ ---! : I 24-24·~1 · • •••• , •••• .:.. •••• 2~:!.1:'9!~···~······· · : . : . _ : . ____ : : ... 

.o .•• , · ···· ·······-~ ; 'O : ~8-401 . . 18·403 23-1~ ; • .. . . ' . • • ' 0 23·20-505 - ~---~· • d ·• · -- ·-·· { · · . • • i·. . . .. 2 1'(} .. : : ;.~- .. >- .. 0 ·r . ~- -. '_ . r·:~t~~~-~~\ . .- l l L . l
0

11WM0

2 

:.23·~40! 
p : 

. · ; 23·1Nf>4 . • , 23-18 ~ ···- _ , ... .. . . · · . , . •..> .. .-. -~ 1... .. . 0 . ... . . . . . .. :-. . . . o . . ; . · _,,. . = • . 23-.,.,-nu . 
... . .. . : .. ·J· ;.:1·~-~ • . ' : t ,-::, .. 1 ; 23·}9·__.. -~ .: 2~-19· .sc; c -. . . ""'""' ~. . . . ~ . . . ~ -- --- - · . ~ . • · 23-1 .:~·' • • ·· -"' 0 : •O · , 

. . • . · - -~ -.q,, . ;,:I]~--< ---------: ... -f . • : ... ,, .. . -t- --· .· ....... . . ·:·+---·'-· ·--··t+H-9tlt·· (tll'l7" .. • • Lt"!' • , 23"19:80!41- · · , 
o : . 7oii • · = L23·18·704 ; .. . . . . .. .. . • 

0 
• • ,, .. 

F. . .. . . ,,,,..,d'••";;o..•; ~ . '1'i•"'' . . . 'j_ . . o."·•~l'c•!...,·· 'i 
I· : . . • .... ·.· .. ·1 . [%' h23-27·IOI <t3·2f·203 . - ~21>~ 

·, . .. · .- , . · · · · MM<>I· 0 . : : ·1·-- ...... -: . : +.uee:« ' . o . . ' J • ' • :I .. -I I 

.· 2 .. _.,.....,,. . . • • . ' ' ••••••••• . -~·-·· o • • .. . ..... .'YJ .. .. • • • • 23-25-30 : • • ' -····•- ---"-:•• : ., 

: o . . I 0 23 ···'.I.············!··--··· ~ . . ' ''Jc. •: mmmi ·~ .. o. • . i 0 ' : : :mo•on--i- H • ' ~. ~·~ b-25f401 .... ~.: /" -l~ - -~- .. ,~-~-'--·-·: __ _ ,···· : · 23·27·60r. • ·1 ~-;en:i-to2 l a ... . : . f ' .. · · 1 · . ..:: ~· -~ : · -· ----- · : 
0 

. : : ~ .-.:~ 
l , I o ' -' •• • • kl; 'J'.Z' -.• -. ...,. -C. . • ' : 23·27·60~ ' ' i ( i ... ; .. , ; .__,1 . !;> :1 ... : . ·. ·, .-· .,:\'~ .· ; ·; ,.~.: ...... L, ~ .... : 

• . -· ·· ... --• ..!....-.,,:--- ... . . . \)v - \. ···, 2~2,..i;o3 . 7 101 • • • I 
. : . : : ~ ..... . ·.· . . \/:: ·,. ; . ! . 1 : . '-· -2-.e-.······ ····· ·(,23·2 :__________ ; : ~3-28-791 
: . ~ ~&-~ ..... : ;; ,_ \ . / " 23.~241.go1 • ~- ---: :---·--o. . ·--.2.·~--o·· - u--. 23-v701 .. :: - ,. '9 ,.. . - ·. ·--·-r· ·····-·· -· · : : , i , ....... .L .. ?. .. 1 ..... , ... .. . · ~--->·· ·-.. ··\" · .. .' ··r · · : , , 
.. .. . . . . . l 23·25·902 - . .. ~ '.-.. . ._ .. . . ' ... ... 
: .:·-::::::: ·' : i: 0 . . .rd:. . • ~.. • ·- · ~»:\-·--. . . : •• . . / . . ... ·--·-·· , ... . - . . ..... . I .· 

; ~ · ·~ T ... . ! • · ! : . ·· t :··;·:·:-'.'~'{:: ..... · \ ,_ ··· 
··'····· .... o~ 2'.4·40·ll

01 
: 23 3:s-20~ : : i ~ · .~. ······•···e:P~~-- I 23 35 ~1 · ,,.e.: .......... ~---··· · ·.:. .. o..:, .... ;-.. ········ ···r;~:~. ·:····· c·::· • <. ' ~> -~ 

1 

~ '.: .. : ' 

/ ... l ..... . . : . .. .......... ;. . ... . ...... -p- .. . : ~3·\34 ·503 ... ::·~ - -~--, . .- . 23-3!5·!5'01. -._,'·· - - -~· - · ·· -- · 23·36·401 

· · . . . . . . i . . ............. ~':3':.,C .... L.. . , .. ,L .. ,. . ·,:···· ····· ·········r··-<>··· ' ... .... o 
~ ----· - ---~~o<\t:i=GOT •-----···-· · · ••• · ~ : • •••• ~ .- - ······-·--- - 23·36-402 
., ·o . • : . 23.34.4 : • ·:· : ·· : •. 

0 

23-36·501 
; : . . . . · ·· · · o · · : 23-34-!!~ 23.34'-6o1 : : ~--· '-1'- _ 

6

:7
02 

. . . ·:· ·J3-i1.~·:40I . . . . . : 23-33~1 23'3~-804 ; 0 2t~~·70I ~ • · • - . u:3e=llOI!: : 23-a!5·901 o 0
23 3 .... .. ··-· ... ·--·· -~ - .. J ·--·----~- · ..... __ if:.:~~~~---·-~·-·····~· .. .. ·2;;:.:&o o~;-"2:3"~:-~r.ar- ·2~3~~2 . . -9~ -3s-7~~ - . :_ -.. _: _ _ / o .'--- . .. . ~-!!.·.3.'!o~'- ... 

•• • • ; 23·34-TOI '<,> • • -./... ·.. 2 4 ·'40· 901 : 
o; . 

1· . 
I. 

J .. ...... 'i 
... : . . ·I 

. ...... 



Core holes drilled in the area indicate the base 
be at 100 ft. Driller's logs for core holes are 

Topsoil 
Sandy clay and caliche 
Sand and Clay 
Consolidated sand rock 
Clay 
Alternate layers of fine sand, 
coarse sand and gravel 

of 
as 

the water bearing strata to 
follows: 

4 ft 
30 ft 
16 ft 

2 ft 
12 ft 

36 ft 

Five holes indicate this to be typical of the characteristics in this area. 

Recharge Well 
The application of surface pressure to improve flow rates necessitates special 
well completion techniques to prevent the annular return of water to the sur
face and to prevent hole enlargement and resulting cave-ins. A twenty-inch di
ameter hole was drilled to a _depth of 107 ft and cased with 10 3/4 inch oil 
field type casing with the lower 55 ft torch perforated with six perforations 
(3/8" x 10") per ft. Stream-washed gravel No. 5 (3/8 to 1/2 inch diameter, per
meability of 3100 darcies) was placed in the annulus to cover the perforations. 
Fifty-two feet of 3" line pipe was tack-welded to the casing head to serve as a 
conduit for adding any additional gravel. Three feet of fine sand was placed 
on top of the No. 5 gravel in the annulus to serve as a plug and neat cement 
was placed from the top of the plug to the surface. An oilfield-type casing 
head was installed in order that a turbine pump might be installed in the well 
at some future date. Suitable water inlet lines with control equipment was 
welded to the casing . See Figures 2 and 3. 

Observation Wells 
Three observation wells were drilled in a direct line at distances of 100 ft, 
300 ft and 700 ft, cased with 2 inch pipe and used to measure changes in water 
levels in the aquifer . 

Surface Installation 
Adjacent to the playa is a caliche borrow pit that is used as a settling basin 
for water prior to recharging. Flow from the playa, into the .settling basin is 
through a 12" gated pipe connecting the two. A trash screen was installed 
around the pump inlet pipe to remove floating debris from the water prior to 
pickup and injection, as shown in Figure !!_. 

Pump and Metering Equipment 
A double-suction centrifugal pump, capable of pumping 2000 gals per minute at 
100 psig pressure at 1760 RPM is used to pump the water from the settling basin 
into the aquifer under pressure. · The pump is currently powered by a 6 cylinder, 
low-speed, 175 horsepower, gasoline engine. The pump assembly is skid-mounted. 
Recharge rates and pressures are continuously recorded through an orifice meter 
installed in the 10 1/2 inch meter run in the pump discharge line, as shown in 
Figure 5. Metered water is conducted to the wellhead through a steel reinforc
ed, flexible hose as shown in Figure l· 
Field Observation and Results 
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Recharging operations during the period 1964 through 1966 was performed by 
gravity flow. Maximum injection rate at the beginning of gravity flow was 525 
gallons per minute and had decreased to 37.5 GPM after a total of 5 acre feet 
of water had been recharged during intermittent periods. Gravity flow was dis
continued in September 1965 due to the low flow rates. Pressure recharging be
gan in May 1967 at the rate of 115,195 gallons per hour. Initial surface pres
sure was 85 psig and steadily declined to 55 psig after 3 1/2 hours pumping at 
maxi mum rate. Injection pressures since the initial 'breakthrough' have tended 
to level off at approximately 50 psig at maximum rate of recharging. Rate tests 
indicate flow rates into the aquifer are directly proportional to pressure up 
to approximately 46-48 psig, and above this, flow rates increase in greater 
proportion for each increment of pressure increase. Observed pressures with 
rates of pumping during the last period of recharge are indicated in Figure -2_. 

Average pressure (hydrostatic pressure to center of the sand section plus pump 
pressure) in the aquifer at maximum rates of recharge is 86 psig. Pressure 
fluctuations are believed to be caused by temporary bridging of minute parti
cles in suspension in the water. Any suspended particles that lodge in the 
pore openings cause increased flow velocity, resulting in increased pressure 
which eventually causes either particle movement out of the pore or fracturing 
of the strata as the pressure increases. This process is continually repeated 
during the course of recharge. 

The colloidal content of water in a shallow playa lake in an area of extensive 
cultivation is normally high and remains high due to wind velocity and daily 
temperature changes. Water has been recharged with a colloidal content ranging 
from 1 to 19.5 lbs per thousand gallons of water. To date, a cumulative total 
of 69,917 lbs of fine (less than 270 mesh) suspended particles of clay has been 
injected into the formation, with the average colloidal content of 6.97 lb per 
1000 gals. The affect of these suspended particles on rates and pressures is 
described above. 

Water levels in all wells have been periodically measured since the project was 
initiated. The recorded low levels in all wells occurred in January, 1968. In 
the 22 months previous to this time only 2.86 acre feet of water was recharged. 
Water levels in the nearest official High Plains water observation wells dur
ing this period are shown in Figure 7. Since August, 1968, a total of 18.68 
acre feet of water has been recharged, with the longest continued period ·of 30 
hours in Septembe~ 1969, contributing a total of 11.57 acre feet. Water level 
measurements are indicated for the observation well 300 feet distant from the 
recharge well. The data recorded since August, 1968, indicate recharge to have 
increased the available water in the reservoir and that the water is retained 
near the point of recharge mounding for a reasonable period of time and is a
vailable for use after temporary storage, as shown in Figure ~· 

Operating Costs 
The costs for recharging with the present internal combustion power source are 
reported here for comparison with electric power . Water was recharged into the 
aquifer at an average fuel cost of $4.27 per acre foot (1 . 31 cents per thousand 
gallons). Costs are recognized to be abnormally high because equipment is not 
properly sized to operate at the most . efficient range, but was selected on the 
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basis of availability at the time of installation. Modern electric power 
source should reduce the operating costs to a calculated $1.94 per acre foot 
( .595 cents per thousand gallons). 

Installation Cost 
Estimated costs to drill and equip a recharge well to a similar depth and with 
a turbine sump pump and electric power equipment capable of injecting 1700 GPM 
a t SO psig pressure are as follows: 

Drill well (20" at 100 ft) 
Casing, 10" 
Gravel 
Sand 
Cement, 80 sx. 
Cement charge 
Gravel line, 3" galvanized 
Pump platform and trash screen 
Settling pit 16 x 40 x 6 
Surface pipe and connections 
Sump pump, 2 stage 14", with 
75 hp electric control panel 

Total 

$ 250.00 
275.00 
60.00 
5.00 

112.00 
125.00 

67.00 
150 .00 
125.00 
100.00 

2,700.00 

$3,969.00 

Summary and Conclusions 

In summation of the results thus far obtained the following conclusions are 
made: 

1. Wells used for recharge by application of surface pressure 
require special well completion techniques. 

2 . Sustained high flow rates into a recharge well may be 
obtained by application of pump pressure at the surface. 

3 . Large volumes of water may be stored in the dewatered zones 
of the Ogallala aquifer and be retained in the vicinity of 
recharge for a reasonable period of time to permit local 
usage. 

4 . Costs per acre foot to recharge the Ogallala aquifer with 
playa or imported water are reasonable with modern pumping 
equipment. 

5. Rapid disposal of playa lake water permits maximum utilization 
of t he land for farm use. 
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RECHARGING THE OGALLALA FORMATION 
USING SHALLOW HOLES* 

by 

Marvin J. Dvoracek1 and Sam H. Peterson2 

It has become increasingly evident that natural groundwater recharge will never 
sustain the Southern High Plains portion of the Ogallala Formation. (See Fig
ure 1.) Three factors are primarily responsible for this situation. Most all 
the water used in this region is derived from the Ogallala Formation. The mag
nitude of this withdrawal can be best illustrated by the fact that in 1968 the 
High Plains of Texas had more than 63,000 wells which supplied water for the 
irrigation of more than 5.5 million acres (9).** The Southern portion of the 
Ogallala is hydrogically isolated from all outside areas requiring all natural 
recharge to this portion of the aquifer to originate from precipitation falling 
on the lands immediately above the aquifer (6). This can be illustrated by 
figures 1 and 2. The Southern High Plains of Texas is a semi-arid region with 
limited and erratic rainfall, poorly established drainage nets and very few 
lakes or reservoirs; therefore, offering little opportunity for natural re
charge. 

The actual volume of natural recharge has been estimated by several reports and 
investigations as something less than a one inch total increase in water level 
height (3, 10). In contrast, the volume of water withdrawn, manifest in the 
water level decline, has been observed to be many times greater than the esti
mated natural recharge (12). In order to preserve the usefulness of the aqui
fer, artificial recharge must be utilized. It affords the only means of estab
lishing a balance between water withdrawn from and water replenished to the 
Ogallala Formation. 

Development 

Artificial groundwater recharge may be accomplished by various methods to in
clude wells, shafts, pits, trenches, spreading, rubble cones, and modifications 
of these methods. Each of these methods with the excepti on of the rubble cone 

1Marvin J. Dvoracek, Associate Professor, Agricultural Engineering Department, 
Texas Tech University, Lubbock, Texas. 

2sam H. Peterson, Research Associate, Agricultural Engineering Department, Texas 
Tech University, Lubbock, Texas. 

* Contribution No. 78. International Center for Arid and Semi-Arid Land Studies, 
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have been investigated and researched by various groups and individuals includ
ing the Agricultural Engineering Department at Texas Tech (2,4,5,7,8,9,12,13, 
15). In the pursuit of these .investigations, a rather unique way of artifi
cially recharging the Ogallala Formation has been found. 

In January of 1969, a network of ten observation wells was drilled at the 
groundwater recharge area on the Texas Tech Farm at Fourth Street and Quaker 
Avenue. At one of the proposed sites, the driller using the hydraulic rotary 
method lost circulation at a depth of approximately thirty feet. The driller, 
unable to re-establish circulation, abandoned this site and moved four feet 
south and attempted to complete a well at this point. At approximately forty 
feet, the driller experienced loss of. circulation again and so withdrew from 
this position. The driller made a third attempt at a point fifty feet south of 
the second and there completed Agricultural Engineering Observation Well No. 4 
(See Figure 3). Due to a lack of water for recharge at that time, the two at
tempted well sites were capped to maintain their initial condition. 

The first attempt to recharge through these holes occurred in early May 1969. 
For this initial trial, two inch diameter plastic tubing was inserted to the 
bottom of the first five inch diameter hqle; however, this diameter pipe did 
not carry a sufficient volume of water to fill the hole. To allow greater 
rates of recharge and to prevent collapsing of the hole, a thirty foot joint of 
four inch diameter aluminum irrigation pipe was placed in the hole (See Figure 
4). During the first trial the second hole caved in at some point below the 
surface. 

Approximately one month later a second test was conducted. It became evident 
during this attempt that a cavity was present at the bottom of the first or 
northern most hole. The cavity size was estimated from the volume of water re
quired to fill it and was found to be about sixty cubic feet, Also formed dur
ing this period of recharge was a second cavity immediately below the surface 
connecting the two holes. 

By the end of September, three additional extensive recharge trials had been 
conducted. It was felt at this time that there had been an increase in the 
bottom cavity size corresponding to the increased recharge activities. The up
per cavity size had reached such proportions that failure of the surface layer 
seemed imminent. Excavation of a one foot thick surface layer exposed an ir
regular cavity approximately eight feet by four feet by five feet deep. To 
prevent further cavitation at the surface, twelve feet of one foot diameter air 
conditioning conduit was inserted around the hole and into a hard caliche layer 
(See Figure 5). 

A sixth period of recharge was possible in October 1969 after which a concerted 
attempt was made to determine the exact size and shape of the cavity present 
beneath the recharge hole. An instrument was devised to facilitate taking pic
tures of the cavity without physically disturbing it. After much modification 
and experimentation, a fairly representative mosaic of the cavity was made (See 
Figure 6). The hole extends predominately to the southeast and upward at ap
proximately a forty degree angle. Its depth at the hole opening is approxi
mately three feet and its total length is about twelve feet. 
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Figure 6. Photograph of cavity at base of hole. January• 1970. 
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In February 1970, the second hole was re-excavated by hand- -and the top twelve 
feet were cased similarly to the first hole. At that time, the second hole did 
not appear to enter. the cavity present beneath the first hole. However, the 
second hole which extends five feet -below the first appears to have a cavity 
of its own at its bottom. The diameter of the second hole was not sufficient 
to allow entrance of the photographic equipment and so this cavity cannot be 
confirmed (see Figure 7). Two recharge tests were conducted in early spring 
1970. Although not confirmed at··this point, it seems apparent that the second 
hole now enters the first cavity. Minor changes have been noted in the cavity 
after each recharge. Most of this activity or shifting of material centers 
around the point at which the second hole should intersect the cavity. 

Results of Recharge 

The initial period of recharge in early May 1969 placed about 2.5 acre feet in
to the aquifer. This period of twelve days yielded rates of recharge ranging 
from 120 at the start to 60 gallons per minute at the termination of the test. 
This period, as were the ones to follow, was broken by periods of various dura
tion. During these periods, recharge was stopped because of maintenance and 
repair requirements of the equipment used in the recharge operation. The de
cline in rate observed has proven to be caused by a decrease in permeability 
due to the increasing saturation of the formation around the hole. A water lev
el increase of 6.8 feet was noted in observation well no. 4. The outward move
ment of this groundwater mound caused a rise of 3.35 feet in observation well 
no. 10 and occurred sixteen days after recharge ceased. Nine days after hole 
recharge was ended, observation well no. 1, located approximately 700 feet from 
the recharge hole, continued to show an increase in water level height. Six
teen days after the completion of the first test, the water level in observa
tion well no. 4 had declined only 1.5 feet. 

The second recharge test covered a period of three days during which 1.2 acre 
feet were recharged. A similar decline in recharge rate was noted. The rates 
ranged from 140 to 90 gallons per minute which constituted an increase in rate 
of recharge. At the end of the period ·of recharge, the water level in observa
tion well no. 4 had risen 3.9 feet from the level observed at the beginning of 
recharge. 

Ten days after the conclusion of the second test, a third period of recharge 
was conducted. A slight increase in recharge rate

1
was observed with rates 

ranging from 140 to 100 gallons per minute. During the four day period, 2.1 
acre feet were recharged to the formation. This recharge period netted a 4.7 
foot increase in water level height at observation well no. 4. Two months af
ter the -conclusion of this recharge period, the water level height in observa
tion well no. 4 had returned to its original position before hole recharge had 
taken place. It is significant to note that this two month period was extreme
ly dry, during which considerable pumpage occurred from the dual purpose irri
gation recharge well located approximately 650 feet from observation well no. 4. 

Precipitation in late August 1969 provided runoff for the most intensive period 
of hole recharge. With rates ranging from 160 to 120 gallons per minute, 4.4 
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acre-feet were recharged through the .hole. By the end of the twelve day period 
observation well no." 4 had risen 11.1 feet. All other wells in the observation 
network were showing increases proportional to their distance to the recharge 
hole. The rate of decline of this mound was undetermined because other re
charge techniques were tested illllllediately after this trial. 

After two weeks hole recharge was attempted once again. Rates similar to those 
observed during the previous period were attained. In eight days 2.7 acre-feet 
were recharged through the hole yielding a net water level increase of 11.2 
feet in observation well no. 4. Between August 26 and September 26, 1969 the 
water level at observation well no. 4 had risen approximately twenty-two feet. 
By October 24 the water level had declined approximately nine feet because of 
the outward movement of this groundwater mound. 

In late October two days of hole recharge were conducted during which 1.1 acre
feet was recharged. Once again an increase in recharge rate was noted with 
rates ranging from 170 to 120 gallons per minute. A significant water level 
increase in observation well no. 4 was also noticed. 

Two short recharge periods were conducted in the early spring of 1970. The to
tai volumes recharged are insignificant, however, the recharge rates observed 
are important. The first of these two periods was conducted illllllediately after 
the redrilling of the second recharge hole. The rates during this period (140 
to 100 gallons per minute) were considerably lower than the previous period. 
It is felt clay material loosened by this redrilling temporarily plugged the 
formation around the two holes. The second period yielded a tremendous in
crease in rate of 220 to 120 gallons per minute, believed to correspond to a 
large shift of material within the hole cavity. Figure 6 is a photograph of 
the cavity and by comparison with the photographs prior to recharge, the shift 
of rearrangement of materials is substantiated. 

Table 1 summarizes the recharge efforts within the small diameter hole. As can 
be seen rates varied as well as water levels with both being quite significant 
for the various recharge periods. 

Summary & Conclusions 

During the past year more than fifteen acre-feet of runoff water has been re
charged by means of a shallow hole. During this period increases in rate of 
recharge have been observed rather than a decrease. There are several unan
swered questions concerning the tests conducted so far. Where did all of the 
material which constituted the upper and lower cavities go? It is possible 
that a cavity of some form has always been present at the lower level; however, 
the upper cavity was not formed until after recharge was initiated. Perhaps it 
is not as important where this material has been deposited as why it has not 
plugged the formation surrounding the hole. Not only has the material from the 
two cavities been added to the hole but also considerable water borne sediments 
from the runoff water used in recharge. All water recharged by this method has 
been surface runoff with sediment concentrations of 40 to 200 parts per million· 

As previously stated the rate of recharge has shown a steady increase in rate 
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rather than the expected decline. The only factor seemingly to influence the 
rate of recharge is the degree of saturation of the formation surrounding the 
hole. The water table at one time rose within nineteen feet of the surface. 
It is felt a condition of soil piping is responsible for the increasing rates 
and disposition of the cavity material. By soil piping the more water recharged 
the greater the channels sizes become accommodating more water and more sedi
ment. 

Since redrilling the second hole a phenomenon even more unexpected than the 
first two has been observed. When recharge is started, the water within both 
holes rises together with "the level in second hole lower than the first. With 
the recharge rate held constant the two water levels stabilize at different 
levels. 

This difference in head between the two holes seems to correspond to the rate 
of recharge. At approximately 200 gallons per minute the head difference is 
2.5 feet and at 150 gallons per minute a head difference of 1.5 feet is observ
ed, the higher elevation water level being in the actual recharge hole. 

In conclusion, recharge by this method has proven to be an effective means of 
artificially recharging the Ogallala Formation in the area of the ·test. A big 
question remaining to be answered is "Can this be duplicated in other areas?" 
If a positive answer could be attained, an effective and economical way of ar
tificial recharge has been discovered. Indications are that this may be possi
ble and will be the subject of increased research efforts. 
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Introduction 

Runoff from agricultural lands is of ten recharged to an aquifer by either na
tural or artificial methods. In the Texas High Plains, dual-purpose wells are 
be ing used on a limited scale to recharge playa water to the Ogallala aquifer. 
With ~his procedure, any contaminant iri the recharge water is injected directly 
into the aquifer. 

Knowledge of the fate of contaminants that enter a recharge well is important 
i n de termining quality standards for recharge water. Some materials are fil
t ered or adsorbed by the aquifer within a short distance of the well while oth
ers may move through the aquifer just as rapidly as the recharge water. In the 
aquife r, degradation of pollutants without sunlight and under anaerobic condi
tions may be completely different from degradation in surface water. When re
charged water is recovered from an aquifer by pumping, highly soluble chemicals 
are usually recovered with the recharge water, but less soluble chemicals may 
remain in the aquifer. 

During the fall of 1969, water from an irrigation well was used to inject three 
co1IUD.on herbicides into a dual-purpose well in the Ogallala aquifer at the USDA 
Southwestern Great Plains Research Center, Bushland, Texas. Then, the well was 
pumped long enough to recover essentially all of the recharged water. The re-

* Contribution from the Soil and Water Conservation Research Division, Agricul-
tural Research Service, USDA, in cooperation with the Texas Agricultural Exper
iment Station, Texas A&M University. 

219 



sults of this study are presented and .compared with results from previous 
ground-water recharge pollution studies at the Research Center. 

Description of the Aquifer and Wells 

The main features of the Ogallala aquifer at the Research Center are shown in 
Figure 1. The aquifer consists of fine sand, sandstone, and calcium carbonate 
with some silt and clay. The calcium carbonate or caliche occurs primarily in 
nodules and in lenses. In an analysis of nine undisturbed sand samples from a 
test well, the n50 sand size ranged from 0.15 to 0.24 mm, and the uniformity 
coefficient ranged from 1.6 to 3.4. The aquifer overlays a continuous layer of 
dense, red clay which is usually called the "redbed. " Above the aquifer is a 
2-foot-thick layer of hard, solution-deposited calcium carbonate and silica. 
When the herbicide recharge study began, the lower 97 feet of the aquifer was 
saturated. 

The dual-purpose well used for recharge is equipped with a turbine pump having 
a maximum pumping capacity of · l,000 gpm. It was drilled 28 inches in diameter, 
cased to the water table with 16-inch pipe, and screened through the saturated 
sand with 90 feet of continuous slot spiral well screen. The well is gravel 
packed, and the upper 90 feet of the casing is cemented into the bore hole. 

Observation wells located various distances from the dual-purpose well were used 
for pumping water samples and measuring water levels. Ten 6-inch wells that 
are s creened through the saturated sand are located at distances of 30 to 1,208 
feet. Two 2-inch wells located at distances of 30 and 89 feet were also used. 

Results and Discussion 

The dual-purpose well was recharged for 10 days at an average rate of 360 gpm. 
The herbicides, picloram, atrazine, and trifluralin, were continuously mixed 
with the recharge water at concentrations that averaged 0.125, 1.28, and 0.24 
ppm, respectively. Nitrate, added in the form of sodium nitrate, was used to 
trace the movement of the recharged water. The average nitrate concentration 
in the recharged water was 11.85 ppm N03-N. The ground-water mound created by 
recharging was allowed to dissipate for 10 days, and then, the dual-purpose 
well was pumped for 9 days at 500 gpm and for 3 days at 480 gpm. Pumping stop
ped when the nitrate concentration of the pumped water equaled the background 
nitrate level of the ground water. 

Water samples pumped from observation wells at radial distances of 30 and 66 
feet from the dual-purpose well showed that all three herbicides moved through 
the aquifer with the recharged water . Picloram, the most soluble herbicide, 
was detected in each observation well at the same time as the nitrate tracer. 
Atrazine also moved readily with the recharged water, and reached the observa
tion wells a few hours after the nitrate and picloram. The analyses for tri
f luralin were not quantitatively correct because this herbicide adsorb to the 
walls of the sample containers. However, the analyses did show that triflura
lin reached the 66-foot-distant observation well during recharge. 
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Figure 1 . The Ogallala aquifer at the USDA Southwestern Great Plains 
Research Center, Bushland, Texas 
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Table 1 shows the nitrate, picloram, and atrazine concentrations in the 66-foot 
distant observation well during rech~rge. This was the most distant observa 
tion well that the recharge water reached during the test. The nitrate concen
tration began to increase 89 hours after rech~rge started, and picloram was 
first detected in this well at the same time. The sample collected 95 hours 
after recharge began contained the first trace of atrazine. The concentration 
of each chemical generally followed an ess-shaped curve as it increased to the 
average recharge concentration. Any erratic changes in herbicide concentra
tions were probably caused by variations in the chemical feed rate during the 
first 4 days of recharge. 

The herbicide and nitrate concentrations in the water pumped from the dual-pur
pose well are shown in Table 2. Initially, the concentration of each herbicide 
equaled or exceeded its average concentration in the recharge water. After 
about two days, the picloram and atrazine concentrations declined steadily ·un
til the tenth day when only very small amounts were measured. Trifluralin re
mained above the average recharge concentration for four days, but then, in 24 
hours it dropped to less than 20 percent of the average recharge concentration. 
At the end of the pumping test, the water contained no picloram and only small 
amounts of atrazine and trifluralin. The water pumped back through the dual
purpose well contained 93 percent of the recharged water and over 90 percent of 
each herbicide. This indicates that a well used for both recharge and pumping 
has an inherent safety feature. If the well is pumped within a short time af
ter recharge ends, a high percentage of any presently used herbicide will be 
recovered. This is particularly true if the volume of pumped water exceeds the 
volume of recharged water. 

Apparently, some of each herbicide was adsorbed on the sand near the well. but 
the amount of herbicide remaining in . the aquifer at the end of the test was low. 
The dual-purpose well pumped a small amount of sand which was continuously sam
pled. Initially, the trifluralin concentration on the sand exceeded that in the 
water, and the atrazine concentration on the sand was the same as in the water. 
There was always less picloram on the sand than in the water. The herbicide 
concentration on the sand decreased during pumping, and after the ninth day, no 
picloram and atrazine were measured on the sand. The sand sample from the last 
day of pumping contained less than 1/10 of the trifluralin concentration of the 
recharge water. 

The herbicide results are supported by an earlier study at the Research Center 
in which nitrate and DDT were the pollution parameters and tritium was the re
charge water tracer (3,4). The nitrate moved through the aquif er at a rate sim
ilar to the tritium tracer, but the DDT was very strongly adsorbed to the Ogal
lala sand. Unlike the herbicides, there was never any breakthrough of DDT to 
an observation well 30 feet from the dual-purpose well. Three hours after the 
recharge test ended, a pumping test started, and the DDT concentration in the 
pumped water was 16 times the average recharge concentration. Within one hour 
the DDT level dropped below the average recharge concentrat~on and continued to 
decrease for two more days. The DDT concentrations then became erratic, and the 
sampling frequency did not permit accurate calculation of the percent recovery. 
Ninety-four percent of the nitrate and tritium were recovered with the pumped 
water. 
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Table 1. Herbicide and tracer concentrations in the 66-foot distant 

observation well during recharge. 

Hours after NO N Picloram Atrazine 3-
recharge 
began ppm ppm ppm 

0 1.54 0 0 
5 1.54 0 0 

11 1.40 0 0 
17 1.30 0 0 
23 1.30 0 0 
29 1.45 0 0 
35 1.45 0 0 
41 1.45 0 0 
47 1.40 0 0 
53 1. 30 0 0 
59 1.30 0 0 
65 1.26 0 0 
71 1.26 0 0 
77 1.26 0 0 
83 1.35 0 0 
89 1. 74 .008 0 
95 2.23 .013 .03 

105 3 .45 .024 .02 
120 4. 72 .049 .10 
129 5.94 .061 .24 

. 147 8.14 .102 .40 
156 8. 71 .104 . 58 
167 9 . 62 .092 .89 
175 10.03 .090 .93 
191 10.86 .135 1.00 
197 .101 
215 11.88 .111 
221 11.95 
239 12.10 .108 1.34 
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Table 2. Herbicide and tracer concentrations in the dual - purpose well 

during pumping .. 

Hours after N03-N Picloram Atrazine Trifluralin 
pumping 

began ppm ppm ppm ppm 

. 083 11.66 .114 1. 51 .0716 

.16 7 11 . 73 . 132 1.54 .0672 

.25 12 . 18 .132 1.56 .0596 

.50 12.25 .158 1.58 .0520 

. 75 12 .41 .168 1.55 .0468 
1.00 12 .41 1.51 . 0460 
1.25 12 .41 . 176 1.55 .0486 
1.50 12.48 .176 1.44 . 0550 
1. 75 12.48 .176 1.46 .0538 
2.0 12.56 .176 1.46 . 0542 
2.5 .160 1.44 .0550 
3 . 0 12.56 .154 1.48 .0558 
3.5 12 .56 .170 1.43 .0504 
4 12.64 . 176 1.38 .0406 
5 12 .64 1.38 .0380 
6 12.48 .147 1.41 .0344 
7 12 .48 .143 1.39 .0350 

10 12 .56 .139 1.43 .0372 
l2 12.64 .i20 1.41 .0448 
16 12.56 .140 1.43 .0534 
20 12.64 1.47 .0480 
24 16 . 16 .151 1.52 
28 10. 72 . 150 1.54 .0264 
32 13.68 .130 1.55 .0332 
40 12.56 . 130 1.64 .0260 
46 12 . 64 .141 1.61 . 0284 
53 12 . 33 .141 1.60 . 0252 
60 12.33 .104 1.58 .0360 
69 12 .03 . 078 1.56 
77 12 .18 1.41 .0348 
83 12.10 .118 1.38 . 0340 
93 11 . 88 .106 1.36 .0304 

101 11.15 .102 1.35 . 0128 
117 10.30 .092 1.29 .0066 
125 9. 76 .092 1.09 .0044 
146 7 .89 .077 .81 . 0046 
165 6.05 .057 .58 .0044 
172 5.32 .048 . 51 .0042 
189 4.02 .037 .26 
196 3.34 .028 .22 .0043 
213 2 . 53 .008 .16 .0040 
220 .003 . 14 .0010 
237 1.84 .003 . 11 .0008 
261 1.50 .004 .09 .0008 
269 1.11 .001 .05 .0005 
285 1. 35 0 .03 .0004 
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The movement of coliform bacteria and organic material through the _Ogallala 
aquifer was also studied when clarified playa water was recharged into the 
dual-purpose well and three observation wells (1, 2). Initially, the playa wa
ter was recharged into the 66-foot-distant observation well and recovered from 
the aquifer by pumping the dual-purpose well. Almost all of the coliform bac
teria in the playa water was filtered by the fine Ogallala sand. However, very 
little organic material (mainly organic acids) was filtered by travel through 
the 66 feet of sand. After clarified playa water was recharged into the dual
purpose well, short intervals of pumping did not effectively remove coliform 
bacteria and organic material from the surrounding aquifer. 

Summary 

Table 3 summarizes data from the three ground water recharge pollution studies 
at the USDA Southwestern Great Plains Research Center. The coliform bacteria 
and DDT were effectively filtered or adsorbed by the fine Ogallala sand. In a 
sand aquifer they are not likely to move very far from a recharge well. How
ever, the DDT was difficult to recover from the aquifer, and any sand pumped 
from a recharge well might be contaminated. Herbicides and nitrate moved 
through the aquifer with the recharge water, buy they were effectively recover
ed by pumping the dual-purpose well. 
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Table 3. Summary of pollution rese arch on ground-water recharge through 

wells at the USDA Southwestern Great Plains Research Center , Bushland ,. 

Texas. 

Effectively 
filtered Ef feet ive ly 

Dist . moved or adsorbed recove r e d 
Mate rial through aquifer by aquifer by pumping 

~ 

Nitra Le 66+ No Yes 

Pie lo ram 66+ No Yes 

A tra zine 66+ No Ye s 

Trifluralin 66+ No Yes 

DDTl/ <30 Yes No 

Coliform Bae t.e ria'l:../ <66 Yes No 

0 rganic Carbonl/ 66+ No No 

l / Scalf et al. (1968) The dual-purpose well was r e charged for 10 days a t 

348 gpm . 

11 Jones (1968) 22 . 9 acre-feet o f water was r e charged into the observation 

well 66 feet from the dual-purpose well . 
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THE TEXAS WATER DEVELOPMENT BOARD COOPERATIVE STUDIES 
OF THE OGALLALA UNDERGROUND RESERVOIR 

Gunnar Brune 

Abstract 

Althouth not originally thought possible, an astounding irrigation development 
has taken place in the High Plains of Texas since the beginning of the twen
tieth century. The Ogallala underground reservoir, underlying the High Plains, 
furnished 73 percent of the ground water and 53 percent of the total amount of 
water used in Texas in 1968. The Ogallala reservoir represents approximately 
51 percent of the total underground water storage capacity available in the 
State, including dewatered, fresh, and slightly saline reservoirs. 

It has been estimated that 134 million acre-feet of dry or unsaturated under
ground storage capacity is available in the South High Plains alone. The re
maining ground water in the Ogallala reservoir has declined to very low levels 
in some areas. The average acreage irrigated per well has declined from 140 
acres in 1950 to 84 in 1969. 

With recognition of a declining ground-water supply have come expanded efforts 
to conserve water and more numerous attempts to provide recharge to the under
ground reservoir. There are 166 known farm recharge wells, and many city and 
industrial recharge facilities are known to be in operation. Improved methods 
of recharge and aquifer management need to be deve loped. The Texas Water De
ve lopment Board is concerned about these matters, and has undertaken two co
operative studies involving the Ogallala reservoir. 

The first study is in cooperation with the High Plains Research Foundation at 
Halfway , Texas . Using recharge and observation wells, investigators will eval
uate the effects on the aquifer of using runoff water in recharge wells. Any 
c logging of the aquifer by suspended solids or changes in ground-water quality 
will be monitored. The objective of this study is to ascertain whether present 
me thods of maintaining recharge wells and desilting recharge water are ade
quate . A r eport will be prepared in 1971. 

The s e cond study is in cooperation with the U.S. Geological Survey. This study 
c ontemplates the possible use of the Ogallala reservoir for underground storage 
and transmission of imported or local surface water. 

In this study geologic data will be processed by a computer program to prepare 
lithologic and structural maps of the reservoir. Caliche and clay layers 
especially will be delineated. A sampling procedure will probably use selected 
data from the 40,000 wells for which records are available in the South High 
Plains. 

Al so, vertical and horizontal permeabilities will be determined in the Ogal
lala r eservoir, using various types of equipment and methods. Areas of natural 
recha rge from the surface, subsurface inflow, and the amounts and methods of 
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natural discharge will be ascertained. 

Additionally, areas where it can be determined that artificial recharge can be 
accomplished effectively and on a large scale will be delineated, and the lat
eral extent of areas from which recharge waters may be recaptured will be 
ascertained. The best method of recharge, whether through ponds or basins, un
lined canals, recharge wells, or over-irrigation, will be selected for each 
area. The present quality water will be determined. A progress report will be 
prepared in 1971, and a final report in 1976. Previous work of this nature 
done by the Geological Survey under other programs will be of great value to 
this study. Previous studies by Texas Tech University will also provide valu
able related information. 

Introduction 

."The High Plains is as a body nonagricultural, because a supply of water for 
irrigation is not obtainable." These were words of W. D. Johnson in the 1900-
1901 Annual Report of the U.S. Geological Survey. He went on to say, "The 
ground-water level of the High Plains lies below economical pumping reach -
that is, economical for operations such as irrigation, calling for water in 
large volume. If the limit from this point of view be taken to be 15 feet, the 
average depth to water, even the minimum depth, is greatly in excess of it." 

If Mr. Johnson were alive today it is likely that he would be astounded at the 
agricultural development that has taken place on the Texas High Plains. The 
rlepth from which water may be economically pumped for irrigation has passed 15 
.feet and has even passed 300 feet. However, further advances in the economy of 
pumping do not appear likely in the immediate future. New (1969) has found 
that the average acreage irrigated per .well in the High Plains of Texas is down 
from 140 acres in 1950 to 84 acres in 1969, because of declining water tables. 
Already some areas like the Happy Union area south of Plainview have run out of 
water, even drinking water. 

The Ogallala is one of the most important ground-water reservoirs in the State 
of Texas (Brune, 1969). Figure 1 illustrates 1968 water use in Texas. Water 
used from the Ogallala reservoir represents 73 percent of the ground water and 
53 percent of all of the water used in the State. 

Similarly, from the point of view of estimated storage capacity the Ogallala is 
the largest underground reservoir in the State. As Figure 2 shows, about 51 
percent of the total underground storage capacity, including dewatered storage 
capacity in fresh and slightly saline reservoirs, is in the Ogallala. Rayner 
(1967) has calculated the total dry or unsaturated storage capacity in the 
Ogallala underground reservoir up to 50 feet below the land surface. He found 
this to be 134 million acre-feet for the South High Plains alone. This figure 
includes both the dewatered storage capacity and some storage capacity which 
never was saturated. It is possible that much of this capacity which has al
ways been dry, in addition to the dewatered capacity, could be used for under
ground storage of proposed import water. 

It is apparent that the Ogallala offers a potentially tremendous underground 
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storage capacity which could likely be used in connection with the Texas Water 
System. There is no time to lose in studying the ways in which this great res
ervoir could be used to best advantage. New (1969) points out that ·there were 
166 known farm recharge wells operating in 1969 on the High Plains of Texas. 
Regrettably, in most of these privately operated recharge facilities, little 
effort seems to have been made to study analytically how they could best be op
erated. Some of these recharge wells have been very successful. Others have 
not. But because data collection or control has been very limited, we cannot 
explain the varying degrees of success. 

Many entities, such as Amarillo, Lubbock, Midland, Lamesa, the Southwestern 
Public Service Company, and the Colorado River Municipal Water District, are 
going ahead with artificial recharge projects, even though the best methods of 
recharge to prevent damage to the aquifer may not have yet been developed. 

One of the recharge projects that is of interest to the Water Development Board 
is the Stanton project. This project involved deepening of a playa lake to 
prevent flooding in Stanton, and treatment and recharge of the surplus lake wa
ter into the Ogallala through four multiple-purpose wells (Figure 3). The 
$250,000 project was completed and tested in 1967 by the U.S. Department of 
Housing and Urban Development. Unfortunately, the city of Stanton is not using 
the project at present. 

The Water Development Board recognizes that something must be done soon to sus
tain the irrigation-dependent economy of the High Plains area. It is for this 
reason that the Board has embarked upon two studies of the Ogallala reservoir. 
We are hopeful that imported water will be brought to the High Plains from the 
Mississippi River. However, if no imported water finds its way to the High 
Plains, information must be available to enable the best use of the reservoir 
and the ground water remaining in it through proper aquifer management. For 
example, we would still need to know how best to use playa lake water and 
treated sewage effluent. 

The two studies described in this paper have 
are as yet no results on which I can report. 
what we hope will be accomplished. 

only recently been started. There 
This paper will only point out 

The High Plains Research Foundation Study 

The study by the High Plains Research Foundation at Halfway, Texas, is designed 
to evaluate the effects of using runoff water in recharge wells on the perme
ability, specific yield, and other characteristics of the aquifer. It will al
so measure the movement of pesticides, herbicides, other agricultural chemi
cals, and bacteria from recharge water into the Ogallala reservoir. The pro
gram is scheduled to be carried out between February 1970 and August 1971, with 
the cost :;hared between the High Plains Research Foundation and the Water De
velopment Board. 

The study uses two multiple-purpose wells, each with three observation wells, 
northeast of Plainview. One of these installations is shown in Figure 4. 
Pumping tests before and after recharge, measurement of the suspended material 
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Figure 3 - The Stanton flood-control and recharge project. 
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Figure 4 - High Plains Research Foundation multiple-purpose well on the Paul Stukey farm. 



recharged and withdrawn, and periodic sampling and chemical analyses of the re
charge and ground water are being carried out. The objectives of the study are 
briefly listed in Figure 5. 

The study is expected to reveal whether present methods of maintaining recharge 
wells and desilting recharge water are adequate. A progress report will be pre
pared by December 1970, and a final report by August 1971. 

Numerous other research projects are closely related to this project. Among 
these, the previous ground-water studies conducted by the High Plains Research 
Foundation have been described by Valliant (1967, 1968). Texas Tech University, 
Texas A&M University, the Agricultural Research Service, and the Federal Water 
Pollution Control Administration are engaged in related projects (Water Re
sources Center, 1970; Jones, 1968; Hauser and Lotspeich, 1968; and Scalf and 
others, 1968). These have to do chiefly with the treatment of playa lake water 
for recharge and the movement of bacteria, organic matter, DDT, and nitrates in 
the Ogallala aquifer. Recharge by pressure injection and fracturing has been 
investigated at Dupre Lake east of Lubbock by Johnson and Crawford (1967) with 
encouraging results. Their injection equipment is pictured in Figure 6. 

The U.S. Geological Survey Study 

The second study of the Ogallala underground reservoir in which the Water De
velopment Board is currently involved is being made in cooperation with the 
U.S. Geological Survey. It is planned to be carried out during the period 1970-
1976. 

The investigation will be made by Geological Survey personnel, presently under 
the leadership of acting project chief Clyde Wilson, with the cost being shared 
by the Geological Survey and the Water Development Board. Mr. Wilson recently 
moved to Lubbock from San Angelo, where he was in charge of a study of the 
ground-water resources of Coke County. Representatives of the Texas Water De
velopment Board and the Geological Survey will meet periodically during the in
vestigation to review its progress, to suggest changes in scope or methods, and 
to provide coordination between this project and other similar activities being 
carried on in the High Plains. 

The objectives of the study are briefly outlined in Figure 7. The study con
templates the possible use of the Ogallala reservoir for underground storage 
and perhaps transmission of imported water. It also involves the most effi
cient management of the reservoir and the use of recharge water from local 
sources such as playa lakes and treated sewage effluent. The study is limited 
to the South High Plains. 

Geologic and related data will be processed for use in· computer studies . A 
computer program will be developed to use the geologic data to prepare litho
logic and structural maps of the underground reservoir. The primary purpose of 
the computer program will be to locate and plot caliche and clay layers and to 
indicate whether or not they are continuous over large areas. It will probab
ly not be necessary to process data from all of the 40,000 wells for which re
cords are available in the South High Plains. Selective sampling should yield 
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TEXAS WATER DEVELOPMENT BOARD -

HIGH PLAINS RESEARCH FOUNDATION STUDY 

1970 - 1971 

OBJECTIVES 

1. EVALUATE THE EFFECTS OF USING RUNOFF WATER IN RECHARGE WELLS ON THE 

PERMEABILITY, SPECIFIC YIELD, AND OTHER CHARACTERISTICS OF THE AQUIFER. 

2. MEASURE THE MOVEMENT OF PESTICIDES, HERBICIDES, OTHER ·AGRICULTURAL 

CHEMICALS, AND BACTERIA FROM RECHARGE WATER INTO THE AQUIFER. 

3. EVALUATE METHODS OF RECHARGE WELL MAINTENANCE . 

Figure 5 
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Figure 6 - Johnson's and Crawford's pressure-injection and fracturing recharge well at Dupre Lake. 



TEXAS WATER DEVELOPMENT BOARD 

U.S. GEOLOGICAL SURVEY STUDY 

1970 - 1976 

0 BJ ECTIV ES 

1. UTILIZE COMPUTER STUDIES TO PREPARE LITHOLOGIC AND 

STRUCTURAL MAPS OF THE RESERVOIR. 

2. DETERMINE VERTICAL PERMEABILITIES FROM AIR AND WATER 

PERMEABILITY TESTS, CORES, AND NEUTRON -LOGGING. 

3. DETERMINE HORIZONTAL PERMEABILITIES FROM PUMPING AND 

FLOW METER TESTS . 

4. ASCERTAIN AREAS OF NATURAL RECHARGE, SUBSURFACE 

INFLOW, AND AMOUNTS AND METHODS OF NATURAL 

DISCHARGE. 

5. OUTLINE AREAS WHERE ARTIFICIAL RECHARGE APPEARS 

FEASIBLE, AND SELECT THE BEST METHODS. 

6. DETERMINE THE LATERAL EXTENT, BY AREAS, FROM WHICH 

RECHARGE WATERS MAY BE RECAPTURED. 

7 . DETERMINE RATES OF DEEP PERCOLATION WITH FULL 

IRRIGATION. 

8. EVALUATE THE QUALITY OF THE GROUND WATER AND 

SOURCES OF POOR-QUALITY GROUND WATER. 

Figure 7 
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Figure 8 - U.S. Geological Survey recharge and observation facilities at the 
Hufstedler well. 
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Figure 9. U.S. 1 Survey Geologica 
airport. 

recharge 
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acceptable results. 

A well logger and flow-meter rig will be assigned to the project and will be 
used in available wells where such data are needed. From this program it i s 
expected that factual geologic and hydrologic data will be obtained which will 
substantiate or disprove some of the conclusions obtained with the computer 
analysis. 

Vertical permeabilities, particularly in the dry zone, will be mapped . The 
presence of beds of low vertical permeability in an area will greatly affect 
the t ype of artificial recharge to be considered. Vertical permeabilities in 
the dry zone will be determined by using air, provided that tests presently 
being conducted by the Geological Survey show a reliable correlation between 
air and water permeability. The locations of vertical pe rmeability test sites 
will be determined at least in part from the results of the computer analys i s . 

Should there not be reliable correlation between air and water permeability, it 
will be necessary to resort to test drilling, coring, and laboratory tests of 
vertical permeability. Neutron logging may also provide information on verti
cal permeability values . 

Horizontal permeabilities and specific yields of the zones that may become sat
urated by artificial recharge will be determined, primarily from pumping tests. 
The vertical distribution of layers of differing horizontal .permeability in the 
saturated zone will be determined by flow-meter tests within wells. 

Areas of apparent natural recharge from the surface, lateral subsurface i nflow 
from New Mexico, and amounts and methods of natural dis charge will be de t e r
mined. Areas where artificial recharge can be accomplishe d effectively and on 
a large scale will be located. The bes t methods of recharge, whether through 
ponds or basins, unlined canals, recharge wells, or over-irrigation, will be 
selected for each area. The lateral extent of the areas from which recharge 
waters may be recaptured will be ascertained. Rates of deep percolation, by 
areas, from precipitation and from full irrigation, will be de termine d. The 
present quality of the ground waters and causes or sources of poor quality 
ground water will be determined . 

A progress report will be prepared by August 1971. A final report is planned 
for completion in 1976. 

The work which the Geological Survey has already done on the Ogallala under oth
er study programs will be of great value to this study. Brown and Signor (1970) 
of the U.S. Geological Survey have i nvestigated aquifer clogging at the 
Hufstedler recharge well northwest of Lubbock. They used gamma r ay tramsmit
tance between paired observation wells t o measure incre ases i n dens ity (and 
consequently clogging) of the formation. Their equipment i s shown in Figure 8. 
The theoretical study by Theis (1970) on infiltration and optimum s pacing of 
recharge canals and lakes provides very valuable information. Similarly, an 
investigation of recharge through basins at the Lubbock airport (Figure 9), 
presently underway by Richmond Brown of the U.S. Geologi cal Survey, as part of 
another project, will provide useful data to this study. 
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Studies by other agencies of methods of recharge will also provide basic in
formation. For example, the studies by Marvin Dvoracek and Rolland Wheaton at 
Texas Tech University .of "hole'.' and pit recharge (Water Resources Center, 1970)" 
are closely related to this project. 

The importance of the Ogallala aquifer to the water-planning effort in Texas 
can be gaged from the Texas Water Development Board's involvement in the 
studies described. ··Information-· from these studies will be essential to plan
ning efficient recharge methods and facilities, to the best use of the ground 
water remaining in the underground reservoir, and to the best use of the res
ervoir's storage .capacity. 
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