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ABSTRACT

Aquifers enclosed or confined by sediments that impede or retard
the vertical movement of groundwater generally leak. This report is
about the optimal utilization of a composite system of interacting
aquifers, in which one aquifer leaks into another, and a surface-water
subsystem from the point of view of maximization of the value added to
the system due to the operation of the system over a long period of time.
The problem is solved through dynamic programming, a sequential decision=-
making approach. Stochastic recharges, base flow, and natural discharge
from the system are considered in addition to the interaquifer leakage.

The model thus developed is applied to the coupled leaky aquifer and
surface-water system of the Roswell basin which forms part of the Pecos
River basin in New Mexico, and which is believed to be one of the
largest naturally recharging multiaquifer systems in the world. A hydro-
logic analysis of the basin is also performed and the results are fed
into the dynamic programming model as inputs.

The optimal operating policies for the two aquifers of the Roswell
basin are derived by taking into consideration the physicél character~
istics of the system and the extent of the areas to be irrigated with
the water drawn from the system. The optimal operating policies are
strongly influenced by the interaquifer leakage., As a result, coupled
leaky aquifers should be considered for conjunctive utilization only,

A mathematical model for the prediction of drawdowns due to the
operation of well fields in coupled leaky aquifers is also presented

as an appendix,



ACKNOWLEDGEMENTS

The writer expresses his deepest appreciation to Professor
C. E. Jacob for suggesting the study, for his advice, constant
encouragement, and guidance throughout the investigation, and for
reviewing the report. I would also like to thank Dr. M. S. Hantush
for useful discussions about the boundary-value problems. 1 express
my appreciation and thanks also to the members of the dissertation
committee, Dr. Gross, Dr. Friberg, and Dr. MecGehee for their valuable
time. Dr. Thomas A. Nartker, Director of the Computer Center, New
HMexico Institute of }Mining & Technology, was very cooperative and pro-
vided part of the computer time.

This work was carried out under the direction of Professor Jacob
on a contract with the Office of Water Resources Research, Washington,
D. C.. I would like to thank very much all the sources of data
mentioned in the report for providing the information without which

this investigation would have been very difficult.




TABLE OF CORTENTS

CHAPTER
1. INTRODUCTION . . . . . .
Background and Purpose of Studvy . . .
Approach and Presentation . . . .
Sources of Data . . . . . .
II, THE ROSWELL BASIN, DESCRIPTION AND ANALYSIS .
Previous Studies . . . . .
Location, Topography and Climate . . .
Hydrogeology . . . . . .
- Alluvium (Shallow Aquifer) . . .
Artesia Group (Shallow Confined Aquifer) .
San Andres Limestone (Principal Confined Aquifer)
Surface Hydrology . . . . .
Surface water . . . . .
Depletion of River Flow in the Middle Basin
Geohvdrology . . . e ' .
Aquifer Characteristics . . . .
Previous studies . . . . .
Teansmissivities of the Aguifers . . .
Step~drawdown tests . . . .

Step~drawdown tests in the Roswell basin
Hydraulic characteristics of the intake area

Method of analvsis . . . .
Application to the intake area . .
Recharge to the aguifers . . . .
Recharge to the Principal Confined Aquifer .
Replenishment to the Shallow Aquifer .
Local precipitation . . . .
Surface drainage and irrigation losses .
Leakage . . . . . .
Natural discharge . . . . .
Base flow . . . . . .
Spring flow . . . . .
Consumptive use by saltcedars . . .
Pumipage from the Aquifers . . . .
Use of Groundwater . . . . .
Irrigated Acreage . . . . .
Consumptive Irrigation Requirement by Crops .
Decline of Water Levels . . . .
Water Budgets . . . . .
Hydrologic FEquatiomns . . . .
Change in Aquifer Storage . . .
Leakage . . . . .
Natural Discharge . . . . .
Discussion . N . . .

Saline Water Encroachment . . . .

Sunm ary . . . . . . .

Page

W



CHAPTER ' Page

III. DYNAMIC PROGRAMMING APPROACH TO THE PROBLEM . a . 20
Introduction . . . . . . . . 80
Dynamic programming . . . . . . . 82
Statement of the Problem . . . . . . 85
Dynamic Programming Formulation . . . . . 87
Formulation as a Function of Time . . . . 89
Formulation as a Function of .Space . . . . 91
Discussion . . . . . . « . 93

IV, SOLUTION OF THE MODEL . . . . . . . 96
Introduction . . . . . . . . 96
Inputs to the Model . . . e . . . 96

The Economic Inputs v . . . . . . 96
Benefit Functions . . . K . . . 96

Punmping Costs . . . . . . . 97

The Hydrologic Inputs . . . . e o 99
Storage-Depth Relations . . . . . . 99
Drawdowns at the Wells . . . . . . 100

Recharge to the Aquifers ., . . . . . 101

Leakage . . . . . . . . 101

Natural Discharge . . . . . . ., 103

Other Inputs . . . . . . . . 103
Solution of the Model . . . . . . 104
Results . . . . . . . . . 104
Interpretation of Results . . . . . . 107
Procedure for Use of Results . . . . . 109
Limitation of Results . . . . . . 110
Application of PResults . . . a . . 111

Ve CONCLUSTON AND RECOMMENDATIONS . . . . . 112
Conclusion . . . . . . . . 112
Recommendations . . . . . . . 114
REFERENCES . . . . . . A . . 117

APPERDICES . . . . . . . . . 121




10

11

12

13

14

15

16

17

LIST OF FIGURES

Location map of Roswell basin

Photograph of a relief model of the Roswell basin

Geologic section at the latitude of Roswell, Roswell basin,

New Mexico .

Boundaries of the various aquifers in the Roswell basin,

New Mexico .

Average north-south cross section of the Roswell basin
Average east-west cross section of the Roswell basin

Cumulative percentage departure from mean precipitation
and streamflow, 1905-~1968, Middle and Upper Pecos

River Basins, New Mexico

Cumulative mass curves of streamflow vg, precipitation in
the Pecos River Middle and Upper Basins, 1205-19638

Curves of formationwloss coefficient vs. transmissivity
for different values of parameter V = r5S/4t

Objective function for pumping test at Arrowsmith, Illinois

-

*

®

+

.

Recharge to the Principal Confined Aquifer, Roswell basin,

New Mexico .

Recharge from local precipitation to the Shallow Aquifer,

Roswell basin, New Mexico

Discharge of wells tapping various aquifers in the

Roswell basin, New Mexico

Days of use of wells tapping various aquifers during 1967
in the Roswell basin, New Mexico

*

Hydrogravh showing average mean monthly and mean annual
artesian head in four observation wells in the

Roswell basin, New Mexico

Estimated trends in inflows, outflows, and change in
aquifer storage, Roswell basin, New Mexico

Isochlors in the Principal Confined Aquifer near Roswell,

March-April 1967, New Mexico

®

.

”»

L]

»

-

-

L}

-

Page

11

12

13

14

.21

22

28

33

39

40

55

56

65

72

74




18

19

20

21

22

Isochlors in the Principal Confined Aquifer near
Roswell, August-September 1967, New Mexico

Isochlors in the Principal Confined Aquifer near
Roswell, Tebruary-March—-April 1969, New Mexico

Schematic representation of the Roswell basin, New Mexico

Yearly pumpages from the Shallow Aquifer (in 10% acre~feet)
which maximize the objective function for N 2Z 8

Yearly pumpages from the Principal Confined Aquifer
(in 10% acre-feet) which maximize the cbjective

function for N2 8

®

»

75

76

86

105

106



11

I1T

IAY

VI

VII

VIII

XI

X1I

XIII

X1V

XV

XV1

LIST OF TABLES

Average rainfall at Roswell and Artesia, arranged
in ascending order . . . . . . .

Egtimated Pecos River base flows from Acme to Artesia . .

Monthly surface-water diversions in the Roswell basin,
New Mexico . . . . . . .

Logarithmic average transmissivities in thousands of
ftz/day, Roswell basin, New Mexico . . . .

Pumping test analysis by graphical methods and by the
computer method . . . . . . .

Three-year effective average rainfall (inches) at Roswell

and Artesia, recharge to Principal Confined Aquifer, and
recharge probabilities arranged in ascending order - .

Roswell basin, New Mexico, leakage from the Principal
Confined Aquifer to the Shallow Aquifer during January
of different vears (thousands of acre-feet) . . .

Discharge of Pecos River near Acme, in thousands of
acre=feet . . . . . . .

Discharge of Pecos River near Artesia, in thousands
Of acre"EGEt . . ° . . . .

Yearly estimates of consumptive use of water by
saltcedars in the Roswell basin . . . . .

Average days of use and average discharge of wells tapping
various aquifers in the Roswell basin, New Mexico, 1967 .

Roswell basin annual pumpage by aquifer . . . .

Days of use of wells tapping various aquifers during
1967 in the Roswell basin, New Mexico . . . .

Discharge of wells tapping various aquifers in the
Roswell basin, New Mexico, from the well schedules . .

Percentage of total annual pumpage according to source .

Acreages of irrigated crops in Chaves County, New Mexico .

Page

17

20

29

34

38

43

44

45

50

51

52

53

54
57

59




XVII Acreages of irrigated crops in Eddy County, New Mexico . 60

XVIII Yearly irrigation water applied, consumptive irrigation
requirement (CIR), and irrigation efficiencies,
Roswell basin, New Mexico . . . . . . 63

XTX Estimated average January elevations of water table
and potentiometric surface in the two aquifers of the
Roswell basin, New Mexico . . . . « « 66

¥X Estimated water budgets for different periods in the
Roswell basin in thousands of acre~feet , . . . 69

¥XI Pumping costs per acre~foot per foot of lift in
dollars, 1967 . . . . . . . 98

XXII Amounts of recharge in acre=feet and probabilities, based
on records for 68 years . . . . . . 102

XXIII Crop pattern for the dynamic programming model . . . 103



I. INTRODUCTION

Background and Purpose of the Study

The optimal utilization of surface reservoirs and of aquifers
separately, and the conjunctive utilization of surface reservoirs with
aquifers have been studied in the past by several authors [Little,
1955; Moran, 1959; Mass, et al., 1962; Buras, 1963; Burt, 1964;

Young, 1967; and Hall et al., 1968)}. The investigations of Buras and
of Burt were related to single aquifers and single surface reservoirs.
They were hypothetical and the results were not applied to any specific
basin. Nor did they consider the pumping costs arising from the draw-
downs at the pumping wells.

The present investigation is concerned with the optimal operation
of two coupled leaky aquifers and a surface-water system as a function
of time. Preliminary results of part of this study have been presented
elsewhere [Saleem and Jacob, 1968].

The study is specifically based on a complex overdrawn basin, and
the results of the investigation are applied to the Roswell basin in
southeastern New Mexico, which forms part of the Pecos River basin
(see Figure 1). The Roswell Basin consists of two coupled leaky
aquifers and associated sources of surface water, mainly the Pecos
River system. Water levels in both aquifers have been declining since
the agricultural development of the basin because of a continuing

overdraft.
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The purpose of the applicationrof the study to the Roswell basin
was to derive optimal operating policies for the basin so that the
value added to the basin would be maximized over a long period of time.
The optimal operating policies are derived tsking into consideration

the physical characteristics of the basin.

Approach and Presentation

The problem of two coupled leaky aquifers and a surface-water
system from the point of view of optimal operation is formulated
mathematically. The particular technique selected is dynamic pro-
gramming.

Two dynamic programming derivations are described, the first for
optimization of the system as a function of time and the second for
optimization in space. The results obtained with these models are
discussed and some conclusions are drawn.

A hydrologic description of the Roswell basin is given and
some of the hydrologic analyses performed are discussed. A méthe—
matical model for predicting the response of the system to the
operation of well fields in coupled leaky aquifers is derived and is

presented in Appendix A.



Sources of Data

The basic data, most of them unpublished, were provided by the
U, S. Geological Survey, the offices of the State Engineer in Roswell
and Santa Fe, U. S. Bureau of Reclamation, Smith Machinery Company of
Roswell, Pecos Valley Artesian Conservancy District, Hagerman Canal

Company, and some individual farmers in the basin.



1T, THE ROSWELL BASIN, DESCRIPTION AND ANALYSIS
A description and analysis of the components of the hydrologic
cycle of the Roswell basin are presented in this chapter. Some of the

derivations and data are presented in appendices.

Previous Studies

The geology and hydrology of the Roswell basin have been studied
frequently during the last three or more decades. The information
gathered in those reports is fairly valuable from the point of view of
a qualitative understanding of the basin and helpful to predictions of
future responses of the svstem to various stresses using modern tech=-
niques,

One of the earliest reports, by Means and Gardner [1900]}, is pri-
marily concerned with the soil conditions. It has a water—table map of
the Roswell area, Fisher [1906] published a reconnaissance study of the
area, The most thorough investigation was carried out by Fiedler and
Nye [1933] from 1925 to 1928, Their work contains many valuable data
relating to groundwater conditions at that time. Unfortunately, many
of the modern techniques of hydrologic analysis were not available to
them, Morgan [1938] published a report about the shallow-water re-
sources in the basin.

An extensive investigation of the surface-water resocurces was
published by the National Resources Planning Board [1942]. Theis'

work on the origin of base flow and the flow in Major Johnson Springs



at the southern end of the basin was published in 1938. Theis [1951]
also investigated the relation of the Hondo reservoir to the artesian
aquifer, Bean's report about the geology of the Roswell basin and its
relation to the Hondo reservoir appeared in 1949. Imn 1952, the State
Bureaﬁ of Mines and Mineral Resources (a Division of New Mexico Insti-
tute of Mining and Technology) published a report on the groundwater
resources of Eddy County which includes the southern part of the basin.
Hantush [1955] carried out a quantitative study of the basin during
1954~55, He applied the theory of leaky aquifers to the basin and
estimated the characteristics of the aquifers at several locations.
From recharge and discharge studies, he concluded that aquifers were
being overdrawn,

Reporis of the investigations of Thomés [1963], of Hood [1963], of

-Motts and Cushman [1964], and of Mower et al. [1964] have been pub-
lished as Water Supply Papers of the U. S. Geological Survey. Hood et
al. [1960] studied saline water occurrence in the basin, There are
several unpublished reports about the basin, one of significance, about
the pumpage in the basin, is by Mower [1958].

The U. S. Geological Survey has been working on an analog model of
the basin since 1963. Four recent publications relating to the basin
are by Spiegel [1967], by Havenor [1968], by Kinney et al. [1968], and
by Maddox [1969]. A'bibliography pertaining to the Pecos River basin

was compiled by Hernandez and Eaton [1968].



"Location, Topography and Climate

The Pecos River basin is conveniently subdivided [Thomas, 1963]
inte an upper basin, above Alamogordo Reservoir in New Mexico, & niddle
basin, above Red Bluff Reservoir also in New Mexico, and a lower basin
in Texas, as shown in Figure 1. The Roswell basin forms most cof the
niddle Pecos River basin snd 1s the most important area of the basin
from &he point of view of water-resource utilization and economlc
productivity. | |

The besin is bounded on the east by the High Plains, about 25
miles east of the Pacos River, on the south by the Seven River Cuesta,
and on the west by the high Sacramento Moumtalns, and extends to fhe
north near Mesa. A print of s relief model of the basin is shown in

Figure Z .

o0

The basin has a semlarid climate. The winters sre usually cold
enough but too dry for appreciable snow accumulation, and summers ave
dry with frequent thundershowe The average frost-free pericd at
Roswell extends from April 7 to October 30. Morve than 75 percent of the

total anuual preciplitation falls during this peried, which is also the
growing season. Because the average rainfalls at Roswell and at Artesia
are 11.7 and 11.2 inches respectively, and the deviations from the
avercge are large, irrigation is essential in all parts of the basin for
crop production.

Yearly averages of the totals of the precipitation at Roswell and

Artesia are shown in Table T.
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TABLE T

AVERAGE RAINFALL AT ROSWELL AND ARTESIA, ARRANGED IN
ASCENDING ORDER

Rainfall Rainfall
order No. Year (R) _m{*®) Order No. Year (R) m
(Inches) lin () . (Inches) 1+n
1917 5.0 0.0145 35 1930 11.49 0.5072
1910 5.16 .0290 36 1936 11.54 5217
1924 5.63 L0435 37 1946 11.55 .5362
1956 5.68 .0580 38 1962 11.56 L5507
1927 5.71 0725 39 1937 12.29 5652
1964 6.06 .0870 40 1829 12.43 5797
1963 6.12 L1014 41 . 1840 12.49 5042
1934 6.61 .1159 42 1944 12.55 L6087
1945 6.64 . 1304 43 1813 12,87 L6232
1947 6.66 L1449 Lt 1960 13.04 L6377
1922 6.78 L1594 45 1921 13.30 .6522
1951 7.12 L1738 46 1220 13.561 L6667
1865 7.18 .1884 47 1942 13.81 6812
1953 7.33 L2029 43 1950 13.91 L6957
g6l 7.42 L2174 49 1907 14,03 . 7101
1933 7.61 . 23185 50 1906 14,12 L7246
1937 | 7.64 L2464 51 1604 14.35 L7391
1952 7.69 2609 52 1949 14,58 . 7536
1959 7.81 L2754 53 1968 14,82 . 7681
1909 8,22 . 2899 54 1915 14.86 . 7826
1867 8.24 . 3043 55 1928 15,08 L7971
1918 8.34 . 3188 56 1914 15.36 .8116
1903 8.40 . 3333 57 1916 15,37 L8261
1955 9,05 3478 58 1902 15.70 . 8406
1943 9,55 L3623 59 1931 16.12 L8551
1954 9.74 . 3768 60 1926 16,17 . 8696
1948 10.20 .3913 61 1901 16.33 L8841
1925 10.28 L4058 62 1958 i6.63 . 8986
1935 10.57 L4203 63 1923 17.02 .9130
1966 10.57 JA348 64 1911 17.88 L9275
1908 10.62 4493 65 1932 19.88 L9420
1938 10.81 L4638 66 1919 20.42 .9565
1939 10,96 L4783 67 - 1905 21.37 L0710
1912 11.21 0.4928 68 1941 34,61 00,9855
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Hydrogeology

A geologic section at the latitude of Roswell is shown in Figure
3. The main aguifers in the basin occur in the three geological for-
mations, the alluviwa, the Artesia Group, and the San Andres Limestone.
Figure 4 shows the boundaries of the various aquifers in the Roswell

basin.

£1luvivn (Shallow Aquifer)

Valley=£ill materials of Tertiary and Quatermary age occur almost
wholly west of the Pecos River in an area of from 12 to 20 miles in
width and from 60 to 70 miles in length. They are mostly conglomerates,
gravel, sand, and clay, and are very heterogencus. The alluvium and,
near Roswell, the top part of the underlying Arvtesia Group constitute

the Shallow

h

the Shallow Aquifer of the Roswell basin. The thickness o
Aquifer ranges from more than 400 feet just east of the river to zero
along its western boundary. An average north-south cross section and
an average east-west cross section based on the three isopach maps of
the principal aquifers [Hale,personal communication; Kinney, et al.,
1968] are shown in Figures 5 and 6.

During 1967 and 1968 the pumpage from the Shallow Aquifer was

about 30 percent of the total smount of groundwater pumped.

Artesia Group (Shallow Confined Aquifer)

*

The Artesia Group embraces five formations of Termian age

occurring in eastern New Mexico and West Texas [Tait et al., 1962],
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It separates the underlying San Andres Limestone from the overlying
alluvium and acts mostly as an "aquitard" (i.e., it transmits
appreciable quantities of water but has a low storativity).

The Shallow Confined Aquifer ie in the Artesia Group except that a
small upper part of it near Roswell has been incorporated into the
Principal Confined Aquifer, It has a maximum thickness of over 600
feet in the southern part of the basin near Artesia and is 1like a
wedge, getting thinner to the north near Roswell.

The groundwater extracted from the Shallow Confined Aquifer is
less than 7 percent of the total annual amount of groundwater pumped

in the Roswell basin.

San Andres Limestone (Principal Confined Aquifer)

The San Andres Limestone, of Permian age, conformably overlies
the Glorieta Sandstone, also of Permian age, and is overlain by the
Artesia Group. It is composed almost entirely of limestone, anhydrite,
and anhydritic limestone. The San Andres Limestone is very widespread,
correlative units having been recognized in New Mexico, West Texas, and
parts of eastern Arizona [see Havenor, 1968, and Maddox, 1969, for
details].

The Principal Confined Aquifer occurs in San Andres Limestone
except in the southern part of the basin, where the bottom part of the
Artesia Group is also included in it [Maddox, 19691. The maximum thick-

ness of the Principal Confined Aquifer is over 500 feet near Artesia, and

on the average the thickness varies from about 150 feet to about 300 feet.
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The Principal Confined Aquifer contributeg more than 60 peréent

of the total groundwater pumped in the basin.

Surface Hydrology

The Pecos River and its tributaries drain the Roswell basin. The

Pecos River gains water from the Roswell basin as groundwater inflow and
loses water through evaporation and some water is also diverted from the
Pecos River system for irrigation. Saltcedars along the banks of the
river consume considerable amounts of water. Table II shows the base
flow from the Roswell basin, between the gaging stations at Acme and at
Artesia, to the Pecos River on a monthly bhasis. The annual base flow
has been decreasing from more than 60,000 acre-feet per year in the
thirties to less than 30,000 acre-feet per year during the last few
years. The base flow is depleted because of saltcedar consumption and
because of the surface water diversions in the basin. TFigure 16.shows
the yearly base flows corrected for depletion because of the surface-
water diversions.

1 estimate that the Pecos River system loses about 10,000 acre-
feet of water per year through evaporation in the Roswell basin. This
estimate does not include losses from the McMillan Reservoir (Fig. 1).

W

Surface Water

Before the large-scale utilization of groundwater, surface water
was used for irrigation along the Pecos River and along the lower

reaches of some tributaries of the Pecos River in the Roswell basin. |
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some of these tributaries near Roswell were fed by several springs,
described elsewhere in this report.

In the early 1900's several artesian wells were drilled and the
artesian heads were lowered as a consequence. Some of the springs
started drying up, and the lands which used to be irrigated from the
gtreams were either abandoned or started relying upon groundwater
partially or completely.

Alﬁost all of the surface water used in the Roswell basin is for
irrigation. Duxing 1967 and 1968 only 3.8 percent and 3.1 percent,
respectively, of the total water used for irrigation was surface water.
Surface water is used mostly in the Roswell-East Grand Plains area and
in the Dexter-Hagerman area of the Roswell basin. The sources of sur-—
face water are: (1) Hagerman Canal, which in turn gets water through
diversions from the Rio Hondo and some groundwater, (2) private dralus
which get their water mostly from the Pecos River, and (3) some direct
pumpage from the river. Table III shows the monthly and vearly totals

of the surface water used in the basin for several years.

Depletion of River Flow in the Middle Basin

The inflow to the middle basin (Fig. 7 ) has been decreasing for the
last four decades [see Thomas, 1963]. Major factors for the depletion
are: (1) repeated droughts in the area since 1942; (2) gradual increase
in groundwater exploitation in the middle basin; and (3) consumptive
waste use by saltcedars.

Figure 8 shows the cumulative streamflow/precipitation felation in

the Pecos River middle basin. The precipitation is the average of the
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precipitation at Roswell, Artesia, and Carlsbad. The streamflow is the
outflow of the Pecos River from the middle basin and is the sum of flows
of the Pecos and Delaware rivers as recorded at the Red Bluff gaging
stations. The figure shows a gradual decrease in the slope (runoff per
unit precipitation) of the curve since 1925 and a negative slope from
1943 to 1955 and from 1966 to 1968. These are caused partly by droughts.
Figure 7 shows a cumulative departure from the 60-year mean pre-
cipitation (1901 through 1960) at the three station in the middle basin.
In the 52 years from 1916 through 1967, the departure in precipitation
from the mean is about four and a half times the mean, and is indicated
in the runoff graph of the middie basin. The runoff graph shows the
difference between the measured inflow and ocutflow of the middle basin.
The other twe causes of depletion are discussed elsewhere in this
report. It may be pointed out here that groundwater expleitation in
the middle basin has increased not only in the Roswell basin but also

in the Carlsbad area (Fig. 1 ).

Geohvdrology

The Principal Confined Aquifer is coupled to the Shallow Aquifer
through the Shallow Confined Aquifer, and water leaks from one aquifer
to the other, depending on the differences of head between the two
aquifers. The rate of leakage from one aquifer to the other is a

function of time as well as space and depends on the hydraulic



conditions. This portion of the report discusses evaluation of the
various components of the subsurface hydrology cf the Roswell basin

and how they interact.

Aquifer Characteristics

Previous Studies

‘The hydraulic characteristics of the aquifers, namely, trans-—
missivity, storativity, and leakance, had not been determined until
Hantush [1955] made his analysis, except for estimates by Hale (re-
ported in Hantush, 1955) and by Theis [1951], of the transmissivities
of the valley fill and of the San Andres Limestone near Hondo reser-
voeir. Theis [1951] also estimated the storativity of the San Andres
Limestone near Hondo reservoir. Hantush [1955] ran four pumping tests
in the Principal Confined Aquifer and six pumping tests in the Shallow
Aquifer in the basin and applied the theory of leaky aquifers developed
by him and Jacob [1955]. TFrom his analysis he estimated the trans-
missivities and storativities of the two main aquifers and leakances
for the Shallow Confined Aquifer at different locations in the basin.

Summers [personal communication, 1968] ran some step-drawdown
tests in the flowing wells in the northern half of the basin in early
1968 and obtained transmissivity values for the Principal Confined

Aquifer that were close to the values obtained by Hantush.

Transmissivities of the Aquifers

Step=-drawdown tests. The theory of step~drawdown tests was de=~

veloped by Jacob [1947]. For details, the reader is referred to the

original paper.
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Briefly, the drawdown, sy, in a well can be expressed according
to Jacob as

sw = B(rw,t)Q + CQ2 (1)

where B(sy,t) is the head loss in the formation per unit discharge.

For nonleaky artesian aquifers,

B(rg,t) = o2z Wl (2)
where i, = r%S/&nT, ry is the radius of the weil, t is time since the
well started pumping, S is the storativity of the aquifer, and T is
the transmissivity of the aquifer, and W(u) is the well function for
nonleaky confined aquifers. The term B{xy,t)Q expresses the part of
the drawdown due to the resistance of the formation and is called
formation loss. The term CQ? expresses the head loss due to turbu-
lence in the well and in the formation. C is referred to as the '"well
loss coefficient,"

Rorabaugh [1953] suggested that the head loss associated with
turbulence should be expressed as CQR, where n is a constant, which
is greater than 1 and which may exceed 2, and which is to be determined
for individual wells.

If B is assumed to remain constant during the test period, then B
and C can be evaluated from a step~drawdown test. In such a test a
well is pumped during successive periods at uniform but differing rates
which are fractions of the full capacity, and the drawdown is observed
in the well, From these data, using (1), one gets a set of linear equa-

tions with B and € as unknowns which can readily be determined.



26

Step-dravdown tests in the Roswell basin. Data for the step-

drawdown tests in the Roswell basin were taken from the files of
smith Machinery Company of Roswell who routinely run such tests to
determine the optimum size of a pump needed for a well.

A well is pumped at a fraction of full capacity and then the dis-
charge is increased in three or more steps, each step being of 30 to
40 minutes' duration. Sometimes the well is started at the maximum
capacity and the discharge is then decreased in steps.

Since the duration of a typical routine test in the Roswell basin
is small (and reasonably constant from one test to another) and since
the transmissivities are in general high, the following assumptions are
made:

1) the effects of leakage are negligible and B is given byEq. (2).

2) any changes in the values of B from place to place in any par-

ticular aquifer are due to changes in the transmissivify values.
This is based on the assumption that the parameter V(=ré5/4T) is
assumed constant for each aquifer.

3) the effects of partial penetration of the wells are neglected.

More than 340 step-drawdown tests of wells tapping the three dif-
ferent aquifers in the basin were analyzed on the digital computer.
These wells are scattered all over the basin. Values of B and C wére
calculated. Each well was classified according to depth and casing
information as belonging to one of the three aquifers. Some wells
tapped more than one aquifer and were classified as multiple-aquifer

wells.



curves of B versus T were plotted on logarithmic paper using and
greating V as a paraneter (Fig., 9). Estimates of V were made using
g values derived by Hantush [1955] and values of T were obtained for

each test, using calculated values of B. Estimated transmissivities

were logarithmically averaged for each tewnship and are shown in
Tahle TV,

The accuracy of the calculated transmissivities depends upon the
validétian of the sssumptions stated earlier. Since the tests were of

=

short duration, the effects of leakage are negligibls and the effects
of partial penetration of the wells are also negligible in all the
aquifers except the Shallow Aquifer. This conclusion ie based on the

criterion given by Hantush [1964] for the effect of pariial peretration

of wells on the drawdown at the face of 2 well. The criterion is that

U

if the duration of the test t is less than Sb{(1l-L/Zb)25¥,, then the

p

e
e

effect of partial penmetration is megligible. In this expression, S
the storativity, b is the thickness of the aquifer, Ky 1s the vertical
hydraulic conductivity, and £ is the length of penetyration.

Using the average values of the quantities involved, the above
expression is about 3 hours for the Principal Confined Aquifer, and
about one second for the Shallow Aquifer. Since the average duration
for a step~drawdown test was about 1~1/2 to 2 hours, the Shallow
Aquifer transmissivities calculated from such tests on partially pene-
trat;ng wells are probably too low.

The errors resulting from assumption (2) are believed to be

small because the drawdown varies as the logarithms of §, t, and Iy.

27
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TABLE 1V

LOGARITHMIC AVERAGE TRANSMISSIVITIES
IN THOUSANDS FT2/DAY
ROSWELL BASIN, NEW MEXICO

’_4_-——""‘_.,—-"'""—7
, ‘A Q@ U I ¥ E R
Principal Shallow
Confined Confined Shallow
R a n g e E a 8 t
Township
South 23 24 25 26 24 25 24 25 26
8 - 31 - - 15 - - - -
9 - 16 - - 37 - - - -
10 34 50 - - - 10 3 - -
i1 56 45 34 - 58 11 6 3 -
12 39 37 302 - - 35 - 3 6
13 - - 61 54 3 18 - 9 4
14 - - - 32 19 12 - 12 15
15 - - 14 185 - - - - 20
16 - 96 637 17 - - - 6 4
17 - - - 20 . - - - - 15
18 - - - 30 - - - - 12
19 - ~ - 3 - - - - -
20 - - - - - - - - 16
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The transmissivities calculated by this method are believed to
be local transmissivities for the aquifer. The Principal Confined
Aquifer is known to be cavernous, thus giving rise to sudden changes

in T values from place to place.

Hydraulic Characteristics of the Intake Area

Fiedler and Nye [1933] called the area lying just west of the
pinch-out of the confining beds of the Roswell basin and south of
T. 9 8. the "principal intake area'. The storativity of the Principal
Confined Aquifer is very small (v~ 107%) in the confined part of the
aquifer. If we assume that the aquifer should not be dewatered to the
extent that the groundwater becomes unconfined in the valley area,
then the storage in the valley part of the aquifer is negligible com-
pared to the storage in the principal intake area where storativity
is about 1000 times higher and the aquifer is unconfined.

The water levels have been declining in the intake area since
1944 and all this water has been discharging across the western limit
of the confined area. Hantush [1955] has given a solution for the in-

take-area boundary-value problem, treating it as a slit

s(x,t) = 814 q x/T [ &% o V& erfe(Viy)] (3)
Vu

»

where s is the drawdown, which is small compared to the original depth

i

of flow; q = 0.045 gpd/ft, average discharge per unit length of the
intake area; x = 2 miles, average distance of the observation wells

from the slit; uy = 1.87x2/tT; erfc(x) = complementary error function

2
=1 ~ 2 Ime‘}"“dy; t = time in days.
/1 'x
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Method of Analysis. A method for the evaluation of aquifer

characteristics is presented here. The method is based on the classi-
cal technique of least squares and is probably applied in many of the
physical sciences. The sum of the squares of differences between the

observed drawdowns and the drawdowns calculated using theoretical draw-

down equations for the flow system under consideration is minimized,
treating the aquifer parameters as decision variables. This becomes a
problem of finding the minimum of a non-linear objective function which
ig a function of several variables and, therefore, is a typical non-
linear programming problem. A brief discussion of nonlinear programming
is given in the next chapter. The method can be applied to any flow
system for which analytical expressions to calculate drawdowns corre-
sponding to the observed drawdowns are known.

Expressing the problem in a mathematical form, one obtains

i

y N
6(T,5,8) = § ] wyjldyy - s44(T,8,8)17 | (4)
i=1 j=

W
1
where,

9(T,S,R) = the objective function to be minimized..

M, N = the number of observation wells and the number of obser-
vations in each observation well respectively. Note that N can be
different for each well.

i, j = running indices for M and N, respectively.

d, s(T,$,B) = observed and calculated drawdowns, respectively.

T = transmissivity of the aquifer in the area.

S = gtorativity of the aquifer in the area.
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g = K'/b', leakance or leakage coefficient; K' and b' are hydraulic

conductivity and thickness of the aquitard. Leakance is zero for non-
leaky flow systems.

wij = weight assigned to the jth chservation in the ith well.
The values of aquifer parameters which minimize the objective

function are the optimum values.

The objective function defined by (4) is for flow systems where T,

s, and K'/b' are to be determined. If the drawdown is dependent on
parameters other than the above three, they can also be considered as
components of the set comprising the decision variables, and these
parameters can be appropriately expressed in the analytical expression
for the drawdown. The method was applied to analyze four pumping tests
in non=leaky, leaky, and anisotropic non-leaky flow systems. The re-
sults are compared with those obtained by classical methods and are
given in Table V. All observations were assigned equal weights. Con~
tours of the objective function 8 (sum of the square of deviations),
as a function of aquifer parameters, for the test at Arrowsmith are
shown in Figure 10 . The aquifer parameters obtained both by the
classical type-curve method and by the new computer method are marked

on the figure,

Application to the Intake Area. The computer method described in

the last section was applied to obtain the best estimates of average
aquifer parameters, namely storativity and transmissivity. The ob-
jective function was defined as in Eq. (4), where B is zero and g is

given by (3). The observed drawdowns were used in the wells on which
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the Pecos Valley Artesian Conservancy District (PVACD) maintains re-
corders and in the U.S5.G.S. wells in the intake area. These wells are

located at different distances from the "slit'. The maximum value for
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time was 21 years and maximum value for the distance from the "slit" was

16 miles.

The average values calculated by the computer method for stora-
tivity and transmissivity in the intake area are 0.025 or 2.5% and
8,700 ft?/day, respectively. Theis [1951] calculated a value of 0.05
or 5% for the intake area near Hondo Reser&oir. Hantush [1955] used
a value of 10,000 ft?/day for transmissivity in the intake area.

Storativity and transmissivity values calculated by the above
methods are based on the assumption that Eq. (3) describes the draw-
down in the intake area. However, in the derivation of Eq.(3) , the
discharge was assumed to be constant, which may not be strictly true.
Moreover, the average value for q of 0.045 gpd/ft may be somewhat off.

Therefore, the calculated values for the parameters of the intake area

may also be off.

Recharge to the Aquifers

Recharge to the Principal Confined Aquifer in the Roswell basin
is derived from precipitation on the outcrop area of the San Andres
Limestone. Additional replenishment comes from upward leakage from
the underlying formations, namely the Glorieta Sandstone and the Yeso
Formation. The main sources of replenishment to the Shallow Aquifer
are, (1) local precipitation, (2) surface drainage and irrigation

losses, and (3) upward leakage from the Principal Confined Aquifer.
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grecharge to the Principal Confined Aquifer

An aquifer is In a steady state when its inflow equals outfléw. The
inflow oxr recharge to the Principal Confined Aquifer wheﬁ it is in a
steady state can be estimated from its outflow which is equal to pumpage
plus leakage to the Shallow Aquifer, Hantush [1955] considered the flow
in the aquifer in "dynamic equilibrium' during 1928, 1936, and 1944, For
these three vears, he estimated the leakages and then calculated the
recharge during these vears.

Jacob [1944] defined effective precipitation as 'the rate of precipi-
tation which, had it been maintained uninterruptedly throughout the past,
would have produced the same water—table profile as actually existed at
that particular time." Following Jacob, Hantush {1955] calculated the

effective average rate of precipitation by

®
- Z 2(k+1-1) . .
L G Ratl-g) - (5)
where
En = the effective average rate of precipitation at the end of the
nth year, inches per year

R

i

annual precipitation during any year, inches per year

k

[

the number of years the rainfall of a given year is effective.
Correlating the effective precipitation with the recharge during the
three vears mentioned &bove, he obtained the following for the recharge

to the Principal Artesian Aquifer:

Recharge = 21,000 (acre-feet/inch) ﬁn (6)
where the recharge during any year is in acre-feet, and Rp is the three-

Year effective average rate of precipitation in inches computed by (5},
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using the annual average rainfalls at Roswell and Artesia. Justification
for using three-year effective average rainfall is given in Appendix B.
The values of recharge to the Principal Confined Aquifer were cal-
culated for the period 1903-1968 and are tabulated in ascending order in
Table VI, and in Figure 11. The average rate of recharge for the Roswell

basin in this table is 240,000 acre-feet per year.

Replenishment to the Shallow Aquifer

(1) Local Precipitation., The average rate of precipitation at

Roswell and Artesia is 11.48 inches per year. Of the total precipitation
on the alluvium, part runs off through the surface drainage, part evapo-
transpirates, and the remainder percolates to the Shallow Aquifer. By
comparison with the recharge estimate made by Theis {1937} for the High
Plains, which lie just east of the Roswell basin, Morgan [1938] deduced
that the recharge averages somewhat less than half an inch a year or about
530 acre~feet for each one-mile strip across the basin. The average rate
of recharge to the Shallow Aquifer from precipitation percolation is thus
about 28,000 acre-feet a year. The average of yearly precipitations from
the Roswell and Artesia stations of the U. S. Weather Bureau is shown in
ascending order in Table I and the recharge is shown in Figure 12.

(2) Surface Drainage and Irrigation Losses. The Roswell basin is

crossed by numerous ephemeral streams, some of which head in the mountains
to the west.  During the summer months, when most of the rain falls, then
streams flow, and part of the flow percolates down to the groundwater

reservoir.




TABLE VI

THREE=-YEAR EFFECTIVE AVERAGE RAINFALL (INCHES) AT ROSWELL AND ARTESIA,
RECHARGE TO PRINCIPAL CONFINED AQUIFER, AND RECHARGE

ARRANGED 1IN ASCENDING ORDER

PROBABILITIES

Raigfall N (%) Rainfall
n  Year R3 Recharge™™ /= m Year g Recharge ~T-
(inches) (acre~ft) (inches) (acre-ft) :

1 1965 6,638 139400 L0149 34 1937 11,753 2406800 .5075
2 1964 7.001 147000 .0299 35 1944 11,763 247000 L5224
3 1910 7,083 148000 L0448 36 1949 11.803 247600 5373
4 1857 7.222 151700 0597 37 1958 11.811 248000 5522
5 1953 7.418 155800 L0746 38 1960 11,888 249800 5672
6 1556 7.481 1571069 08396 39 1968 11.917 250300 L5821
7 1963 8.153 171200 L1045 40 1911 12,034 252700 L5970
'8 1947 8.288 174100 L1194 41 1928 12,141 255000 L6115
9 1918 8,432 177100 L1343 42 1903 12.158 255300 L5268
10 1952 &.538 179300 L1493 43 1629 12.195 256100 6418
11 1954 8.599 180600 L1642 44 1908 12.34 258200 L6567
12 1966 8.693 182500 L1791 45 1930 12.403 260500 L6716
13 1935 8,759 183900 L1940 46 1912 12,428 261000 .H86H
14 1967 8.33% 185600 2090 47 1926 12.452 261500 7015
15 1955 8,996 188300 0 2239 48 1904 12,595 2064500 L7164
16 1945 9.0%6 191000 .2388 .49 1923 12,089 272800 L7313
17 1934 9,159 192300 2537 50 1933 13,121 275500 L7463
18 1948 9,246 194200 L2687 51 1913 13,155 276300 L7612
19 1861 9,362 196600 . 2836 52 1850 13,517 283900 L7761
20 1024 9.619 202000 L2985 53 1914 13.840 290600 . 7910
21 1925 9,856 207000 » 3134 54 1919 13.840 290600 . 8060
22 1927 9,952 209100 . 3284 55 1931 13.662 293200 . 8209
23 1809 9.991 209890 « 3433 56 1921 14,593 306400 8358
24 1946 10,083 211700 . 3582 57 1215 14,698 3087040 L8557
25 1822 10.096 212000 . 3731 58 1820 15,003 315100 . 8057
20 1917 10,148 213100 . 3881 59 1943 15.152 318200 23006
27 1936 10. 396 218300 L4030 60 1916 15.203 319300 . 3955
28 1962 10.428 219000 L4178 61 1807 15,288 321000 9104
29 1951 10.630 223200 L4328 62 1906 16,578 348100 9254
30 1959 10,726 225200 L4478 63 1905 16.870 354300 L9403
31 1939 11.133 233800 L4627 64 1932 17.228 361800 L9552
32 1938 11.428 240000 4776 65 1942 20,528 431100 L9701
33 1940 11.701 245700 492 66 1941 23,298 439200 .93851
(*) n = 6.
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The rechargerfrom irrigation is made up of seepage from irrigated
jands, from reservoirs, and from ditches. The amount of recharge from
surface drainage and from irrigation losses has not been previously esti-
mated. Information in the files of the U. S. Geological Survey based on

the studies in areas with similar soil conditions indicates that the re-

plenishment is about 20 percent of the total amount of irrigation water
applied. An average loss of 10 percent is assumed between the farm-
headgate and the field. The total amounts of water used for irrigation
during 1967 and 1968 were 388,000 and 339,000 acre~feet, respectively. We
thus get estimates of recharge of 116,000 and 102,000 acre-feet during

1967 and 1968, respectively.

leakage

Leakage from one aquifer to the other in the coupled leaky~aquifer
system of the Roswell basin is a function of both time and space. The
direction of leakage is determined bv the difference in the hydraulic
heads of the two aquifers, the direction of leakage being from the aquifer
with higher head to the aquifer with lower head. Leakage is directly
proportional to the product of the difference in the heads of the two main
aquiferé and the leakance of the aquitard in a given area.

The amount of leakage can be determined by:
Q = K'AAh/b’ N

where Q is the volumetric rate of leakage through a vertical column of

the Shallow Confined Aquifer with a basal area A. Ah is the difference
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petween the average heads of the two main 2quifers in that area A. X'/b'
ig the leakance or leakage coefficient or the ratio of the hydraulic con-
ductivity (K') of the aquitard to its thickness (b') in the area umnder
consideration.

Equation (7) was used to calculate leakage for January of the six
years for which water table and potentiometric surface maps were con-
structed, The Jsnuary leakage, as well as the leakage coefficients used
to calculate leakage, are shown in Table VII., The leakage was positive
in all cases. This is because normally the average January elevation of
the potentiometric surface in the Principal Confined Aquifer is higher
than the average January elevation of the water table in the Shallow
Aquifer. However, this is not necessarily true during the pumping season,

and the direction of leakage can then be reversed.

Natural Discharge

The natural discharge from the coupled leaky aquifers and the Pecos
River system of the Roswell basin can be divided into three components:
(1) base flow, (2) flow from springs, and {3) consumptive use by phreato-
phytes. All components are discussed below.
(1) Base flow

The Pecos River gains water as it flows through the Roswell basin,
as is apparent from the record of gaging stations at Acme and at Artesia
(see Tables VIII and IX). The former is located just north of the basin
whereas the latter is located in the southern part of the basin,

The base flow into the Pecos River between Acme and Artesia is

estimated from the analysis of hydrographs (obtained by plotting daily




TABLE VII

ROSWELL BASIN, N. M., LEAKAGE FROM PRINCIPAL CONFINED AQUIFER
TO SHALLOW AQUIFER DURING JANUARY OF DIFFERENT YEARS
(THOUSANDS OF ACRE-FEET)

——

Leakance
Area acre-ft/mo 1926 1244 1954 1964 1969
Roswell
Townships 10, 11 4.5 x 1073 10.7  12.4 8.8 5.2 5.6
Dexter
Twps. 12, 13, 14 2.5 x 107" 1.1 1.2 1.2 0.8 1.3
Artesia ’ )
Twps. 15 and 16 9.0 x 107% 2.0 2.6 1.1 0.6 1.8
Lakewood
Twps. 17, 18, 19, 20 3.9 x 1074 3.0 3.2 1.5 0.2 1.0
Total 16.8  19.4 12.6 6.8 9,7
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1.8
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1.0
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4.5

18.5

8.0
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[@a)
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3.9
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33.7
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3.9

4.5

1950
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1.3
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1951
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17.8 33.5

14.9
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3.0
2.9
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6.1
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14.4
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1953

3.2 1.8

1.5
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14.0

0

16.0

19.0

.9

69.6 13.2

2.0

O
1281

1.8 1.6 1.2

1955

85.9

2.4

1.7
12.8

33.9

14,56

4.4
4,5
65.6

.6

1.0 1.3

1956

85.9
225.1

2.8
6.0

14.4 29.3

4.0
24,6

.3

2.4

1957

5.5

7.7 31.6 33.6 5.0
2.0
5.9

28.2
99.0

25.2

19,90

1958

99.5
218.1

1.7
7.6

2.2 1.5 15.5 4.5 31.3
18.1 16.2

L4

1959

25.1

2.9

12,7

23.2

5.1

1.3

1560

121.2
108.7
118.2

21.6 1.8 2.6 3.9 2.7
17.9

38.7

4,8

~T
~r

0

7.6
1.9

1961
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1.1

.9
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25.9
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27.1 1.8 7.1
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24.8
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1.8

2.6

]

76.2

.5

2.1

28.1

5.0

.5 118.6

1.0

16.3 33.2 6.2

30.8

.1
.5

1966

83.7

2.7

23.9

1.7
9.5

4.0

6.1

£9.2

1967

76.2

.7

.8

3.4

.9

6.0

24,3

1968
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Febh.
15.0
21.9

Jan.
27.0
28.8
22.9

1906
1507
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O
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12.0
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3.9
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stream flows versus day of the year on semi-log paper) at Artesia minus
those at Acme with a suitable time lag. The estimated monthly base
flows and yearly totals since 1919 are shown in Table II .

The base flow has been decreasing steadily since the development of
the Shallow Aquifer in 1938, except during 1941 to 1944 when it increased
pecause of heavy rains. The average yearly base flow for the period 1919-
1968 is 51,000 acre-feet. The rate of base flow is least during the
pumping season and increases during the winter months. The monthly
averages show that during July and January the Pecos River receives the
gmallest average amount (2,300 acre-feet) and the highest average amount
(6,600 acre-feet), respectively.

(2) Spring flow

Before the development of the basin there were a few artesian
springs in the northern part of the basin near Roswell and the Major John~
son Springs, which still flow, at the southern tip of the basin. Besides
these, there reportedly were scme springs in the lower reaches of Penasco
and Felix creeks. ' The information on the springs has been gathered by
the U. S, Geological Survey (Welder, personal commumication, 1968) and is
described here.

a) Berrendo Springs. Berrendo Springs originally flowed 65 cfs

(47,060 acre=ft/yr) from three springs. Each was estimated to have an
equal flow of about 21?7 cfs (15,790 acre~ft/yr) in 1900.

(1) North Berrendo Spring. (NE%, SW%, SE%, Section 5, T. 10 S.,
R. 24 E.) The flow of North Berrendo Spring decreased to 5 cfs (3,620

acre-ft/yr) by 1926 and stopped by 1932.
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(ii) Middle Berrendo Spring. (SW%, SW%, NEY%, Sec. 17, T. 10 S.,
R. 24 E.) The flow of Middle Berrendo Spring decreased to only 3 cfs
(2,172 acre-ft/yr) by 1926 and ceased by 1932.

{(iii) South Berrendo Spring. SW%, SWy, NEL, See. 17, T. 10 S.,
R. 24 E.) South Berrendo Spring stopped flowing by 1926.

"~ b) North Spring. (NWY%, SEX%, NE%, Sec. 36, T. 10 S., R. 23 E.) North

Spring was originally flowing at the rate of 85 cfs (61,540 acre-ft/yr)

and the flow decreased to 77 cfs (55,748 acre-ft/yr) in 1901 and eventually
stopped flowing by 1926.

¢) South Spring. (SE%, SE%, NEY%, Sec. 22, T. 11 S., R. 24 E.) South

Spring had an original flow of 60 cfs (43,440 acre-ft/yr) which diminished
to 28 cfs (20,272 acre-ft/yr) in 1902 and stopped flowing by 1904.

d) Major Johnson Springs. (NE}%, NEX%, NWw%, Sec. 21, T. 20 S., R. 25 E.)

Major Johnson Springs have been studied by Theis [1938] and Reeder [1963].
They discharged 40 cfs (28,960 acre-ft/yr) until 1938, when the discharge

started to diminish. The rate of flow in 1964 was 10 cfs (7,240 acre~ft/yr).

(3) Consumptive use by saltcedars

Saltcedars were first observed in the basin near Lake McMillan in
1914, 1In the beginning they were welcome because they helped cut down
the transport of sediments into the lake, Starting with about 500 acres
in 1915, in the Middle basin of the Pecos River, the area covered by ]
saltcedar increased to 15,000 acres by 1939,v25,000 acres by 1946, and
40,000 acres by 1957 [Thompson, 1959]. |

Saltcedars are located mainly along the Pecos River channel and
they consume mostiy the shallow groundwater, The amounts of water consumed

by phreatophytes in the Roswell basin during 1966, 1967, and 1968 are
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estimated to be 121,000, 132,000, and 107,000 acre-feet, respectively.
The amount of water consumed during 1968 has decreased from the pre-
ceding two years because of the eradication program of the Bureau of
Reclamation, which started in 1967. Yearly estimates of consumptive use
by saltcedars were made using the data on saltcedar acreages provided by
the Bureau of Reclamation [Smith, personal communication, 1969}, and are
shown in Table X .

The estimates of saltcedar acreages given in Table X are lower
than the estimates of the National Planning Board [1942] and of Thompson
[1959]. Therefore, it is believed here that the estimates of saltcedar
consumption in Table X are low. The discrepancy is believed to be

higher for the earlier years.

Pumpage from the Aquifers

Ground water is withdrawn in the basin mainly from the two priacipal
aquifers, namely, the Shallow Aquifer and the Principal Confined Aquifer.
Less than 10 percent of the groundwater pumped in the basin comes from the
aquitard, also called in this report the Shallow Confined Aquifer.

A tszbulation of total number of wells tapping various aquifers and
the amounts of water withdrawn from 1900 through 1968 are presented in
Tables XI and XII, respectivelv, The rates of discharge for 748 wells
were obtained from the well schedules which are available in the office
of the State Engineer at Roswell., TablesXIII and XIV and Figures 13 and
14 were prepared from this information as well as from information about

the metered pumpage for individual wells, also provided by the same office.



TABLE X

YEARLY ESTIMATES OF CONSUMPTIVE USE OF WATER BY SALTCEDARS
IN THE ROSWELL BASIN®

Saltcedar Area (acres) Consumptive Use (acre-feet)
Year Gross K= 1.0 Per Acre Total
1937 9,100 7,400 3.86 28,500
1938 10,600 8,400 . 4,03 34,000
1939 11,800 9,400 4.00 . 37,400
1940 12,800 10,2060 3.83 39,100
1541 13,800 11,100 1.46 16,200
1942 14,700 11,900 3.63 43,100
1943 15,600 12,700 4.18 53,100
1044 16,500 13,500 3. 80 51,200
1945 17,300 14,300 4.51 64,300
1946 18,400 15,300 4.12 63,200
1947 19,000 15,800 4,49 70,200
1948 19,800 16,600 4.16 68,900
1848 20,600 17,300 3.68 63,700
1950 20,600 17,100 3.91 66,700
1951 22,100 18,800 4.55 85,400
1952 22,800 19,500 4,46 86,900
1953 23,600 20,2090 4,57 92,400
1954 24,300 21,000 4,44 93,100
1855 25,000 21,700 4,34 94,000
1956 25,400 22,400 4,70 105,200
1957 26,400 23,100 4,52 104,200
1958 28,800 25,500 3.64 92,700
1859 27,800 24,500 4.48 109,500
1960 28,400 25,200 3.93 99,000
1961 29,100 25,800 4.43 114,400
1962 29,800 26,500 .13 109,700
1963 30,400 27,200 4.67 127,100
1964 30,400 27,100 4,62 : 125,200
1965 31,700 28,600 4.56 © 130,300
1966 32,400 29,200 4.14 120,700
1967 33,000 29,900 4.42 132,000
1368 33,600 30,500 3.52 107,400

* Estimates are based on information supplied by the Bureau
of Reclamation, Albuguerque.



TABLE XI
AVERAGE DAYS OF USE AND AVERAGE DISCHARGE OF WELLS

TAPPING VARIOUS AQUIFERS IN THE ROSWELL BASIN, NEW MEXICO, 1967

Total Number Wells Average Average dis-—

Aquifer* of Wells Analyzed Davs charge (gpm)
1 814 473 82.6 1080
2 91 46 100.3 627
37 480 229 97,4 556
12 33 23 96.9 847
13 11 7 ‘ 120‘8‘ ' 694
23 125 75 96.0 643
123 5 3 104.5 1007

* Aquifer code numbers 1, 2, and 3 denote Priucipal Confined
Aquifer, Shallow Confined Aquifer, and Shallow Aquifer, re-
spectively, Two or three qigits represent multiple aquifers.,




TABLE XIX

ROSVWELL BASIN ANNUAL PUMPAGE BY AQUIFER%

Shallow Shallow Con-~ Principal Con-
Year Aquifer fined Aquifer fined Aquifer Total
1900~ S
1937 0 14,500 185,500 200,000
1938 93,960 23,300 -185,740 303,000
39 985,920 24,530 195,550 319,000
40 97,990 24,300 193,710 316,000
1941 58,610 14,530 115,860 189,000
42 105,430 26,150 208,420 340,000
43 114,740 28,450 226,810 370,G00
&4 106,670 26,450 210,870 344,000
45 125,900 31,220 _ 248,880 406,000
1946 116,290 28,840 229,880 375,000
47 129,000 31,990 255,010 416,000
48 113,480 31,870 260,650 406,000
49 108,170 30,380 248,450 387,000
50 110,120 30,930 252,950 394,000
1951 133,600 37,520 306,880 473,000
52 124,940 25,090 286,970 447,000
53 129,690 36,420 7,850 464,000
54 131,920 37,050 303,020 , 472,000
55 125,780 35,330 288,900 450,000
1956 138,620 38,940 318,430 £96,000
57 135,280 37,990 316,730 484,000
58 107,030 30,070 245,850 383,000
59 125,750 35,330 288,900 450,000
60 118,510 33,280 272,210 424,000
1961 125,500 35,250 288,260 449,000
62 137,730 36,500 290,760 465,000
63 150,770 39,960 318,280 509,000
64 158,760 42,080 335,160 536,000
65 132,400 35,090 279,510 447,000
1966 115,520 30,620 243,870 390,000
67 116,480 29,280 233,240 373,000
68 97,450 25,830 205,720 329,000
Mean
1938~ 118,680 31,760 256,370 406,610
1968

¥ In acre-feet.



TABLE XIII
DAYS OF USE COF WELLS TAPPING VARIOUS AQUIVERS DURING 1967

IN THE ROSWELL BASIN, REW MEXICO

Number of Wells Analyzed

. Principal Shallow
Days Confined Confined Shallow

Aquifer Aguifer Aquifer
0 te 20 20 4
21 to 40 62 | 5 ’ 26
41 to 60 70 9 36
61 to &0 101 5 36
81 te 100 83 4 36
101 to 120 52 6 28
more than 120 85 17 64

Total 473 46 229




TABLE X1V

DISCHARGE OF WELLS TAPPING VARIOUS AQUITERS IN THE

ROSWELL BASIN, NEW MEXICO,

FROM THE WELL SCHEDULES

Number of VWells Analyzed

Principal Shallew
Discharge Confined Confined Shallow
in gpm Aquifer Aquifer Aquifer
;0 to 200 7 3 i7
201 to 400 25 8 69
401 to 600 45 13 53
601 to 800 57 13 43
801 to 1000 77 5 23
1001 to 1200 80 2 11
1201 to 1400 62 2 9
1401 to 1600 34 1
1601 to 1800 38 2
1801 to 2000 26 1
more than 2000 22
Total 473 46 229
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The total annual pumpage is distributed according to sources and
periods as shown in Table XV . These percentages are based on the

history of the development of the basin [Welder, personal communication,

1968].
' TABLE XV
PERCENTAGE DISTRIBUTION OF TOTAIL ANNUAI, PUMPAGE
ACCORDING TO SOURCE
SOURCE
Period Principal Confined Shallow Confined Shallow
Aquifer Aquifer Aquifer
1900-37 92.75 7.25 -
193847 61.30 7.69 31.01 |
1948-61 64.20 . 7.85 27.95
1962~68 62.53 7.85 29,62

The yearly amounts of pumpage by source based on Table Xy are
shown in Table XI1. The pumpage estimates have been derived by Mower
[1958] and Welder [personal communication, 1968]. Table XII is based
on the information in these sources as well as on metered pumpage for ;
the years 1967 and 1968 provided by the Office of the Stzte Engineer

in Roswell,

Use of Groundwater

Before large-scale development of the basin, groundwater in the

Roswell basin was used mainly from domestic and stock wells. However,
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the groundwater was not extensively exploited until large-scale irri-
gation was begun in the beginning of this century.

During 1967 and 1268, only 4.3 percent and 4.6 percent, respectively,
of the total groundwater pumped was used for municipal, commercial, and
industrial purposes. More than 95 percent of the groundwater is utilized

for farming.

Irrigated Acreage

The Roswell basin is located in Chaves County and in the northern
part of Eddy County. Alfalfa and cotton are the major crops of the
basin, followed by sorghum. Some small grains and commercial vegetables,
etc. are also grown. During 1968, alfalfa, cotton, and sorghum accounted
for 95.4 percent of the total acreage in Chaves County. Tables XVI and
XVIL show yearly acreages of irrigated crops in Chaves and Eddy Counties,
N;w Mexico. These tables are based on estimates made Ey the U. S.

Department of Agriculture and New Mexico Department of Agriculture.

Consumptive Irrigation Requirement by Crops

By "consumptive irrigation requirement' is meant here the amount

of water required for consumptive use by a crop per unit area minus

effective precipitation in that area during the period of time under
consideration. Effective precipitation is that part of total precipi-
tation which enters the soil and becomes available for plant use.
Consumptive use is defined by Blaney and Hanson [1965] as, "the
unit amount of water used on a given area in transpiration, building

of plant tissue, and evaporated from adjacent water surface, snow, or



TABLE XVI

ACREACES OF IRRIGATED CROPS IN CHAVES COUNTY, NEW MEXICO®

Year Alfalfa Cotton Sorghum Small Grains Total
1923 16,500 10,100 1,700 7,100 35,400
1924 14,900 17,000 1,400 5,500 38,900
1925 14,200 19,200 1,300 5,400 40,100
1926 15,300 18,000 1,300 7,500 42,100
1927 15,600 16,800 1,400 7,200 41,000
1928 13,800 20,800 1,700 5,600 41,900
1929 13,300 21,500 2,000 5,500 42,400
1937 15,000 38,000 13,000 10,000 76,000
1938 22,700 22,000 24,600 7,300 76,600
1939 19,000 23,000 18,500 12,100 72,700
1940 24,200 24,500 22,000 6,400 77,100
1941 24,000 24,300 28,300 7,500 84,100
1942 23,000 26,500 23,400 7,800 80,700
1943 26,000 26,600 29, 300 7,900 89, 800
1944 29,500 27,700 24,000 9,900 91,200
1245 30,000 33,000 21,000 8,200 92,200
1946 30,000 33,000 23,000 10,600 86,700
1947 24,500 46,400 18,500 8,000 97,400
1948 24,000 52,300 16,000 4,000 96, 300
1949 24,000 55,000 23,000 2,500 104,500
1950 35,000 35,900 21,000 12,000 103,900
1951 32,000 58,000 15,000 4,000 109,000
1952 35,000 51,000 15,000 5,500 106,500
1953 35,000 59,160 12,000 6,000 112,100
1954 35,000 38,700 25,000 13,000 111,700
1955 35,000 32,300 25,000 16,000 108,300
1956 35,000 32,200 25,000 16,000 108,200
1957 35,000 31,600 27,000 17,200 110, 809
1958 35,000 32,800 © 27,000 18,000 112,800
1959 27,600 32,400 5,600 9,300 75,000
1960 30,500 40,500 6,000 18,100 95,100
1961 34,000 35,000 9,100 19,200 97,300
1962 31,700 35,200 9,500 20,000 98,400
1963 33,200 31,400 11,500 19,000 95,100
1964 35,800 31,400 11,000 16,800 96,600
19365 41,000 30,800 8,000 9,000 88,800
1966 41,600 24,700 10,000 9,800 86,100
1967 38,400 22,200 9,000 8,600 78,200
1968 41,400 26,500 8,300 3,600 79,900

* Compiled from records of the N. M. Dept. of Agriculture,
Roswell Chamber of Commerce, and the report by Mower (1960).

T



TABLE XVII

ACREAGES OF IRRIGATED CROPS IN EDDY COUNTY, NEW MEXICO"

Year Alfalfa Cotton Sorghum Small Grains™ Total
1859 23,800 29,500 2,700 7,200 63,200
1960 25,000 32,100 2,860 8,500 68,400
1961 27,500 30,300 2,300 8,200 68,300
1962 27,000 29,900 2,200 7,800 66,900
1963 28,500 26,900 2,200 7,800 65,400
1964 26,400 24,400 1,000 1,900 53,700
1965 32,000 25,600 1,700 3,000 62,300
1966 31,700 20,860 1,700 4,100 58,200
1967 31,700 19,200 0 1,000 52,200
19686 35,000 22,500 1,300 1,000 60,200

L
* Compiled from records of the Hew Mexico Department of

Ag

riculture.



intercepted precipitation in any specified time. Consumptive use may be
expresSEd in volume per unit area such as acre-inches or acre-feet per
acre, or simply in depth such as in inches or millimeters or feet."

values of monthly consumptive use were calculated by the Blaney-
criddle method (1962) from 1905 to 1968 for the climatological data from
the Roswell and Artesia stations. The Blaney-Criddle formula is ex-

pressed as follows:

u = kf, (8)
where :
u = monthly consumptive use in inches
k = monthly empirical crop consumptive-use coefficient
f = t x p/100 = monthly consumptive-use factor, t is mean monthly

temperature in degrees Fahrenheit, and p is monthly percent
of daytime hours of the year
Estimated values for k are given by Blaney and Hanson [1965].
Monthly effective precipitations for each month were calculated by
using the following polynomial relation between the total monthly pre-

cipitation and the corresponding effective precipitation:
P, = ap + bp? + cp3 + dp* (M

where p = total amount of monthly precipitation; a, b, ¢, and d are
constants where a = 0.94574, b = 0.27926 x 1071, ¢ = - 0.18451 x 107!,
d = 0.10224 x 1072; pe = monthly effective precipitation corresponding
to p.

Relation (9) was derived from data used by the U. é. Bureau of

Reclamation [Blaney and Hanson, 1965] for calculation of pg from p.

61
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A computer program was developed to calculate montly consumptive
irrigation requirements (u - pg) for alfalfa, cotton, sorghum, and small
grains. Monthly irrigation requirements for these four crops in the Ros-
well and Artesia areas for the period 1905 to 1968 are given in Appendix
D, along with other tables of related data,

The irrigated acreages for the years prior to 1959 in Eddy County
are not available and the crop pattern in the part of the basin located
in Eddy County is more closely related to the pattern in Chaves County.
Therefore, yearly consumptive irrigation requirements (CIR) for crops in
the Roswell basin were estimated by multiplying CIR for crops in Chaves

County by:

1,43 = 2 year (1967=68) total zround water pumped in Roswell basin

2 year (1967-68) total ground water pumped in Chaves County

Table XVIII shows yearly CIR values for the Roswell basin. Yearly
irrigation efficiency was obtained by dividing the yearly CIR value by
the total water used for irrigation that vear. The estimated yearly
irrigation efficiencies are also shown in the table., The average of the
irrigation efficiencies from 1943 through 1968 in the Roswell basin is
55 percent, These values may be somewhat off because of errors in
estimating the total irrigation water applied and/or in estimating the

yearly CIR values for the Roswell basin,

Decline of Water Levels

Water~table maps of the Shallow Aquifer were drawn for 1926, 1938,

1944, 1954, 1964, and 1969 on a scale of one inch equals two miles



TABLE XVIII

YEARLY IRRIGATION WATER APPLIED, CONSUMPTIVE IRRIGATION
REQUIREMENT (CIR), AND IRRIGATION EFFICIENCIES,
ROSWELL BASIN, NEW MEXICO

Water Applied” Consumptive Requirement®

Efficiency

Chaves Roswell ’

Year  Groundwater Total County Basin Percentage
1943 370.0 3840 152.0 217.4 56.6
1944 344.,0 358.0 139.1 198.9 57.8
1945 406 .0 420.0 177.1 253.2 60.2
1946 375.0 389.0 149.4 213.6 54,9
1947 416.0 5£30.0 178.0 254.6 59,2
1948 406 .0 420.0 176.5 252.4 60.1
1949 387.0 401.0 144 .6 206.8 51.6
1950 394.0 408.0 136.7 195.5 47.9
1951 478.0 492.0 234,5 335.3 68.2
1952 447.0 461.0 212.1 303.4 65.8
1953 464.0 478.0 230.6 326.7 69.0
1954 472.0 486.0 185.8 280.0 57.6
1855 450.0 464.0 182.9 261.5 56.4
1956 496 .0 510.0 222.7 318.5 62.5
1957 484.0 498.0 178.3 255.0 51.2
1958 383.0 397.0 154.2 220.6 . 55.6
1959 450.0 464.0 142.1 203.2 43,8
1960 424 .0 438.0 138.3 - 197.8 45,2
1961 449 .0 463.0 172.7 247.0 53.3
1962 465.0 479.0 143.0 204.4 42.7
1963 509.0 523.0 184.7 264.,1 50.5
1964 5356.0 550.0 184.1 263.3 47.9
1965 447.0 461.0 191.4 273.7 59.4
1966 390.0 404,0 165.5 236.7 58.6
1967 373.0 387.0 144.1 206.1 53.3
1968 329.0 343.0 114.8 164.2° 47.9
Average  425.3 435.6 168.2 240.6 55,2

* In thousands of acre-feet.
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potentiometric-surface maps of the Principal Confined Aquifer were drawn
for 1926, 1944, 1954, 1964, and 1969 on the same scale as the water-table
maps. All the above maps are based on,meaéurements made during January
of each year,

Since 1938 the water table has been lowered conspicuously in three
areas, forming cones of depression. They are, one near Artesia, one near
Hagerman, and one just north of Dexter. The decline is more than 100
feet in gsome places,

The decline in the potentiometric surface is also significant. It
has been lowered as much as 100 feet at some places in the Roswell basin.
The decline in the potentiometric surface is not concentrated in the form
of significant cones of depression because the transmissivity of the
Principal Confined Aquifer is very high (v 200,000 ft?/day in the Roswell
area) compared to the transmissivity of the Shallow Aquifer (v 13,000
ftZ/day in the Roawell area). More than 40 percent of the pumpage from
the Principal Confined Aquifer is concentrated in the Roswell area.

Fiz. 15 shows the average hydrograph for four recorder wells in the Prin-

cipal Confined Aquifer.

Average elevations of the water table in the Shallow Aquifer and
average elevations of the potentiometric surface in the Principal Con=-
fined Aquifer were estimated from the above~menticned maps for differ-
ent years and are shown in Table XIX. The average elevation of the land
surface in the same area is estimated to be about 3465 feet above mean

sea level,
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TABLE XIX

ESTIMATED AVERAGE JANUARY ELEVATIONS OF WATER TABLE
AND POTERTIOMETRIC SURFACE IN TEE TWO AQUITERS
OF THE ROSWELL BASIN, NEW MEXICO *

Year
1926 1944 1954 1964 1969
Aquifer
Shallow 3407 3407 3384 3374 3367
Principal
Confined 3451 3461 34,7 3397 3403

* Feet above mean sea level,

The average water table declined 40 feet in twenty~five vears from
1944 to 1969, The average potentiometric surface sank 64 feet in twenty
years, from 1944 to 1964, and then rose gix feet in five years, from
1964 to 1969, This rise is attributed to an increase in precipitation
and a decrease in groundwater pumpage during the last two years.

The interpretation of changes in water levels or changes in po-
tentiometric surface in a coupled leaky aquifer system is complex,
Pumping from one aquifer induces drawdown in the other, The amount of
induced drawdown in a given time depends on the rate of discharge, on
the hydraulic characteristics of both aquifers, and on the hydraulic

characteristics of the aquitard which separates the two aquifers,
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Water Budgets

In this section, a review is made of the analysis of water budgets
of the Roswell basin. The water budgets were estimated for four consecu-
tive periods: 1926 through 1943; 1944 through 1953; 1954 through 1963;
and 1964 through 1968. The water budgets were estimated using the
hydrologic equations for the two aquifers which are simply water—inventory

equations.

Hydrologic Equations
The hydrologic equation for the Principal Confined Aquifer for any

period can be written as follows:

R+ AS) - P, =L+F (103

where R is recharge, AS, is change in storage during the period,

P, is pumpage from this aquifer, L is leakage between the Principal Con-

fined Aquifer and the Shallow Aquifer, and F is the groundwater filow to
the east beyond the boundary of the basin; it is considered negligible
compared to the other terms.

The hydrologic equation for the Shallow Aquifer can be written as:

R, + Rg + L+ 45, - P, =D (11)

%

where Rp is recharge from local precipitation, Rf is replenishment from

return flow, AS; is change in storage in the aquifer, Pp is pumpage
from this aquifer, and D is the total natural discharge from this aquifer

and includes the groundwater inflow to the Pecos River and the con-

sumptive use of groundwater by saltcedars and other natural vegetation.
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Change in Aquifer Storage

The water table and potentiometric surface maps were drawn for
January of 1926, 1944, 1954, 1964, and 1969, The change in storage in
the Shallow Aquifer was calculated from these maps. On all water table
maps, elevations were interpolated at the section corners. The storage
change was determined from map to map as follows, The elevation dif-
ference at each section corner was multiplied by the associated area,
the products were added algebraically and multiplied by the average
ultimate specific yield (estimated at 20 percent).

The change in storage in the confined part of the Principal Con-
fined Aquifer is negligible because of very low storativity. The change
in storage in the intake area of this agquifer was calculated by multi-
plying the weighted average change in the water levels in the intake-
area wells by the area of the intake area, and then multiplying by the

average storativity of the intake area.

Leakage

Leakage between the Principal Confined Aquifer and the Shallow
Aquifer was estimated by applying Eq., (16G)., By this method, leakage
could only be determined for those periods for which all the quantities
in Eq. (10}, except L, were known. Leakages were estimated for the
four periods as shown in Table XX. These values are net leakages
during these four periods, and the yearly rates determined from them are
not necessarily the actual rates of leakage,

The January leakage has always been positive as shown in Table VII.
The net leakages calculated with Egq. (10) have been negative since 1954,

This is because the potentiometric surface during pumping seasons can be
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jowered much more than the water table and the direction of leakage is

Principal Con-

Shallow

fined Aquifer

Aquifer

TABLE XX

ESTIMATED WATER BUDGETS FOR DIFFERENT PERIODS IN THE ROSWELL BASIN

IN THOUSANDS OF ACRE-FEET

1926 - 1943 1944 - 1953 1954 ~ 1963 1964 - 1968
Total Per year Total Per year Total Per year Total Per vear
Recharge 4,972.0 276.2 2,108.0 210.8 1,988.0 198.8 905.0 181.C
Change in storage in
the intake area ~240.0? -13.3? 725.0 72.5 938.0 93.8 405.0 81.C
Pumpage ~3,360.0 -186.6 -2,758.7 -275.9 -3,105.0 ~310.5 -1,343.0 -268.¢
Leakage 1,372.0 76.2 74.3 7.4 -179.0 -17.9 -33.0 -6.€
Recharge from local
precipitation 634.1 35.2 262.0 26.2 252.6 25.3 125.0 25.(
*Replenishment from )
return flow 1,560.6 86.7 1,359.6 136.0 1,468.0 146.8 633.5 126.7
Total replenishment 3,566.7 198.2 1,695.9 169.6 .'1,541.6 154.2 725.5 145.1
Change in storage 533.0 29.6 1,205.0 '120.5 1,355.0 135.5 652.0 130.¢
\
Pumpage -1,150.3 -63.9 -1,358.0 -135.8 -1,477.0 -147.7 -696.0 -139.:Z
Natural diséharge 2,949.4 163.9 1,542.9 154.3 1,419.6 142.0 681.5 136.4
Base flow 1,279.9 71.1 491.8 49.2 386.8 38.7 124.6 24 ¢
Surface water® 808.8 80.9 587.7 58.8 176.1 35.2

*

Difference in yearly discharges of the Pecos

River at Acme and at Artesia plus surface-water diversions.
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jowered much more than the water table and the direction of leakage is
then reversed. The difference between vearly highs and yearly lows, as
ghown by hydrographs, has been gradually increasing because of the
gradual increase of the yearly pumpage.

In conclusion, the leakage has been upward (éositive) during January
and probably during some other winter months too, and downward (negative)
during the pumping season. The downward components of leakage during
pumping seasons since 1954 have probably been higher, on the average,
than the upward components during the winter seasons, which explains why
the net leakage has been negative for the periods considered since 1934,
It is, however, possible that the leakage may have been positive during

some years since 1954,

Natural Discharge
Natural discharges for the four periods were estimated using Egs,
(10) and (11) and are shown in Table XX. The change in storage in the
intake area for the period 1926 through 1943 1s not known, Moreover, the
estimates for pumpages from both aguifers for this period are not re-
liable, Therefore, the estimated natural discharge for the period 1926
through 1943 is uncertain. Natural discharge was slightly higher during
the 1944 through 1953 period than during the subsequent two periods,
There could be séme error in the estimation of any of the quanti-
ties in Table XX, especially as regards changes in aquifer storage.
This is especially true for the Shallow Aquifer because of lack of con-

trol in the western part of all the water table maps.
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Discussion

Figure 16 summarizes the components of the hydrologic cycle of the
Roswell basin. The upper portion shows yearly recharge, pumpage,
leakage, and net gain or loss in storage in the Principal Confined
Aquifer, From 1926 through 1943, pumpage exceeded recharge during one
year only (1935). From 1944 through 1968, pumpage exceeded recharge
during all the years except during 1944, 1950, and 1968. The net
yeérly leakage was upward till 1953, and reversed its direction in the
subsequent two periods,

The cumulative change in storage in the Principal Confined
Aquifer is also shown, The storage has been gradually decreasing since
1941 because of overdraft and in 1967 it reached its lowest value in
history. In 1967, metering of water wells and limited pumpage went
into effect as the result of a court decree fixing duty of water at
15 acre-feet per acre per 5 vears. Tor this reason, and also because
of higher precipitation, storage increased slightly during 1963,

Total replenishment to the Shallow Aquifer is shown in the bottom
part of Figure 16, The pumpage from the Shallow Aquifer has always been
less than the total replenishment except during 1963 and 1964, However,
the difference between pumpage and total replenishment has been less
than 10,000 acre-feet during 8 years, not including 1963-64. A gradual
increase in pumpage hés led to a progressive decrease in the groundwater
inflow to the Pecos River from the basin., This decrease in the inflow
is also partly due to a gradual increase in saltcedar acreage. Salt-

cedars thrive on groundwater and, in addition, consume surface water.



Thouscnds of acre-feet

1926 1930 1935 1940 1245 1950 1955 1260 1965

| AR L L L L L D L L T A e D T e A A D e 2 S

PRINCIPAL CONFINED AQUIFER

500

T

400

¢«——rTotal recharge

N A N
AN i AR A

A \ / . . Pumpage \\ \\ NN
| v \ . \> \ \ g\ \\ \\\ \\\

ANV VAN AAVARAMNR R (A

\ —_——] \y \ YN
oo N \ Y NRVA \m\\ !
Leokage to Shallow Aquifef(positive) W\\\-\d’/ \\\\_ 4

-200

Net gain or igss Negative leukoge

500

-500 Cumuiative—chonge—in-storg

w0

SHALLOW AQUIFER

300
Rechorge from precipitation /Tofol replenishment
)

200 AN _../R IS . ‘\ \v‘*\i I gt !

100

R _;‘:\\ Yo Replerishment f‘rorﬁ return T’tdw
quifer W\ -\ \'\\ltv\—\A\\\\ \ \\ \ \ \

AV

Leokage |from Principal Confined Agui S A . N \ v
o] T A el =
v
3
el
i
&
@
150 /\
/\\ A / \ ——Surface water

=Tk

e \__/\/\/ /’/ \\/\ / N

50 i /K<
Groundwater inflow 1o Pecod River — | %-
: 4 1 it I Ll 1 L ] i 1 1 1 L
o 1 1 ' i L 1 1 L 1 1 1 2 . 1 I 1 1 1 1
1926 1930 1935 ' 1940 1945 1950 1955- 1960 1965

FIGURE 18

ESTIMATED TRENDS INVINFLOWS, OUTFLOWS, AND CHANGE IN
AQUIFER STORAGE, ROSWELL BASIN, NEW MEXICO

500

400

3C0

200

100

-iCQ0

-1500

-2000

300

200

100




73

This situation has been aggravated by droughts. The precipitation at
Roswell has been below average since 1950, except during four years.
consequently, the amount of Pecos River water available in the basin has

gradually decreased,

Saline Water Encroachment

The San Andres Limestone grades into salt beds in the northeastern-
most part of the basin and beyond the basin boundary in that direction.
In this part of the basin, the grcundwater in the San Andres Limestone
has always been saline. Since the development of the basin, the saline
water has been moving from the northeast toward the southwest, or to-
ward Roswell, in the Principal Confined Aquifer,

The chloride content of the water in the area varies from about 40
ppm to 40,000 ppm, Figures 17, 18, and 19, prepared by the office of
the State Engineer, show isochlors and chloride content of selected
wells tapping the Principal Confined Aquifer, The location of isochlors
changes with the time of vear. They are more southwest, toward the
pumping centers, during the pumping season than during the shutoff
period, Hood [1963], Hood et al. [1950], Spiegel [1967], and Havenor
[1968] have discussed in detail the saline-water encroachment in the

Roswelil basin,

Summary

The Roswell basin in southeastern New Mexico is part of the Pecos

River basin., It comprises two coupled leaky aquifers and a surface
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FIGURE 17

ISOCHLORS IN THE PRINCIPAL CONFINED AQUIFER NEAR ROSWELL,
MARCH-APRIL 1967, NEW MEXICO
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water system. Groundwater occurs in unconfined as well as confined
states in the basin, Groundwater is unconfined in the Shallow Aquifer
and in the intake area of the Principal Confined Aquifer. It is con-
fined in the valley part of the Principal Confined Aquifer and, in spite
of the overdraft, there are still some wells in the northern half of

the basin near the Pecos River which flow during winter months.

The recharge to the Principal Confined Aquifer is from precipitation
in the western part of the basin and averages about 240,000 acre-feet per
year. The replenishment to the Shallow Aquifer is from: (1) Gain or
joss due to leakage between the Principal Confined Aquifer and the
Shallow Aquifer, (2) irrigation returns and losses from the surface
drainage svstem, and (3) deep percolation from local precipitation.

Most of the pumpage from the Principal Confined Aquifer is in the
northern half of the basin, whereas the pumpage from the Shallow Aquifer
is minimal in the northern part near Roswell.

Water levels and potentiometric surface have been declining every-
where since the development of the basin,

The base flow to the Pecos River from the Shallow Aquifer has been
decreasing continuously since the large-scale development of the aquifer
started in 1938. This is true except for a few years when, as a conse-
quence of heavy rains in 1941, the aquifer almost recovered to its
initial state.

Loss of water by saltcedars in the basin is still very large,
amounting to 107,000 acre-feet in 1968, The loss has decreased from
133,000 acre-feet during 1967 because of the eradication program of the

U, S. Bureau of Reclamation.
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feet per year. The replenishment to the Shallow Aquifer is from: (1)
Galn or loss due to legkage between the Principal Confined Aquifer and
the Shallow Aquifer, (2) irrigation returns and losses from the surface
drainage system, and (3) deep percolation from local precipitation.

Most of the pumpage from the Principal Confined Aquifer is in the
northern half of the basin, whereas the pumpage from the Shallow Aquifer
is minimal in the northern part near Roswell.

Water levels and potentiometric surface have been declining every-
where since the development of the basin.

The base flow to the Pecos River from the Shallow Aquifer has been
decreasing continuously since the large-scale development of the aquifer
started in 1938, This is true except for a few years when, as a conse-
quence of heavy rains in 1941, the aquifer almost recovered to its
initial state,

Loss of water by saltcedars in the basin is still vefy large,
amounting to 107,000 acre-feet in 1968. The loss has decreased from
133,000 acre-feet during 1967 because of the eradication program of
"the U. S. Bureau of Reclamation.

Saline-water encroachment is still continuing but it appears that
the withdrawal of saline water from the Principal Confined Aquifer just
east of Roswell, by a saline water conversion plant, might retard the

encroachment.
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III. DYNAMIC PROGRAMMING APPROACH TO THE PROBLEM

Introduction

Many of the systems and processes in use today are large and
complex. Most of the present-day water-resource systems fall into this
category. The best way to analyze sﬁch systems is to épproach them
systematically. The Harvard Water Resources Grouwp developed such an
approach [Mass, et al., 1962] to the methodologies of design and de-
velopment of water-resource systems. They applied their studies to the
Indus Plain, which has one of the largest irrigation systems in the
world [White House Report, 1964]. We are concerned in this report only
with the optimal operation of existing water-resource systems, which is
only one of the aspects of a complete system design. By optimal oper-
ation, it is meant to improve the operation of the system with optimum,
or 'the best', as a goal. Methods of achieving optima come under the
theory of optimizationm.

1t seems appropriate to quote Wilde and Beightler [1967] here:
"Although many phases of optimization theory have been known to mathe-~
maticians for centuries, the tedious and voluminous computations re-
quired prevented their practical application. The development of rapid,
inexpensive, automatic computers in the middle twentieth century has
not only made these older methods attractive, but also encouraged much
new research on optimization.'

An important group of optimization methods comes under the mathe-
matical-programming techniques., The term ‘programming"here should not

be confused with 'setting up programs' for a digital computer.
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Mathematical programming is defined by Sipple [1966] as the technique of
finding an optimum value of a function of many wvariables when these
variables are subject to restrictions in the form of equations or in-
equalities. The term is usually restricted to problems so complex that
they require a digital computer for their solution.

According to the way a particular technique optimizes a problem, the
optimization techniques can be classified in two categories, namely,
simultanecous and partial optimization [Meier and Beightler, 1968]., 1In
simultaneous optimization techniques, of which linear programming and
ponlinear programming are examples, all decision variables are directed
toward their optimum values simultaneously using some form of iterative
technique. In partial optimization, of which dynamic programming is an
example, the problem is decomposed into simpler subproblems analyzed
sequentially by partially optimizing single variables or groups of
variables while the effects of interactions among them are maintained.

Linear programming is suitable for problems with linear objective
functions and linear constraints, whereas nonlinear programming is for
problems with nonlinear objective functions and/or nonlinear con-
straints and is much more complex., TFor details, the reader is referred
to Hadley [1962, 1964]. An application of nonlinear programming for
the evaluation of aquifer parameters is given in the preceding chapter.

In problems that involve discrete input data, or tabular, or dis-
continuous objective functions, multistage optimization (dynamic pro-
gramming) is often the only satisfactory method for optimization,

Problems of this type are fairly common in water-resource systems,
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The main limitation of the usefulness of dynamic programming is the
dimensionality of a problem, i,e,, the number of independent state
variables involved in the problem, At the present, a two-dimensional,
or even a three~dimensional problem can be handled on a medium to a
large size computer, depending upon the speed and storage capacity of
the computer as well as the size of the problem. However, there are
methods to overcome the problem of dimensionality to a limited extent
[see Bellman, 1957, and 1962],

A brief‘dexaription of dynamic programming and some of the terms

associated with it are presented in the next section,

Dynamic Programming

A process in which a single decision is to be made is called a
single-stage process and the one which involves a sequence of de-
cisions is known as a multistage decision process, Dvnamic programming
is a strategy for solving optimization problems involving multistage
decision processes. Some problems can be formulated into such a
process by the introduction of an artificial element of time. Richard
E. Bellman coined this term and is responsible for developing the
theory of dynamic programming. IHe is also the author of several books
on it {Bellman, 1957, 1961, 1962; Bellman and Kalaba, 1965], The origi-
nal principle on which Bellman based his principle of optimality was
formulated by Massé [1946].

Perhaps the earliest application of dynamic programming to water-
resource studies was by Little [1955]. Bear et al, [1964] has given a

survey of literature related to optimization of water-resource systems.
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Before the problem is formally stated, some of the terminology

applied in dynamic programming are described below.

State

A state of a process is a description of one of the conditions or
situations in which the process may exist, A set of all possible
states in which the process might exist constitutes a state space aund
the set of variables defining this state of the process are called the

gtate variables.

Decision
A decision represents one of the choiceg available when the

process is in a particular state, A decision set for a particular

state is the set of all possible choices that might be made when the

process is in that state.

Policy

An operating policy or policy is an ordered collection of decisions
containing one decision for each state in the state space. A policy
which satisfies all the constraints on the system is known as an ad-
nissible policy and an admissible policy which maximizes the objective

function for a system is called optimal peolicv.

-

Transformation
Each stage of a process transforms the state of its input into an
output state dependent on the decision that is made for the operation

of that stage,
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Constraints
In general, both the state and decision variables are limited by
constraints, Typical constraints are physical, technical, budgetary,

political, and legal. Generally they have the form of inequalities and/

or equalities,

Objective Function
In an optimization problem there must be some criterion according to
which the problem is to be optimized. This is usually called criterion

function, return function, or objective function, - Generally the objective

is to maximize the net benefits or to minimize the costs. It is a scalar
function (or functional} of decision and sometimes also of state variables
(of functions of these variables), Tor a discussion about an objective

function, see Maas, et al. [1962] and Parker and Crutchfield {1568]. The

maximized return for a given state is called optimal net return for that

StatEl

Principal of Optimality

The first step in solving a mathematical model is to simplify it
and/or to make certain changes or transformations so that it is easier
to solve in the new form. In contrast to simplifications, these changes
preserve the properties of the model completely but the model in the
transformed form is easier to optimize., Such a transformation is accom-
plished for multistage-decision problems by the dynamic programming
approach, A problem with N decisions can be transformed into N subprob-
lems, each containing only one decision variable., This is accomplished

through the application of Bellman's principle of optimality [Bellman,1957]:




An optimal policy has the property that whatever the
initial state and initial decision are, the remaining
decisions must censtitute an optimal policy with regard
to the state resulting from the first decision.
"It is really saying that if you don't do the best you can with

what you happen to have got, you'll never do the best you might have

done with what you should have had" [Rutherford, 19264].

Statement of the Problem

A schematic representation of two coupled leaky aquifers and an
interrelated surface-water system is shown in Figure 20, The combined
system includes a shallow unconfined aquifer and a deeper confined
aquifer. The two aquifers are separated by a semiconfining layer which
permits leakage from one aquifer to the other. The direction of leakage
is locally toward the aquifer with lower head, The surface-water system
is tied to the unconfined aquifer through base flow, which can be nega-
tive, i.e.,, the aquifer can gain water from the river,

The system is assumed to be used only for irrigation of land, Only
four crops are assumed grown: alfalfa, cotton, sorghum, and small
grains (e.g., barley). Areas of specific crops to be irrigated from
each of the three sources (12 areas in 2ll) are assumed known,

The Shallow Aquifer and the Confined Aquifer receive probabilistic
recharges from precipitation. Besides leakage, which is assumed positiv
if it is from the Confined Aquifer to the Unconfined Aquifer, the latter
gains water also in the form of return flows from irrigation and loses
(or can gain) water in the form of natural discharge to the river, The

river loses water through evaporation and the river and Shallow Aquifer

lose water through consumptive waste use by saltcedars.
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The system is operated by pumping water from both aquifers and by
diverting surface water for irrigation. The amounts of water to be
withdrawn from both aquifers and the surface water to be used, in one
period, are treated as decision variables., All the decision variables
have four components each, one for each of the crops. The purpose of
the study is to find an optimal operating policy so that the value added

to the basin is maximized over a long period of time,

Dvnamic Programming Formulation

The follewing notations are used for the mathematical formulation
of the problem:

1, 2, 3 = subscripts referring to the Surface Water System,
Shallow, and Confined Aquifers, respectively.

Qins Qps O3y = volume of water diverted or pumped during ;be nth

period from the end of the planning horizon.

Vis Vy, V3 = amount of water in storage at the beginning of a

1 "2°»

period.

Tiis rzj, Ty = probabilistic recharges to the Surface Water System
to the Shallow Aquifer and to the Confined Aquifer during the nth period
from the end of the planning horizon.

P1g:P2js Pap = probabilities for Tygs Togs and Ty, respectively.

E, = natural losses from the surface-water system during the nth
period from the end of the planning horizon.

Dy = natural discharge from the Shallow Aquifer during the nth

period from the end of the planning horizom.
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Ly = amount of leakage during the nth period from the end of the
planning horizon, assumed positive when to the Shallow Aquifer.

u = discount rate to reduce future benefits to present values.,

Bn(Qins QUns Qns Vis Vos V3) = net value added to the basin during
the nth period from the end of the planning horizon, obtained from the
use of an, Q2n’ and Q3n amounts of water when the storages were Vl’ Vz,

and Vg, respectively, in the Surface Water System, the Shallow Aquifer,

and the Confined Aquifer,

fn(Vl, Vo V,) = the expected value added to the basin from the
n-stage process following an optimal policy starting with Vl’ Vz’ and V3
as the amounts of water in the three components of the systemn.

For the optimization of a system, an appropriate objective function
must be defined. Strictly speaking, the objective function of a system
like the one under investigation is a function of, (1) physical
characteristics and limitations of the system, and (2) the operating
policy for the svstem,

The category (1), physical characteristics and limitation of the
system, implies the physical dimensions of the three components (the
three sources of water) of the system (i.e.,, the maximum capacities,
range of pumping lifts, etc,) and the extent of the twelve areas to be
irrigated from each of the three components of the system, B is a re-
sponse surface and a function of the variables mentioned in (1) and (2),
The maximum of B is to be obtained in the multidimensional space of the
variables of which it is a function. : 5

In order to obtain the maximum, we approach the problem through

dynamic programming. We treat the areas which are to be irrigated as
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parameters of the system. The physical dimensions of the system are
evaluated from hydrologic analysis, We find the optimum operating
policy by operating the system for a finite number of stages.

Two distinct stages of optimization are involved, one is the opti-
mization of the system as a function of time, i.e., to find an optimum
operating policy for a finite number of stages n, In order to perform
optimization of the system as a function of time, one has to optimize the
system in space first, The results of optimization in space are incorpo-
rated in the dvnamic model so that we have total optimization within the

constraints of the system, The dynamic model is formulated first,

Formulation as a Function of Time

In order to analyze the problem of two coupled leaky aquifers and
a surface-water system, a set S and a set P are defined such that all
admissible states and all admissible decisions are contained in S and P
respectively; i.e., (V;, Vy, V3) € S and (Q;, Q,, Q) € P,

Set fO(Vl, v V3) = 0 and consider the operation of the system

2!

for one stage; one obtains the optimal one-stage return as follows:

max

£1(Vys Vay V3) = {B,(Q;,Q2,Q3,V1,V2,V3) } (12)

(ngstQ3)€P

The state of the system is transformed by the transformation T,

where T = T(Q;,Q,Q3,T;s¥2sC3,0,E,L).
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Employing the principle of optimality, using the expected value
criterion and discounting the returns to current value, the functional
equation of dynamic programming [Beliman, 1957] for the system can be

written as:

max
Fa(Vy Yy Vg) = \ (B0 (01 Q0 s Qan s ¥y 5 V20 V)
(QunsQnsQanie?
op W
-1
4+ (L) jfn“l(vl-rr1 ~Ep D=0y 05 Vptiy - e (Q) iy ptQsy)

0 O anm € D T

+ L =Dy Vatrg =l Q/n/hi(rl)hz(rz)hg(rg)drldrzdrg} (13)

Where hl(rl),'hz(rg} and h3(r3) ave probability densgity functions
for Tys Yo, and g, respecitively, and ¢ is & constant for calcu lation of
deep percolation from izrigation retuins

The above functicnal equation for an n-stage process can be inter-
preted as the maximization, with respect to water withdrewals during
stage n, of immediate net value added during stage n plus the present
value of future net value added during the (n-1) stages, following an
optimal policy during the remaining {(n~1) stages.

In order to solve Ba. (13), all the variables are made discreate

and the equation takes the following form:

max
fn(V”VZ,V?)) & {Bn(an:anﬁansvl svgsvg)
(Oln9 lans? )EP
L M N

j=1 §o1 kel

Vytrys e (Qy hQy 40y I =D =Q, 0, Yty -1y QY (14)
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where
L M N

and T Tyo Xogs

System with probabilities pll' plZ’ Pygs o o o Py Toys Toos Togs o o oy

s ¥ 2 s e rlL are stochastic recharges to the Surface Water

o are stochastic recharges to the Shallow Aquifer with probabilities
i

Py Poos Pogs « « o3 Doy’ and r31’ Tags T3gs ¢ o oy rqy are stochastic
recharges to the Confined Aquifer with probabilities p3i, p32, p33,

« o0 respectively,
’ P3N s P Yy

It is assumed that the decision variables and the states are non-
negative and that the decision variables cannot exceed the amounts of

storage in the respective components of the system, i,e.,
0 = Q v, , j=1, 2, 3. _ (16)

The discretization of the problem reduces it to a finite Markovian
decision process [Howard, 1960]. The probabilities in Eq, {13) can be
expressed in the form of a transition probability matrix, where the
multidimensional matrix will define the probabilities of going from one

state to the next,

Formulation as a Function of Space

In this section we are concerned with the optimal allocation of a

given amount of water from one of the three sources to the variocus crops

that are to be grown on given areas. This problem is an example of optimi-

Z2ation in space,




This problem is approached in the same manner as the previous
problem, which was about optimization over time., An artificial ele-
ment of time is intreduced and the stages of the previous section are
now replaced by the four crops and the problem is formulated as a
functional equation of dynamic programming and solved through se-
quential analysis.

For the formulation of this problem, some additional symbols are
described below:

54 = the initiai state of the system, defined by the total amount
of water in storage in the system component under consideration and the
total amount to be withdrawn from that component for allocation to dif-
ferent crops. The system has three components, namely, the Surface-
Water System, the Shallow Aquifer, and the Confined Aquifer,

Qijk = the amount of water allocated to the ktR activity and is a
fraction of the total amount of water Qi to be used from the 10 come
ponent of the system during one period,

Gk(Qisting) = net value added to the basin resulting from the use
of an amount Qx of water for the kth activity with Q; as the total
amount of water to be withdrawn from one of the three components of the
system, when storage in that component is V,,

83 = the state resulting from the transformation of state Sj., The
transformation is due t; allocation of an amount Qix of water to the
kth activity,

Using the principle of optimality, as in the previous section, we

derive the functional equation for the optimal allocation of water from

one of the components of the system to various crops:

92
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ax
£ (81) = " {6k Q45 Q157,) + £ (8303 Loan
QirePy
whereée
s, = (Q4,Vp) (18)
Sj = (Qi = Qs Vg - Qik) {19)
Py = the set containing all the admissible decisions. There are

three such sets, one for each of the components of the system.

fO(Si) = 0, (20)

There are three equations like (17), one for each of the three com=-
ponents of the system. Each equation can have a different state set, a
different decision set, and a different set of Gy's.

The results obtained from the solution of (17) are incorporated

into the dynamic model to obtain overall optimization,

Discussion

Two types of maximization problems are formulated in the foregoing
part of this chapter. One is the maximization of net value added due
to the operation of the coupled leaky aquifer-surface water system over
a long period of time. The second one, which is incorporated in the
first one, is the maximization of net value added due to allocation of
a given amount of water from one of the components of the system to
various activities with independent objective functions.,

If the system is to be operated for n stages (for the Roswell

basin a stage is of one year duration), there will be 3n decisions to

be performed simultaneously for a system consisting of three components,




By the approach adopted in this report, the problem was reduced to a
sequence of n different problems with only three decisions to be made
in each problem, This approach of sequential decision making has sim-
plified the original problem tremendously. Bellman {1957, 1962] has
discussed the advantages from an analytic as well as from a compu=
tational point of view, Tor the problem of optimization in space, the
same approach is adopted,

The main disadvantage of the dynamic programming approach is the
limitation of dimension., To illustrate this, for a system with only one
state variable and ten possible states, the maximization will be per-
formed only 10 times, Tor a system with two state variables, each having

ten possible states, the computational burden will increase 10 times, i.e

the maximization will be carried out 10% times. For a three-state variable,

163, and so on, At present, most of the large size computers can only
handle probleme with three state variables or, at the most, four
dimensional problems of limited size.

The formulation of the problem of finding the optimal operating
policy for the system into a dynamic-programming model is an example of

stochastic dynamic programming (Eq,.13) because the transformation is not

completely known and the resultant outcome of the transformation is in

the form of a probability distribution, The second problem of optimi-

¥

zation, in space, is an example of deterministic dvnamic programming

(Eq. 17), because the outcome of the transformation is uniquely deter-
mined by a decision.
For the stochastic dynamic model, the expected value criterion was

used, It is implied that if the system is operating for infinitely many
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stages, the system will vield the maximum average returns, In actual
praCtiCe the computations are carried out only to a finite number of
stages. This is a valid procedure because for n large the effect of all
those stages which are far off in the future is negligible on the current
decisions. Bellman [1957) and Howard [1960] have shown that when the ob-
jective function is invariant over the stages, the decisions converge
rapidly to a steady state, Usually convergence is obtained in 7 to 15
stages. For the Roswell basin the objective function was assumed in-

variant over the stages and a rapid convergence was obtained,
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IV, SOLUTION OF THE MODEL

Introduction

The model developed in the last chapter is applied to the Roswell
basin. The model is given by Egs, 14, 15, and 17 of the previous chapter.
No general analytical solutions of these equations are available. One has
to solve them on digital computers.for specific cases.

Models are usually simplified so that they can be handled on com-
puters, However, oversimplification may lead us away from the real situ-
ation, The solution of the problem for the Roswell basin was obtained on
an IBM System 360 Model 44 computer, The inputs to the model, results,

and limitations are discussed in this chapter,

Inputs to the Models

There are two main types of inputs to the model; economic, and

hydrologic. The crop pattern used in the model is given under the

heading of other inputs,

The Economic Inputs

Benefit Functions

The net returns per acre were derived for different crops for the
Roswell basin by Dregne, Garnett, and Lansford [1967]. The values added
per acre to the basin were computed from the mnet returns to land and
management by D'Arge [personal communication, 1968]. The benefit

functions for all the crops are nonlinear. Second degree polynomials
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were fitted through the values added as a function of the amount of

water pumped per acre of land and are as follows:
vy = - 443,89 + 181,86 - 12,26x? (21)

where va is the value added for alfalfa in dollars per acre and X is

the amount of water pumped for irrigation of one acre of land.
Ve = = 90,91 + 242,54y - 32.32y? (22)

where Ve is the value added for cotton in dollars per acre and Z.is the
amount of water pumped for irrigation of one acre of land, The pumping
costs were then added because originally in calculating net returns they
were assumed constant and were deducted. TFor the purpose of our analysis,

we want the pumping cost to vary as a function of pumping lifts,

fumping Costs

The cost for pumping a unit amount of water depends on the depth to
water in wells and varies in general from well to well and from aquifer
to aquifer in the basin.

The fuel costs for 31 different wells in the basin were collected.
Only at four of the wells was natural gas used; the rest were equipped
with electric motors. TFrom this information and the information about
the total amount of water pumped by each well during 1967, fuel costs per
acre~foot of water were calculated, Dividing by weighted average 1lift,
costs per acre-foot per foot of lift were calculated, and these are sum-

marized in Table XXI. An amount of $0.002 per acre-foot per foot of 1lift
was added for maintenance, repairs, lubrication, and labor. These costs

are fairly close to those obtained by Long [1965] for the Roswell basin,




TABLE XXT

PUMPIKG COSTIS PER ACRE~FCOT PER FOOT OF LIFT IN DOLLARS, 1967

Averace Yuel Cost

Weigchted

Aquifer | Average Cost™
Electricity Natural Gas™"
Shallow 0.038 - 0.0355
Principal . .
Confined 0.0303 0.0170 0.0283

* s . ; . . X
Includes maintenance, repair, lubrication, and labor

costs.

E3 3

Using the same ratio for the Shallow Aquifer.



99

The Hydrologic Inputs

Storage-Depth Relations ‘

The relations of average depth to water to the amount of water in
storage in the Shallow Aquifer and in the Principal Confined Aquifer
were assumed linear on a yearly basis, It is implied that the pumpage
from the aquifers is reasonably unifoiymly distributed,

The relation of average depth to the amount of water in storage in
the Shallow Aquifer was estimated from the average east-west cross
section of the basin and on the average elevations of the water table
calculated from the water—~table maps. A maximum permissible average
depth of pumping of 145 feet and an average minimum depth of pumping‘of
45 feet were assumed to preclude water logging and other drainage prob-

lems. An average storativity of 0.15 was used for the Shallow Aquifer,

The relation is as follows:

D = 145 - 2,50 V, | (23)

where
D = the average January depth to the water table in feet,
V, = the volume of water in storage in the permissible depth

range in the Shallow Aquifer in millions of acre-feet.

A similar relationship was obtained for the Principal Confined
Aquifer, The storativity in the confined part of this aquifer is
negligible compared to the storativity in the intake area. The January
average water levels in the intake-area wells were correlated with the
January average piezometric surface as recorded by the U. S5, Geological
Survey recorders in the confined part of the aquifer, The following

relation was derived:
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h = 150 -~ 27,273 V, (24)
where
h = average January lift in the Principal Confined Aquifer in feet,
v, = the amount of water in storage in the permissible depth range

in the Principal Confined Aquifer in millions of acre~feet.

A maximum average lift of 150 feet was allowed and average stora-
tivity of 0,03 was assumed in thé intake area. The maximum storage
capacities of the Shallow Aquifer and the Principal Confined Aquifer
were estimated within the permissible depth ranges to be 4,0 and 5.5

million acre~feet respectively.

Drawdowns at the Wells

Previous authors [Buras, 1963; Burt, 1964] did not deduct the
additional pumping costs associated with the self-drawdewns of pumping
wells from the benefit function. As a well pumps water, the amount of
1lift increases somevwhat in proportion to the amount of water pumped from
the well., Drawdowns at shallow and deep wells were calculated as
functions of discharges from the wells, from the average values of B,
the formation-loss coefficient and of C, the well-loss coefficient,
For the Shallow Aquifer logarithmic average values for B and C are
8,37 ft/efs and 2,98 ft/(cfs)?, respectively, The logarithmic average
values of B and C for the Principal Confined Aquifer are 3.41 ft/cfs
and 2,20 ft/(cfs)?, respectivel&. These values were obtained as de-
scribed in Chapter II and were adjusted to take into consideration the
pumping time in an average irrigation cycle, average days of use of

wells, and the number of wells tapping the two aquifers.
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The relation for self-drawdown is
s = BQ + CQ? , (25)

Pumping costs due to additional lifts at the wells were also subtracted
from the value added, in addition to the costs associated with the lifts

calculated from the storage-depth relations.

Leakage

lated as described in Chapter 1L, The leakage was calculated as a
function not only of difference of average heads in the two aquifers, but
also the area of the semi-confining bed, through which leakage takes

place, was incorporated as a variable.

Recharge to the Aquifers

The rates of recharge fo the Shallow Aquifer and to the Principal
Confined Aquifer were calculated as described in Chapter II and tabu-
lated in increasing order in Tables I, VI, The probabilities were

calculated by Kimball's method [1946]

plry) = - (26)

The amount of leakage through the semi-confining layer was calcu—~
|

ntl |
1

1

!

where p(ry) is the probability of recharge of magnitude rp or less and
having a rank m, when the sample size is n. For the numerical solution,
the amounts of recharges and their probabilities are shown in Table XXII

and were used as input to the model.



TABLE XXII

AMOUNTS OF RECHARGE IN ACRE~FEET AND PROBABILITIES,

BASED OM RECORDS FOR 68 YEARS

Principal Cenfined Aquifer

Shallovw Aquifer

Recharge

Probability

Techarge  Probability

150,000
184,000
246,000
291,000

361,000

0.10
0.20
0.40
0.20

0.10

20,260 0. 30
35,000 0.40
49,600 0,30
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Natural Discharge-

scre-feet per year for the natural discharge from the Shallow Aquifer

was used, which includes base flow as well as other natural losses,

Other Inputs
An interest rate of 5 percent was used to discount the future bene-
fits to present values. The crop pattern assumed for the model is shown

For the numerical solution of the model a total value of 130,000
in Table XXIII and is based on the yearly records of crops grown in the

basin.
TABLE XXIII
CROP PATTERN FOR THE DYNAMIC PROGRAMMING MODEL*

Alfalfa 18 30 48
Cotton 14 22 36
Sorghum 4 8 12
Small grains 6 12 i8

Total 42 72 114

Crop Shallow Aquifer Principal Confined Aquifer Total
* In thousands of acres,
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Solution of the Model

It was mentioned earlier that the surface water used for irrigation
is less than 4 percent of the total amount used for irrigation in the
basin. Therefore surface water was not included in the dynamic program=-
ming model as an independent state and the model became simplified from
a three~dimensional to a two-dimensional model, This entails considerable
saving of computer time, The error introduced is very small, It was
assumed that the amount of surface water used will continue to be the
same as at the present time,

It was further agsumed that 3,25 acre-feet and 2,25 acre-feet of
water per acre of land is pumped for irrigating sorghum and small grains,
respectively, These amounts give the maximum gross value added of
104,80 and 66,15 dollars per acre for sorghum and for small grains, re-
spectively, and these were added to the benefit function., This was deone
to save computer time and the error introduced because of this siméli—
fication is small because the irrigated acreage of sorghum and small
grains is small compared to that of the two main crops, alfalfa and cotton,

Flow charts for the numerical solution of the dynamic programming
functional equation are given in several publications, such as Bellman

[1962] and Nemhauser [1966].

Results

The optimal operating policy for the Shallow Aquifer and the

Principal Confined Aquifer are shown in Figures 21 and 22, respectively.
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These policies are based on the physical and hydrological characterigtics
of the system as described in the preceding sections. The benefit
function was assumed invariant with respect to time, and the solution

converged to the optimal policies on the 8th stage.

Interpretation of Results

For the purpose of interpreting the results obtained, one has to
keep in mind that the policies derived are optimal within the estimated
physical limitations, the assumptions made in the analysis, and the
validity of the objective function,

In order to interpret the optimal operating policies shown in
Figures 21 and 22, one has to understand the economic factors affecting
the optimal operating policies [Burt, 1964]. The two economic factors
which tend to increase the operating policy for an aquifer are the dis-
count factor, which tends to reduce the influence of future benefits and
thus increases the influence of current benefits, and the increase in
marginal returns at low levels of water use per period. The two
economic factors which reduce the optimal operating policy are the de-
crease in marginal returns when the policy is already high and the in-
crease in expected pumping costs associated with the remainder of the
planning horizon, In addition to the above four factors, there is a
strong factor which influences the operating policy of a coupled leaky
aquifer system, This factor is the mutual interaction of the aquifers.
The amount of leakage from one aquifer to the other makes the optimal
operation of one aquifer strongly dependent on the storage in the other

aquifer in addition to the storage in itself, The fipal optimal
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operating rule is a function of all the five factors and is, as a matter
of fact, the resultant of all these appropriately weighted positive and
negative factors. This makes the interpretatioﬁ of the optimal policy
fairly difficult,

The results of the computer solution are shown as isoquants depicting
the optimal operating policies for the Principal Confined Aquifer and for
the Shallow Aquifer, in Figs. 22 and 21, respectively. A line of zero
leakage 1s also drawn. The leakage is positive (from the Principal Con—
fined to the Shallow Aquifer) to the right of this line, and lezkage is
negative to the left of the line,

The optimal operating policy for the Principal Confined Aguifer is

strongly influenced by the interaquifer leakage. This is shown, in general,

by the alignment of highs and lows on the opposite sides of the zero-
leakage line, The two highs can be interpreted as indicating that the
optimal policy is to pump more water from the Principal Confined Aquifer
at these states because the aquifer is gaining water through leakage.
Similarly, lows indicate that the pumpage should be less because the
aquifer is losing water., The low appearing in Fig. 22, when the storage
in the shallow aquifer is about 3.25 million acre-feet, is probably be-
cause of other factors affecting the optimal operating policy.

Referring to Fig, 21, the optimal operating policy for the Shallow
Aquifer is uniform for all storages in the aquifers except when storage
is very low in the Shallow Aquifer and except near the zero-leakage line,
The optimal operating policy appears to be strongly influenced by mutual
leakage of the aquifers. This is manifested by a broad low which trends

parallel to the zero-leakage line. Corresponding to the two highs to the
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1eft of the zero-leakage line in Fig, 22, there are two lows in Fig. 21
This is because the Shallow Aquifer is losing water through leakage at
those storages.

In general, the results obtained agree closely with those expected
intuitively, i.e., the optimal operating policy fer an aquifer is high
when the storage in the aquifer is high. It is never higher than the
amount at which the marginal value of the net output ceases to be
positive. The sum of the operating policies for both aquifers at given
storage values also follows this relationship, and furthermore the in-
fluence of leakage is not obvious as in the case of individual aquifers,

The operating policies shown in TFigs. 21 and 22 arerthe amoungs of
water to be pumped for irrigating alfalfa and cotton only. 1In addition,
26,500 and 53,000 acre-~feet of water must be pumped from the Shallow
Aquifer and the Principal Confined Aquifer, respectively. Thegse amounts
are for growing sorghum and small grains. The acreages of these two

crops are shown in Table XXII,

Procedure for Use of Results

The average depths to water level and potentiometric surface in the
Shallow Aquifer and in the Principal Confined Aquifer, respectively, are

first calculated from the January maps for the year for which optimal

pumpages are required, Using the depth-storage relations given in Chapter

1V, storage in each aquifer is calculated for the year under consideration.

Knowing the storage in the two aquifers, optimal amounts of groundwater to
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be pumped in that'year from the two aquifers are read from Figs, 21 and
22, respectively, This pumpage is for growing alfalfa and cotton onlyj
the acreages of these crops are listed in Table XXIII. To these
pumpages nmust be added the amounts of groundwater needed to grow sorghum

and small grains,

Limitation of Results

The optimal operating policies derived in this report are based on
the hydrologic, economic, and other inputs to the model, Reliability
of the results depends upon the validity of the various assumptions
explicitly stated or implied in the formulation and in solution of the
model,

The hydrologic inputs that may introduce errors are the storage-
depth relations. These relations imply maximum and minimum permissible
depths of pumping, average hydraulic parameters of the aquifers, and the
areal extent of aquifers. Optimal policies are strongly influenced by
the objective function which in turn is made up of values added for
different crops for different amounts of water applied, and the pumping
costs., The discount rate also influences the optimal policies. The
error of discretization, which is introduced when the model is simpli-
fied from a continuous to a discrete form, can be further reduced by
making the storage and pumpage intervals smaller and by increasing the
number or recharges and associated probabilities used as. input to the
model, In conclusion, the optimal policies derived are optimal with
respect to the limitations and constraints imposed on the model rather

than in an absolute sense,
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Application of Results

The average depths to the water table in the Shallow Aquifer, and to
the potentiometric surface in the Principal Confined Aquifer were esti~
mated from Table ¥IX for January 1969, Using these values for average
depths and the storage~depth relations (Eqs. 23 and 24), the storages in
the Shallow Aquifer and the Principal Confined Aquifer were estimated at
1.9 miilion acre-feet and 3.2 million acre-feet, respectively. These
storages correspond to optimal operating policieé of 265,000 acre-~feet
and of 170,000 acre-feet, respectively, for the year 1969, To these,
amounts of water to be used for growing sorghum and small grains must be
added, The total groundwater optimal pumpage comes to about 470,000
acre-feet for 1969, This figure is higher than the actual pumpages for
the years 1967 and 1968, but it is lower than the pumpages during 1963
and 1964,

The above optimal pumpage is based on the hydrologic, the econeomic,
and other inputs to the model, discussed previouslﬁ. Any changes in the
crop pattern given in Table XXIII will change the total optimal pumpage
from the two aquifers. The values added for alfalfa and for cotton used
as input to the model give maximum outputs at 7.33 and 3.75 acre-feet of
irrigation water pumped per acre, respectively. The current practice
in the Roswell basin is to pump about 5 or 6 acre-feet of water per acre
of alfalfa. Stochastic recharges from precipitation to the Principal
Confined Aquifer and to the Shallow Aquifer used as imputs to the model

correspond to mean recharges of 245,000 and 35,000 acre~feet per year,

respectively,



V. CONCLUSION AND RECOMMENDATIONS

Conclusion

The composite problem of two coupled leaky aquifers and a surface-

gater system was investigated in this report from the point of view of ‘
optimal utilization of the combined systém over a long perlod of time,

In order to derive sensible solutions, one has to analyze the system

hydrologically and determine all the hydrologic factors that influence

the system.

|
The problem was approaéhed through dvnamic programming, a sequen-
tial decision-making technique. An interconnected dynamic programming

model was formulated, one part for the optimization of the system as a

functidn of time, and the other part for the optimization of the system

in space, The part which optimizes as a function of time is a stochastic

dynamic programming model as the recharge to both the aguifers is sto-

chastic. As a consequence, the resultant outcome of a decision is not

uniquely known but is in the form of a probability distribution. The

other part is a deterministic dynamic programming model. The model was

applied to a complex overdrawn basin in a semiarid irrigated area of New

Mexico, namely, the Roswell Basin,

Before the model could be applied to the Roswell basin, the basin

The basin comprises two coupled leaky aquifers and a surface-water system,
The model was simplified before application to the Roswell basin., The
three~dimensional dynamic programming model, which optimizes over time,
was simplified to a tondimensional model by not incorporating the sur-
face-water system as an independent state variable. This seems to be a

I
was analvzed to determine the hydrologic and other inputs Lo the model,
fairly valid simplification because the surface water used in the Roswell

G .
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basin is less than 4 percent of the total amount of water used for irrigation

in the basin. Only two crops, alfalfa and cotton, which comprise about 80

percent of the total irrigated acreage in the basin were considered ex-
plicitly in the model, There is no conceptual difficulty involved in in-
cluding more than two crops or more than two states in the model, It simply
increases the computer time and requires more computer storage.

The optimal operating volicies for the Shallow Aquifer and the Principal
Confined Aquifer were derived from the solution of the above model for the
Roswell basin and afe shown in Figures 21 and 22, The optimal policies
wvere derived while taking into consideration not only the mutual leakage of
the aquifers, stochastic recharge to the aquifers, and natural discharge
from the Shallow Aquifer, but also the physical characteristics of the sys-
tem, the extent of the areas to be irrigated, énd the additional pumping
costs associated with the self-drawdown of wells.

The qptimal operating policies are influenced by the values added to
the basin by different crops as functions of amount of water pumped, by
the pumping costs, by the physical characteristics of the system, by the
amounts of water in storage in the two aquifers, by the discount factor,
and by mutual leakage from one aquifer to the other. Some of these fac-
tors tend to increase while others tend to decrease the optimal operating
policy, Leakage tends to change its effect--that is, to increase or de-
crease the optimal policy-depending on the storages in the aquifers. The
resultant of all these factors determines the final optimal operating de-
cision rule,

The amount of leakage from one aquifer to the other strongly influ-

ences optimal operating policies fer the two aquifers. It is concluded
here that the optimal operating policies derived for a coupled leaky-aquifer
system, without incorporating leakage from one aquifer to the other, will

not be truly optimal, The aquifers have to be utilized conjunctively.
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Recommendations

The first requirement for optimal utilization of any system is the
jdentification of the system, Identification of a system means that
the system is defined, i.,e., a2ll of %ts dimensions are known and all the
components of the system and their characteristies and mutual inter-
actions are explicitly known. Under these conditions one should be
able to predict the response of the system tc any expected stresses on
it.

The following measures, some of which were recommended by Hantush
[1955], would be helpful in optimal management of the water resources of

the Roswell basin:

1, Detailed ceclogical investigations are needed; specifically, the
relation of the geologic structures to the potentiometric surface

in the southern half of the basin needs to be studied.

2. The potentiometric—-surface and water-level maps lack control
in the western, and especially the southwestern, parts of the
basin, Since wells for water-level measurements are not avail-
able in these areas, a suitable number of wells should be

drilled there,

3. Recharge to the Principal Confined Aguifer should be de-
termined periodically by independent hydrogeologic methods.
This calls for a study of the infiltration rates in the intake

area and for a detailed study of the intake area itself,



115

4, Replenishment to the Shallow Aquifer from return flows
should be measured on some typical farms in different parts

of the basin,

5, Hydraulic gradients in the intake area and in the Shallow

Aquifer near the Pecos River should be measured Periodically.

6, Recorders should be installed on selected wells penetrating

the Shallow Aquifer in different parts of the basin,

7. Water table and potentiometric~-surface maps should also be
constructed for periods of low water levels immediately after

the pumping season.

8, Cooperation in plamming and working among all interested
organizations and agencies should be increased. An independent
technical expert should help in guiding, planning and coordi-

nating activities of the various bodies concerned,

9. Digital and/or analog model studies of the basin should be
carried out for the refinement and verification of the hy-

draulic characteristics of the aquifers and aquitard.

10, Estimates of crop yield as a function of water applied
should be made in more detail and verified experimentally.
Data are lacking on crop yield when excessive water is
applied, Optimal withdrawals of water from the aquifers, de-
termined by a model like the one developed in this report,

depend on these relations.
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11. Optimal operating policies for the Roswell basin should be
derived again after a few years when more refined inputs to

the model become available,
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APPENDIX A

DRAWDOWN DISTRIBUTION DUE TO WELL FIELDS
IN COUPLED LEAKY AQUIFER SYSTEMS

Introduction

The drawdown distribution due to several pumping wells in an area
can be more conveniently calculated by assuming that the pumping of the
well field is uniformly distributed over the area. Analytical expressions
for the response to pumping of well fields in single aquifers for a
limited number of cases are given by Hantush [1964]. Analytical ex-
pressions for the formation of ground-water mounds in flow systems due to
uniform percolatiocn cen also be used for predicting the effect of
cperation of well fields by changing the sign of the guantities repre-
éénting recharge rates. Baumann [1952], Bittinger and Trelease [1960],
Glover [1961], and Hantush [1963, 1967], among others, have obtained
solutions for buildup of mounds due to uniform percolation.

This paper is about the prediction of response to simultaneous
pumping of well fields in two coupled leaky aquifers, one confined, and
the other unconfined. Pumping from one or both of the aquifers can be
negative or zero, or one aquifer can be pumped while the other is being

replenished.



Analysis

A schematic representation of well fields in a coupled leaky
aquifer system is shown in Figure A-l.Unless otherwlse stated, the
following assumptions are implied dn the derivatiouns [sée Hantush,
1967]: (1) The aquifers are effectively infinite in areal extent and
are homogeneous, isotropic, and resting on a horizontal impermeable
bed; (2) all the wells arve completely penetrating; (3) the aquifer
parameters remain constant with time and in space; (4) contrasts be-
tween the hydraulic conductivities of the two aquifers and the semi~
pervious layer are so great that the flow is essentially vertical in
this layer and horizontal in the two aquifers; (5) the storativity of
the semipervious laver is negligible; (6) the well fields are operated
at constant rates and the distribution of pumpage from the two aquifers
is uniform over the two concentric circular well field areas of radii
Ry and R,.

Two related cases of the problem are analyzed. In the first case,
the induced drawdown in the upper aquifer, due to the operation of well
fields, is small relative to its saturated thickness. This actually
represents the case when the two aquifers are confined. 1In the second
case the drawdown in the upper aquifer, which is unconfined, is signifi-

..

cant relative to its depth of saturation.
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CASE I, Aquifer System Infinite

The problem is to determine the distribution of drawdowns, within
and outslde the radii of well fields in the coupled leaky aquifer system,
as induced by the operation of one or both of the well fields. 1In
additlon to pumpage, Aquifer 1 receives deep percolation from precipi-
tation and from irrigation returns. The initial head distributions in
the two aguifers can be different, that is, leakage may be taking place
from one aquifer to the other. It is assumed here, in addition to the
assumptions previously stated, that the induced drawdown in the uncon=-
fined aquifer is small relative to its saturated thickness. If both
aquifers are confined, the upper aquifer does not receive deep perco-
lation from precipitation and from irrigation returns.

It can be shown [see Hantush, 1967] that the flow system can be
approximated by the following boundary value problem:

32g 1 3s 1 Q W
Ly 2210 o (sy=s,) + =1 £,(r) -~ 1 £,(x)

ar2 T arr B% T, T,

—%—g(r) —%lzfzm =-vl—1-§:;‘—1- eN
zigz + %-siz +-§% (s1~s,) + %%-g(r) = 5;,2%3 (2)
5,(x,0) =s Sr,O) =0 (3)
8,(=,t) = s,(=,t) =0 (4)



3s,(0,t) /3r = 3s,(0,t)/3r = 0 (5)
in which

s = (hil—hl), and s, = (hiz'hz) . (6)

va = Tn/Sn, BA = Tn/(K'/b'), n=1, 2 : @)

£

where subscripts 1 and 2 correspond to the aquifers 1 and 2 respectively;
T, S, v and h are, respectively, transmissivity, storativity, hydraulic
diffusivity and the hydraulic head; hil and hiz are the initial heads,
and s, and s, are the drawdowns due to the operation of the well fields

in the system; K'/b' is the leakage coefficient or leakance; Q, and Q,

1
denote constant rates of withdrawal per unit area; Wl and W, are the
replenishment rates from irrigation returns from the two well fields and
Wp is recharge from precipitation to Aquifer 1; Ry and R, are radii of the

well fields; R, is the radius of the circular area around the well fields

e
receiving recharge from precipitation; and r is the radial distance from

the center of the well fields to any point in the flow field. The other

symbols are defined below:

f.(x) =1 0 <r <R
! = ( r > Ri (8)
fo(x) =1 0 <r <Ry
2 .
=0 37 r)Re (9)
g(x) = 1 0 <r <R,
-0 r > R (10)



Solution
Applying successively Laplace transform with respect to t and
infinite zero order Hankel transform with respect to r to the boundary

value problem and after simplification one obtains:

Fy(e,p) = {QyRJ(aR;y) = W,RyJT, (aR,) = WyRyJ, (aRy)

v, (pta,v,) 0,V V,R, T4 (aR,)
- WpRaJ, (R} - 1 2V2 4 2 122 271 22 . (1)
T op[(pta)“-B<] aT,Bip[(pta)“-6]
b Q2Rov2(21v1+p) Iy (aR2)
F,(a,p) = + {0,R,J, (aRy)
23%P T,ap[(p+a)? ~ 8%] NRLT R
~ WRyJ (aR)) = WoR,J (aR,) = WpReJ)(aRe)}
N - } ' (12)

Tlang[ (pta)? - B?]

where ?l(a,p) and Ez(a,p) are the zero order Hankel transforms of the
Laplace transforms of the variables s;(r,t) and s,(r,t), respectively;

o and p are the parameters of the respective transformations and

a, = ol + l/B% , a, = ol + l/Bg (13)
a = 0.5(ayv,+a,v,) = O.S[QZ(v1+v2) + v1/B§+u2/B§1 (14)
82 = 0.25[a®(v,-v,) + v,/BI-v,/B21% + v v,/(B{BD) NG L)
(a2-82) = vlvzaz(a2+1/8§+1/B§) (16)



Applying the inverse transforms [Erdelyi, 1954] to (11) and (12),

we obtain:

1V2

s,(x,t) = {(Q-%)IR I (aRy) = W,Rp Ty (aRy) = WhReJ ) (aRe)}

R O Ty [1-e"2%(coshat +
(a%-82) a,v,B

—52132
Eil-'Li-\—)-g—ff—-—-%-—-s:.’m’mSt)]}Jo(mr)da

Qyv1voRy o
TZB% . (a2-8%)

{1-e"8%(coshpt + g.sinhBt)}Jl(aRz)Jo(ar)da (17)

Roviv aay . - aajvi—a+32
QR2v1v2 L {1-e aticoshgt + Bt St S &

inhgt
T, 0(82_82) av,8 sinhst)}

Szcryt) =

. Jl(aRZ)JQ (ar)dcz + {(Ql"wl)RlJl(O‘Rl) - WszJl(C‘LRz) - WpReJl(aRe)}
0

. {__E;%X?_ﬁz_.[l- ~at(coshBt + %—sinhst)]}Jo(ar)da (18)

where JO and J1 are the zero and first order Bessel functions of the

first kind, respectively.
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CASE 11, Aquifer System Infinite.

An Uncenfined Aquifer and a Confined Aquifer

The problem analvzed in this section is essentially the sanme és the
problem of the last section except that in the uppar, unconfined, aquifer
the induced drawvdown is significant relative to its depth of saturation.
All the assumptions applied to the last case are alsc implied here. The
drawdown distribution for the system is given by ﬁqs. 1 through 5 except
that Eqs. 1 and 2, the differential equations governing the flow in the
two aquifers, are now different.

The differential equation governing the flow in an unconfined
aquifer coupled to a confined aquifer can be approximated from continuity

considerations as follows [see Jacob, 1950, and Hantush, 1963]:

2 K' 28 3h, ‘
v2h? - e (h,-h,) = S —=& 19
1wk, () Ky 3t (9

where
32h2 1 31}
-+

v2h? = —~
1 e T or

(20)

or

Y

and 9 and K, are specific yield and hydraulic conductivity of the uncon-
fined aquifer respectively; h, and h, are hydraulic heads in the uncon-
fined and the confined aquifer, respectively. Other symbols were defined
earlier. :

Eq. 19 is nonlinear in h and is difficult to solve. Ey replacing
(h11+h1)/2 with D, a weighted mean depth of the flow profile, one derives

the following differential equations from Eq. 19, for the case when the

upper aguifer is unconfined:



2
3°sy + E;EEJ._ A B 2(91-41)
ar? r 3r B% (2D sg) + K, F](r)
- Ky (x) - ETB'FI(r) = ;I-gzl - (2D
32s 1 3s 1 s Q 1 3s
2 2 1 2 2
. + —_ — +. —— ——— — + —= g = 22
art T oy B% (2D Sz) T, (=) v, 3t (22)
in which
sy = (h};, -h?), and s, = (hy, - h,) (23)
B = K,/2(K"'/b"), ’ v, = K;D/6 . (24)
Solution

The flow problem represented by Egs. 21 and 22 and Egs. 3 through

5 is solved exactly like the previous problem.

2v,v

= 27172 - - -

s,(r,t) = R o{(0_1 WIR,J, (eR)) WszJl(uRz) . waeJl(aRe)}
- —a2452
. aaZ»—-[l—e at(coshBt 4+ EE;X;ME_—E~ sinhgt)1}J (ar)da
(a%-82) a,v,8
ViVvs R o -at

+ W2V1v2 R o {1-e(coshst + é—sinhBt)}Jl(aRz)Jo(ar)da (25)

T,82 O(aZ—BZ) 3



A=10

00
s,(r,t) = | {(Q=W)IR I, (aR)) - WR, T  (aR,) = HyRJ) (aRy)}

Lo

oV Vo
BZK,D(a?-8%)

{1—e-at{cosh8t + %-sinhet)i}JQ(ar)da

‘QyvivsR aa - ~a2432
+ Q2¥1vaR2 ! j Y at(coshBt + EEAXA"E,TS sinhBt)}JR(aRz)Jo(ar)da
T2 (aZ_B;Z) al\’ls
: 0 (26)
Egs. 25 and 26 are quite similar to Eqs. 17 and 18 except that now
vy =Kp/e; B = K\D/(R'/b'); 8] = K /2(K'/bY) (27)
al = 0.2 + 1 (28)

K,D/(X*/b')

Eqs. 15 and 16 are to be re-defined in view of Eqs. 27 and 28; s,

and s, are defined by Eq. 23.
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Special Solutions

The soluticns for special cases can be derived from the solutions

derived for the two cases described previously.

One well field operating. If only one of the well fields is

.

operating, say for example the well field in Aquifer 1, the expressions
for drawdowns in the two aquifers for cases I and II are cobtained by
substituting Q, = 0, in the respective solutions. The fractions of
total drawdowns which are due to pumpage Qé from Aquifer 2 will vanish.
It should be pointed out that the drawdown in the aquifer which is not
being operated is not zero. There will be some induced drawdown because
of pumpage from the other aquifer. This is because the two aquifers are

coupled through the semipervious layer.

Well field in a single aquifer. In the case of a single isolated

aquifer, the drawdown due to the operation of a well field is obtained
by letting 1/B%, 1/B%, and Q, approach zero and by putting vy = vy =V
in the appropriate solutions. For example, from the solution for Case

1I, by making the above substitutions in Eqs. 25 and 26, we get

(-]

s (r,t) = Z {(Q,~WRI (aR) ~ WpReJl(aRe)}.(l-e

—azvt) ig(ar)
K

2

da {29)
o

0

Eq. 27 gives the drawdown due to the operation of a well field of
radius R in an unconfined aquifer of hydraulic conductivity X. The

aquifer receives deep percolation from precipitation and from irrigation
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returns. If, instead of pumping, the aquifer is receiving recharge at

the rate V, Eq. 27 becomes

o0

2V -qr? dr .
h?-hi = g | (-eT7 )3 ()3 Cer) g = (2V/mK)£(a,p) | (30)
0
in which
"V = 7R2W, q = vt/R2, p = r/R,

Eq. 30 is the same as derived by Hantush [1967] for a single

aquifer,

Maximum drawdown. The maximum drawdown due to the operation of well

fields occurs at the center of well fields. The expressions for maxi-
mum drawdowns for the various cases can be derived by putting r = 0 in
the appropriate solution. When r = 0, J3(0) = 1 and so Jylox) is re-

placed with unity in the solutions.

Effect of boundaries. If there are hydraulic boundaries near the well

fields, the solutions can be derived by the method of images [Jacob,

1950; Carslaw and Jaeger, 1959] from the above solutions.
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Well Fields in Closed Circular Aguifers
The coupled aquifers analyzed here are finite and have zero flux
across their circular boundaries. The flow prehlem for both Case I and

Case 11 are then described by Equations 1 through 5, and 21 through 24

except that Equation 4 is replaced with the following boundary condition:
35, (rg,t) /3r = 3s,(ra,t)/3r = 0 {(31)

vhere re is the radius of the aquifer system.

Solution of the Problem

In order to solve the flow problem, the zero-ordered Hankel trans-

form of a function f{r) is modified and defined as

£
HyLE()] = Ve = 2 | reqr) 2000"/Te) o (32)
T'e Jo(an)
0

! ' . s
where n are positive roots of Jg(a) = 0. By expanding a function in a
Fourier-Bessel series, one can show that the inversion formula for the

transformation represented by Eq. 32 is

£(r) = ﬁz V(e ), (apr/ry)

Te p=1 Jg (and (3

where V(ap) is the transform of the function £(r) defined by Eq. 32 and

Jo is the zero-order Bessel function of the first kind.
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Applying 32 to 725 and on integration by parts, one cbtains

R Y | g5 dg  Jylogr/ry) TTe
H, (V28] = Hyl= == (r =] = [r +— « —— 5~
o [V75] ol ar (3l = Ir 37 JoCon)  pep
re - ’
| B o Jplemr/re) i (34)
dr o Joian)
. 0
The first term on the right hand side vanishes if (d8/dr) = 0 or
r=rg
1. d ds. - oy Jolapr/ry) [r=re
H : — 5 - —— e B B
O[r dr (r dr)] s r re Jpfop) =0
Te
. On S [ T
+ ~ SIYC™) [Jolapr/Ty) + z Jg'"(aqr /) ldr (35)
4

Again the first term on the right side vanishes because Jy(ay) = 0 and

using the fact that Jy(apr/re) satisfies the differential equation

113 r 1
Jolapr/re) + EE? Jg(anr/re) + Jylanr/re) = 0 (36)
n

Equation 35 becomes

- 2
Bolp 5p (-1 = = 3 Flew (37

in which F(og) is the integral transform, defined by Eq. 32, of §(r).
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case I, Aquifer System Finite
Applying the Laplace transform and then the Bessel transform,
Eq. 4 replaced by Eq. 31, and simplifying, one obtains
Fy(on,p) = {(Q=WIR,J, (aqR,/re) - W R,J) (apR,/re) - Wpred(ep)}

- V2 vy (ptdyvy) '+ Q, V2 R,J (apR, /Te) v v, (38)

T ondg (en)p [ (p+d)2-82] Tyandg (ag) Bip [ (p+d) 2 -82]

defined by Eq. 32, to the flow problem defined by Eqs. 1 through 7, with

BganTlJO(an)p[(wd) 2-g2] T, 0,30 (o) p [ (p+d) 2 -7 ]

vhere Fy(ap,p) and Fp(an,p) are the Bessel transforms defined by Eq. 32,
of the Laplace transforms of the variables sl(r,t) and sz(r,t) respec-

tively; apn and p are the parameters of respective transiormations and

d, = od/rd + 1/8%, d, = a2/r2 + 1/8% (40)

d=0.5(dv; + dyv,) (41)
2 .

p2 = 0.25[c3(v,-v,) /x2 + v /B3 = v, /B3] + v v,/ (B]BY) o (42)

-f'z(ansp) = {(Ql-tql)RlJl(aan/rE) - wZRle(aRz/re) - WpreJl(an)}
|

where o are positive roots of Jj(a) = O.

Applying the inverse Laplace transform and the inverse Bessel
transform, defined in Eq. 33, to Eqs. 38 and 39, we obtain:
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Zl {€Q=W )Ry T  (agR  /re) = WoR, T (ogR,/re) = Wyred ()
n=

2
r,t) = -—
Sl( s Te

d _ ~ 24,2
»uhg!lggws—-[lme dt(coshut + ddgvp-dTiu® sinhut) 1}
Tlo.n(d =U ) dz\)zu
Jolopr/re) + il_w QRov v, Ty (agR, /1re)
* J%(un) Tep=1 T,B%ap (d%-p?)
- Jala.r/r.)
[1-e dt(coshut + é-sinhut)} 0 n el (43)
s J%( n)
2§
5, (r,t) = = nzl {QQ,"W )R I, (@ Ry /) = WoR, I (agR, /r ) -Worod, (ap) }
Vv,u -
o { 5 1 3 > [1-e dt(coshut + é-sinhut)}}
Bleun(d ~u“) H
. Jolant/re) o T QRpv vpdy Ty (apRy/re)
- dd,v,-d2+n2 J r/r
[1-e dt(coshut PR A sinhut)] ~ﬁjEkL—-ng . (44)
dyvyu J%(un)

Case II, Aquifer System Finite

The flow problem is described by Eqs. 21 through 24 and Egs. 3
through 5, with Eq. 4 replaced by Eq. 31. Approachi&g the problem
exactly like the problem of Case I for the aquifer system finite, we

J%(an) Te =1 Tzan(dz—uz)
obtain:
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<]

2 {4 T -z =
sy(r,t) == LoQe ORI (o ) - WpRpdy {ogRy /1 IWpTed ) (an) )

L4

2 p=l

2V d -d dd,v,=d24y?
{ irfr%ggﬂmag [1-e dt(aoshut + ~—3§2-' s sinhpt) ]}
1%n ~u ‘ Vol

Jolopgr/rs) 2 % QpBovvsJy (aRy /Te)

b + 2 1
* ""J%(ﬂn) Ye .21 izﬁﬁaniagmuz)

JoCanr/re)

7 (o) (45)
0\%n

[lne"dt(cashpt + §-sinhut)]

2
s,(r,t) = 77 ) (@0 IR Ty (o Ry /1) =W,oR, Ty (ayRy /1) Wy T (o) )
n=

ViV,

BZK, Dayy (d%=u?)

~-dt,
{

coshu -+ g-sinhut)]}

(<]

J“(anr/re) + -2_ Z QZVJV?P\)d]J-[(CLnRQ/rQ)
J% (0‘11) e np=}1 Tzan(dz-uz)

—d2u?
4809707 ey - 200 Xe) (46)

[l—e-dt(coshut +
2
dyviu Jo(an)

where d, d,, d, and y are defined by Egs. 40 through 42.

-



Concluding Remarks

The drawdown distribution in sny one member of a coupled leaky
aquifer system is affected by the withdraval of groundvater from either
of the aquifers. The magnitude of the drawdown induced in one of the
aquifers while pumping from another depends on the discharge, and on
the hyd:aulic characteristics of agquifers and aquitards,

Solutions derived for the drawdown distribution due to discharge
from either one or from both well fields in a coupled system of two
aquifers and an aquitard can be numerically evaluated on a digital
computer, It is not practiéal to tabulate the integrals which occur

in the solutions because several parameters are involved.

.LA_ 18
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APPENDIX B

TIME OF TRAVEL FOR AN IMPULSE DUE TO AN INSTANTANEOUS LINE
SOURCE IN LEAKY AND NONLEAKY AQUIFERS

Introduction

The idea of an instantaneous source comes from the theory of heat flow
and it was very successfully used by Thomson (Lord Kelvin) [1833]. When
a finite amount of heat is’instantaneously released in each unit of area
of a plane surface in a body, this surface becomes an instantaneous
source of heat, In this paper we use the idea of an instantaneous source
of water and calculate the time taken by an impulse due to such a source

to propagate through a leaky aquifer and a nonleaky aguifer.

Analysis

Consider a coupled leaky aquifer system comprised of two aquifers
separated by an aquitard. Unless otherwise stated, the following
assumptions are implied in the derivations: (1) The aquifers are effec-
tively infinite in area and are homogeneous, isotropic, and resting on
a horizontal impermeable bed; (2) the aquifer parameters remain constant
with time and in space; (3) contrasts between the hydraulic conduc-
tivities of the two aquifers and the semipervious layer are so great
that the flow is essentially vertical in this laver and horizontal in
the two aquifers; (4) the storativity of the semipervious layer is
negligible; and (5) effects of withdrawal of groundwater from the

aquifers are not considered.
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The geohydrologic diffusion equation governing the flow of ground-

water in an aquifer is (e.g., Hantush, 1964):

3°h  3%h  3%h 1 an
3x2‘+ 3y2 + 322 B ;-g; 1)
where h is the hydraulic head and v is the hydraulic diffusivity and is
equal to T/S, transmissivity over storativity, The solution of the
diffusion equation for an instantaneous point source of heat is given by
Carslaw and Jaeger (1959). They have also derived the solution for an
instantaneous line source by integrating the point sources along a line,

By analogy, the head in an infinite aquifer due to an instantaneous line

source is
2
v a
h & et &xp (— S 2
4Tt p( AT (2)

where a is the distance from the line source, V is the amount of water
released, and t is the time since the release of water, Following the
procedure of Carslaw and Jaeger (1959), it can be shown that the head

due to an instantancous line source in a leaky aquifer is given by

expl-(u + —2) ] (3)

h =
LTt 4B%u

where u = %%E and BZ%:= T/(XK'/b'), B is the leakage factor, (K'/b') is
the leakage coefficient or leakance, and XK' and b' are the hydraulic
conductivity and the thickness of the aquitard, respectively.

The time taken by the head due to an instantaneous line source to

reach its maximum value at a distance a from the line source is



calculated from Eq. (3) by equating to zero the first derivative of the

head with respect to time:

Solving Eq. (4) for t and choosing the positive solution,

B2 a®
t 5 [
2v [ 1 B2 1] (5
The time t for a nonleaky aquifer is derived from Eq. (4) by

letting 1/B approach zero,

t = a2/4v ‘ (6)

Application of Results to the Roswell Basin

The results derived in the last section were applied to the Roswell
basin. Using Eq. (5), travel times of an impulse due to an instan-
taneous line source in the Shallow Aquifer and in the Principal Confined
Aquifer were calculated for different areas of the basin and are shown in
Tables B~1 and B-2, respectively. The hydraulic characteristics of the
two aquifers and of the aquitard for different areas of the basin are
summarized by Hantush [1955].

The travel time in the Shallow Aquifer varies froﬁ 3.2 years to
about 4,5 years for a distance of 6 miles and the time varies from 4,2
years to 7,5 years for a distance of 8 miles, Impulses travel fastest

in the Roswell area and slowest in the Dexter Area. The impulse travels



" TABLE E~1

TIME OF TRAVEL OF AN IMPULSE DUE TO AN INSTANTANEOUS LINE SOURCE

IN THE SHALLOW AQUIFER OF THE ROSWELL BASIN, NEW MEXICO

Area Distance a Leakage Hydraulic *% Time t
(mniles) factor B¥ diffusivity v  Days Years

Roswell 6 9.5 x 103 133.7 x 103 1,180 3,2
| 8 9.5 x 103 133,7 x 103 1,540 4,2

Dexter 6 40,0 x 103 133.7 x 103 1,650 4,5
8 40,0 x 103 133,7 x 108 2,720 7.5

Artesia 6 20.0 x 103 133,7 x 103 1,310 3.6
8 20,0 x 103 133,7 x 103 2,000 5.5

Lakewood 6 36.0 x 103 133,7 x 102 1,610 A4
8 36,0 x 103 133.7 = 103 2,630 7.2

* In feet

*% In ft?/day,



TABLE B-2

TIME OF TRAVEL CF AN IMPULSE DUE TQO AN INSTANTANEOUS LINE
SOURCE IN THE PRINCIPAL CONFINED AQUIFER OF THE
ROSWELL BASIN, NEW MEXICO

A Distance a  Leakage Hydraulic ** Time t in
rea (miles) factor B diffusivity v Days Years
Roswell 6 9,5 1.87 x 1010 0.0060 1.6 x 1077
8 9,5 1.87 x 1010 0,0086 2.4 x 10™°
Dexter 6 40.0 2.01 x 108 1.10 3.0 x 1072
8 40,0 2,01 x 108 1.81 5.0 x 103
Artesia 6 20.0 4,01 x 108 0. 44 1.2 x 1073
8 20,0 4,01 % 108 0.67 1.8 x 1073
Lakewood 6 36.0 8.82 x 10’ 2,44 6.7 x 1073
8 36.0 8.82 x 107 3.98 1.1 x 1072

% In thousands of feet,

*% In £t2/day.



B=6

at a much faster rate in the Principal Confined Aquifer than in the Shallow

Aquifer. The travel time in the Principal Confined Aquifer varies from
about 10 minutes to aboue a dav for a distance of 6 miles.

The travel time in the intake area of the Principal Confined Aquifer
was calculated using Eq, (6), The time varies from about 2 years to 3.7
years for a distance of 6 miles for hydraulic diffusivities of 334,000
and 187,000 ft?per day, respectively, The travel time in the intake area
is of dimportance because it governs the recharge to the Principal Con-

fined Aquifer.

Discussion

The time of travel derived using Eq. (5) or Eq. (6) is the time for
the head due to an instantaneous line source to reach its maximum at a
given distance, Travel times derived for the two aquifers in the Roswell
basin are based on the hydraulic characteristics derived by Hantush
[1955] from pumping tests. Pumping tests were carried out in the de~
veloped part of the basin. Travel time increases with increase in the
leakage factor and decreases as the hydraulic diffusivity increases,

The hydraulic diffusivity of the Principal Confined Aquifer is ex-
pected to decrease as we move away from the developed part of the basin.
The travel time per unit distance would increase as we move toward the

intake area of this aquifer.



CONCLUSIONS

Eqs. (5) and (6) can be used to calculate times of travel of an
impulse due to an instantaneous line source in leaky and nonlezky aquifers,
respectively, For leaky aquifers, time of travel increases with increase
in leakage factor and decreases as diffusivity increases. Time of travel
is directly proportional to the square of the distance and inversely
proportional to the hydraulic diffusivity for nonleaky aquifers.

The time of travel of an impulse due to a line source is about a day
in the Pfincipal Confined Aquifer of the Roswell basin and is about 3 to 7
years in the Shallow Aquifer, Times of travel for both aquifers are the
shortest in the Roswell area and largest in the Dexter area, The time of
travel in the intake area of the Roswell basin is about 2 to 3.7 years for
a distance of six miles, The width of the area, from the confined-
unconfined boundary of the Principal Confined Aquifer to the western
limit of water in this aquifer is about 8 to 10 miles, just west of the
developed areas, Therefore, the use of three-year effective precipi-
tation for the calculation of recharge to the Principal Confined Aquifer
of the Roswell basin seems reasonable. This is supported by the study of

hydrographs of the recorder wells in the Principal Confined Aquifer,
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APPENDI¥ C

SALT UATER E
AQUIFER DUE TO

Introduction

Salt water encroachmént due to withdrawal of frash water from
aquifers is a problem occurring in several regions of the world, The
movement of the interface between {resh water and salt water has been
investigated extensively., Bear and Dagan [1964] and Hantush [1568] have
made literature surveys in addition to their own studies about the dif-
ferent aspects of the interface, The present paper discusses an
approximate approach to the lateral encrecachment of salt water due to
operation of a well field in a confined leaky aquifer, This procedure

was discussed by Hantush in one of his classes for a single well in a

nonleaky agquifer,

Analvsis

Consider a coupled leakv aquifer system comprised of two aquifers
separated by an aquitard. Unless otherwise stated, the following
assumptions are implied in the derivatioms: (1) The aquifers are
effectively infinite in areal extent and are homogeneous, isotropic,
and resting on a horizontal impermeable bed; {2} contrasts between the
hydraulic conductivities of the two aquifers and the semipervious
layer are so great that the flow is essentially vertical in this layer
and horizontal in the two aquifers; (3) the aquifer parameters remain
constant with time and in space; (4) the storativity of the semipervious

layer is negligible; (5) a well field is an area in which several
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punping wells are located and where pumpiung is uniformly distributed over
the area; (5) the induced drawdown in the aquifer which is not being
pumped iz negligible; and {7) the interfacé betwesn fresh water and salt
water is sharp,

Let R be radius of the well field {Fig, C~1) that is being pumped

steadily at a rate V, Rate of movement of a particle of water is given by

dr K 3h
dt ~ n 3r (1)

where n is the porosity of the aquifer, ﬁvis the hydraulic conductivity,
and h is the hydraulic head in the aguifer aghove the base of the aquifer,
The drawdown s in a leaky aquifer during steady operation of the well
field is given by Hantush [1964], for » > R:

s(r,8) = T T, (R/B)Xg (x/B) | (2)

vhere s(r,t) = ho—h(r,t), and EQ is the initial head, h is the head at
any time t at a distance I, g_i; the leakage factor and is equal to
YT/(K'/b'), K'/b' is the leakance or leakage coefficient, K' and b' are
the vertical hydraulic conductivity and thickness of the aquitard, re-
spectively, T is the transmissivity and is equal to Kb, b is the thick-
ness of the aquifer, I; is the modified Bessel function of first kiﬁd

and first order, and KB is the modified Bessel function of second kind

and zero order.

From Eqs, (1) and (2)

dr Vv

dt ~ wRnh

I, (R/BYKy (r/B) (3)
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- yhere K1 is the modified Bessel function of secend kind and first order,

Integrating Eq. (3) with respect to time as time goes from zero to

t and a8 ¢ goes from r to te

: TRiib dr
de =  MROb L
de = VI, (R/B) Ky (x/B) “
0 %o

where t, is the initial position of the interface when t = 0 (rig., C-1),

After simplification, Eq. (4) becomes

e .. _TRnbB { do do 2 ,
ol mw J Ky 1 for ¥R ©
0 0

Eq. (5) gives the time taken by the interface te travel from r, to r.
The negative sign indicates that, as the distance from the center of the
well field to the interface decreases, the time increases.

In order to determine the motion of the interface in a particular
time, Eq., (4) is solved inversely for r using the values of the integral
given in Table C~l. The distance r is calculated for several points on
each of the salinity contours and plotted, thus giving the new position

of the interface,

Discussion

The procedure described is useful for predicting the encroachment
of a salt water front in an aguifer and can be usad for other flow

systems for which analvtical drawdown expressions are available, The
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procedures are approximate in nature because some of the assumptions made
are not quite true in nature, The interface bziwesn salt water and fresh
water is usually not sharp. TFor some flow systems, it may be difficult to
simplify the final expression for time to a form like Eq. (5) which can

readily be evaluated.
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TABLE D-XX

MONTHLY PERCENT OF DAYTIME HOURS AT ROSWELL AND
AT ARTESIA, NEW MEXICO®

Roswell Artesia
February February February February
28 days 29 days 28 days 29 davs
January 7.12 7.10 6.95 6,93
February 6.92 7.15 6.96 7.20
March 8.30 8.32 8,34 8.32
April 8.77 8.75 8.92 8.90
May 9.66 9.64 9.70 9.68
June 9.66 9.63 9.68 9.66
July 9.83 9.81 9.86 9.84
August 9.42 9.39 9.34 9,32
September} 8.34 8.32 | 8.13 8.11
October .7.90 7.88 7.95 7.93
November 7.04 7.02 7.09 7.08
December 6.95 6.93 7.01 6.99
*

Calculated from the sunrise

by the State Climatologist.

and sunset tables supplied



TABLE D-XXI

MONTHLY CONSUMPTIVE USE COEFFICIENTS FOR IRRIGATED CROPS
IN THE ROSWELL AND ARTESIA AREAS OF NEW MEXICO*

l
Roswell Artesia ‘
Small ' Small ‘
Month |Alfalfa Cotton Sorghum Grains Alfalfa Cotton Sorghum Grains
Jan.
Feb. '
Mar. .0.31 0.35 0.39 0.06 0.35
April | 0.67  0.35 0.38 0.69  0.35 0.40
May 0.80 0.40 0.50 0.80 0.40 0.19  0.50
June .90 0.60 0.50 0.45 0.90 0.60 0.50 0.73
July 1.00 0.90 1.00 1.00 0.90 1.00
Aug. 1,60 1.00 0.85 0.20 1.00 0.85
Sept. 0.80 0.95 0.19 0.80 0.95 0.19
Oct, 0.65 0.58 0.70 0.75
Nov. 0.09 0.18 0.05
Dec.

* Adjusted for the growing seasons before and after the frost-free periods,
Compiled from Blaney and Hanson [1965] and from Henderson and Sorensen
[1968].



TABLE D-XXIT

YEARLY CONSUMPTIVE IRRIGATION REQUIREMENT FOR CROPS
IN CHAVES COUNTY, NEW MEXICO, ACRE~FEET

E

Year Alfaifa Cotton Sorghum Small Grains Total
1923 30,700 11,800 200 -4,300 38,500
1924 42,600 37,100 1,600 2,100 83,300
1925 35,400 34,100 900 200 70,600
1926 32,500 26,200 500 -2,500 56,800
1927 46,700 38,100 1,600 3,500 90,000
1928 30,000 36,700 700 -1,500 60,000
1929 31,700 36,600 1,300 =500 69,200
1937 35,600 63,900 7,700 -1,600 105,600
1938 59,500 42,200 20,800 1,000 123,400
1939 46,600 40,000 12,100 ~600 98,100
1940 54,700 38,500 11,000 -1,400 102,800
1941 28,800 12,800 ~14,800 -9,300 17,500
1942 50,100 39,300 10,200 -2,300 97,300
1943 70,500 53,200 26,900 1,400 152,000
1944 73,000 49,100 17,200 -200 139,100
1945 84,000 69,000 21,500 2,500 177,100
© 1946 75,000 59,000 15,800 ~-500 149,400
1947 66,300 93,200 17,100 1,500 178,000
1948 62,600 100,000 13,400 400 176,500
1949 52,800 82,300 10,200 ~700 144,600
1950 77,600 54,000 8,700 ~-3,600 136,700
1951 91,600 125,500 16,200 1,200 234,500
1952 94,600 102,400 14,100 1,000 212,100
1953 96,600 120,900 11,700 1,300 230,600
1954 94,800 77,100 22,200 1,700 195,800
1955 93,800 63,900 22,400 2,800 182,900
1956 107,300 75,700 31,400 8,300 222,700
1957 91,700 50,500 23,500 1,800 178,300
1958 84,200 55,800 17,100 -2,3800 154,200
1959 73,000 63,100 4,900 1,100 142,100
1960 71,600 66,300 3,400 -2,900 138,300
1961 90,800 69, 300 8,500 4,100 172,700
1962 76,800 60,800 6,300 -9060 143,000
1963 96,300 68,900 12,700 6,700 184,700
1964 101,000 66,700 11,600 4,800 184,100
1965 115,200 65,000 8,400 2,800 191,400
1966 108,900 47,100 8,600 1,000 165,500
1967 97,000 39,900 6,700 500 144,100
1968 79,500 34,100 2,600 -1,400 114,800

* Small grains and miscellaneous crops.



TABLE D-XXIII

YEARLY CONSUMPTIVE IRRIGATION REQUIREMENT FOR CRCPS
IN EDDY COUNTY, NEW MEXICO, ACRE-FEET

Year Alfalfa Cotton Sorghum Small Grains® Total
1959 71,400 69,800 3,400 4,300 148,900
1960 63,500 60,600 2,200 1,200 127,500
1961 79,800 68,500 2,700 4,200 155,300
1962 71,100 59,400 1,900 1,500 134,000
1963 88,000 65,200 2,800 4,800 160, 800
1964 81,900 59,800 1,300 1,200 144,200
1965 91,300 56,600 1,900 1,400 151,100
1966 85,600 42,700 1,700 1,300 131,200
1967 94,500 44,800 0 600 140,000
1968 77,700 36,600 700 0 115,000

® ; .
Small grains and miscellaneous crops.



TABLE D-XXIV

WELL-LOSS COEFFICIENTS, FORMATION-LOSS COEFFICIENTS, AND
TRANSMISSIVITIES FROM ROUTINE STEP-DRAWDOWN TESTS
IN THE PRINCIPAL CONFINED AQUIFER,
ROSWELL BASIN, NEW MEXICO

. Formation-loss Well-loss co- - ransmissivity T
Well location coefficient B - efficient C inzthousands of
£t/(ft3/sec) fe/(fe3/sec)?  EE7/day
085 24E 05 343 3.8 3.4 37
08s 24E 28 222 6.2 2.1 : 23
085 24E 28 123 9.0 1.0 - 15
088 24E 33 413 2.3 2.3 68
b.7% 2.0% 31*
098 24E 34 ~-- 8.4 6.7 16
8.4% 6.7*% 16%
105 23 27 222 3.0 0.2 50
10S 23E 24 143 3.0 0.5 53
108 23E 34 432 9.4 2.3 14
4,3% 0.6% 34%
108 24% 15 131 0.4 1.1 387
105 24E 15 323 9.8 33.2 14
105 24E 15 332 1.8 5.3 86
105 24E 15 342 8.5 53.1 16
105 24E 17 141 5.0 5.3 27
108 24E 17 324 4.3 5.6 33
105 24E 20 234 1.7 1.0 89
108 24F 21 424 8.4 0.7 166
108 24E 22 331 3.6 0.5 40
105 24E 22 343 1.0 2.0 162
105 24E 27 421 12.3 25.0 11
3.5% §.2% 50%
115 23E 03 100 8.1 20.7 17
11s 23E 12 442 0.8 4.6 199
11s 23E 12 444 3.3 5.2 44
11s 23E 13 232 3.8 2.8 39
11S 23E 28 223 1.4 0.7 87
2.6% 4.0% 56%
11s 24E 01 313 9.6 3.5 13
118 24E 04 114 0.7 0.4 225




TABLE D-XXIV continued

) Formation~loss Well-loss co- Transmissivity T
Well location  coefficient B efficient C in thousands of
fr/(ft¥/sec) £t/(ft%/sec)?  ft?/day
115 24E 06 310 9.1 4.2 15
115 248 08 124 0.4 1.0 410
115 24E 08 124 8.8 2.2 16
118 24E 11 243 2.2 1.6 68
118 24E 12 113 0.3 0.9 670
118 24E 12 231 2.3 7.6 65
11S 24E 13 233 7.5 1.7 19
118 24E 14 213 4.1 1.4 36
115 24E 14 324 0.3 1.1 640
11s 24E 14 343 5.0 1.1 27
118 24E 15 431 13.4 1.1 11
115 24E 18 242 1.3 0.3 98-
115 24E 18 333 7.1 29.5 20
118 24E 19 == 6.7 3.0 21
115 24 20 313 1.5 2,2 101
118 24% 26 433 2.7 0.5 55
118 24E 28 ——- 8.4 21..6 22
118 24%F 28 313 15.3 12.2 8
115 24% 36 211 8.1 21.6 17
3.2% 2.4% 45%*
118 25E 29 333 8.1 4.7 17
11s 25FE 32 133 2.2 3.0 66
4,2% 3.7% 34%
125 23E 01 413 2.1 1.3 71
125 23E 06 214 6.8 0.2 21
3.8% 0.5% 39%
128 24E 21 333 3.9 4,2 37
3.9% 4,2% 37%
128 25E 13 111 0.8 0.6 205
125 25E 35 131 0.4 1.1 445
0.5% 0.8% _ 302%
138 25E 13 133 8.5 26.3 16
135 25E 24 333 0.7 3.1 232
135 25E 20 411 2.5 0.1 61

2.4% 2.0% 61*



TABLE D-XXIV continued

Transmissivity T
in thousands of
£e2/day

) Formétion—léss Well-loss co-
Well location coefficient B efficient C
ft/(ft3/sec) fr/(ft3/sec)?
138 26E 06 331 9.4 19.3
135 26E 30 213 2.5 1.8
135 26EFE 31 211 5.7 3.8
135 26E 31 214 0.4 1.3
2.8% 3.6%
148 26F 09 313 5.9 0.4
148 26E 32 124 3.6 1.3
4,6% 0.8%
158 25E 35 213 6.4 1.4
1558 25E 35 311 14.2 0.2
9,5% 0,06%
158 26F 04 123 2.7 1.1
- 155 265 13 222 0.2 9.2
0.8% 3.2%
165 24E 02 324 1.6 0.2
1.6% 0.2%
16S 25E 07 111 2.4 0.4
2. 4% 0.4%
16S 26L 20 433 7.3 1.3
16S 26E 20 433 9.1 5.6
B.1% 2.7%
178 26E 08 431 11.3 0.8
178 26E 08 431 3.3 2.1
175 26E 08 444 9.3 2.8
178 26E 09 113 6.3 2.5
178 26E 17 233 13.8 0.6
175 26K 17 233 12.9 9.4
178 26E 20 431 5.2 2.0

15
60
25
387
54%

24
41

32%

22
9

14%

55
691

195%
96
96%
63

63%

17%

i3
44
14
22
10
11
28



TABLE D-X¥IV continued

Transmissivity T
in thousands of

Well-loss co-~
efficient C

) Formation-loss
Well location coefficient B

£t/ (ft3/sec) £t/ (ft3/sec)? £t%/day

178 26E 32 133 4.9 5.3 29
175 26E 32 213 5.0 1.0 29
7.2% 2.0% 20%

183 .26E 10 313 2.1 0.8 73
185 268 34 ——- 7.9 3.5 18
185 26E 34 === 6.6 4.8 21
&.8% 2.3% 30%

195 26E 27 221 29.2 7.0 3
29,2% 7.0% 3%

* Logarithmic average by township.



TABLE D-XXV

WELL~LOSS COEFFICTIENTS, FORMATION-~LOSS COEFFICIENTS, AND
TRANSHMISSIVITIES FROM ROUTINE STEP-DRAWDOWN TESTS
IN THE UNCONFINED AQUIFER,
ROSWELL BASIN, NEW MEXICO

Formation-loss Well=loss co- Transmissivity T
Well location coefficient B efficient C in thousands of
ft/(ft3/sec) fr/(ft3/sec)? £t2/day
1058 24F 36 413 22.6 4.7 3
22.6% C4.7% 3%
11S 24E 02 221 30.6 1.6 2
118 24F 12 321 5.5 0.7 13
115 24E 13 144 4,7 3.8 15
118 24 14 314 16,3 1.3 9
10.7% 1.5% 6%
11s 25E 06 332 20.4 2.0 3
115 255 06 332 30.2 1.7 2
11S 25E 16 === 27.3 1.0 2
1iS 25E 34 113 8.5 37.2 8
118 25E 34 3i1 31.2 7.4 2
21.4% 3.9% 3%
128 25E 25 431 24.9 5.8 2
128 258 27 211 16.2 2.7 4
20.1% 4 0% 3%
128 26E 32 133 11.7 ' i.5 6
11.7% 1.5% 6%
138 25E 35 133 7.7 2.6 9
7.7% 2.6% 9%
138 26E 22 313 12.9 2.0 5
135 26E 28 221 14.9 12.2 5
138 26E 28 311 17.3 3.1 4
135 26E 27 313 25.6 3.0 2

17.1% 3.9% 4*



TABLE D~XXV continued

| Formation-loss Well-loss co=- Transmissivity T
; Well location coefficient B efficient C in thousands of
ft/(ft3/sec) ft/(££3/sec)? ft2/day
145 25C 13 311 5.7 0.3 12
5.7% 0.3% 12%
14S 26E 03 433 3.2 6.8 23
145 26E 06 142 7.4 1.1 9
145 26E 06 211 2.0 1.9 39
14S 26E 08 342 31.1 38.9 2
145 26E 08 433 10.3 1.0 7
148 26E 09 221 16.9 2.0 6
- 145 26E 10 133 0.5 0.9 181
145 26E 14 113 19.4 21.3 3
14S 26E 17 233 4.7 0.6 15
148 26E 17 444 0.3 11.7 287
145 26E 18 211 3.9 2.0 18
145 26E 18 324 10.7 2.3 6
148 26E 20 ~—w 2.8 1.2 27
145 26L 23 230 12.4 4.3 5
4, 8% 2.9% 15%
' 158 26E 10 112 3.4 23.8 22
158 26E 20 ~w=- 8.1 3.7 8
155 268 29 321 0.5 2.7 184
155 26E 29 344 6.9 10.4 10
155 26E 32 344 6.3 9.5 11
3.6% 7.5% 20%
165 25FE 06 223 4.6 0.4 15
16S 25E 25 211 24,5 0.7 3
10,7* 0.5% 6%
168 26E 19 411 13.0 0.9 5
168 26E 29 331 13.6 5.7 5
168 26E 32 213 17.7 0.1 4
168 26E 32 311 20.7 4.8 3
16.0% 1.4% 4%
175 26E 08 ——- 6.5 4.7 11
178 26E 17 333 5.0 0.9 16
175 26E 21 —-—- 12.4 15.1 5
178 26E 35 133 9.5 11.5 7
7,9% 5.2% 15%
i




TABLE D-XXV

continued

Formation-loss Well-loss co- Transmissivity T
Well location coefficient B efficient C in thousands of
ft/(ft3/sec) ft/(ft3/sec)? ft?/day
185 268 17 322 10.2 15.2 7
185 26E 18 221 3.6 1.2 21
6.0% 4, 3% 12%
208 26E 07 423 1.2 4.7 69
208 26E 08 112 16.7 8.7 4
4. 5% 6.4% 16%

% Logarithmic average by township.



TABLE D-XXVI

WELL~LOSS COEFFICIENTS, FORMATION-LOSS COEFFICIENTS, AND
TRANSMISSIVITIES FROM ROUTINE STEP-DIAVDOWN TESTS
IN THE SHALLOW CONFINED AQUIFER,
ROSWELL BASIN, NEW MEXICO

. Formation-loss Well-1 - Transmissivity T
Well location coefficient B e;ficiZi: 80 %nzthousands of
fr/(ft3/sec) et/(£t3/sec)?  fto/day
08S 24T 35 224 33.2 3.4 4
08S 24E 35 343 2.5 1.0 60
9.1% 1.8% 15%
098 24E 02 414 9.4 1.2 63
09S 24E 02 421 8.7 6.5 16
098 24F 11 133 3.0 2.7 50
4,0% 2.8% 37=*
10S 25E 31 413 i3.4 0.5 : 10
13.4% 0.5% 10%
118 24E 01 334 0.6 1.7 282
118 24% 06 310 9.1 4.2 15
11S 24E 06 423 0.8 0.7 184
11S 24E 18 333 7.1 29.5 20
11S 24E 18 444 3.5 7.1 42
2.6% 4,0% 58%
11S 25E 08 123 17.1 3.3 -8
11S 25F 28 243 6.4 5.5 22
11S 25E 28 234 15.5 . 12.9 9
11.9% 6.1% 11*
128 25E 05 111 D.5 14.0 302
125 25 36 111 33.5 1.9 4
4.2% 5.1% 35%
13S 24E 25 212 42.0 6.7 3

42.0% 6.7% 3%



TABLE D-XXVI continued

Formation—-loss Well-loss co-

Transmigssivity T
Well location coefficient B efficient C in thousands of
fr/(ft3/sec) ft/(ft3/sec)?  ft?/day
135 25E 12 === 8.4 0.3 16
133 25E 35 232 9.3 0.5 15
135 25E 27 211 6.2 0.1 23
7.8% 0.2% 18%*
145 24E 18 222 7.5 0.6 19
7.5% 0.6% 19%
14S 25E 12 331 11.2 4.6 12
11.2% 4 6% 12%

* Logarithmic average by townships.
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