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ABSTRACT

Aguifers enclosed or confined by sediments that impede
or retard the vertical movement of groundwater generally leak.
This report is concerned with the optimal utilization of a
composite system of Interacting aguifers in which one aquifer
leaks into another, and with a surface-water subsystem from
the viewpoilnt of maximizing the value added to the system by
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 interaqulfer 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 re-
charging multiaquifer systems in the world. A hydrologic
analysis of the basin 1s also performed and the results are
fed into the dynamic-programming model as inputs.

The optimal operating policles for the two aquifers
of the Roswell Basin are derived by taking into consideration
the physical characteristics 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 in-
fluenced by the interaquifer leakage. As a result, coupled
leaky aquifers should be considered for conjunctive utili-
zation 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.
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GLOSSARY

Most of the terms used in this publication are defined
when they first occur in the appropriate sections. The terms
used to discuss hydrologic concepts are those that are in
common use by groundwater hydrologists. However, some geo-
hydrologic terms not in common usage are defined below.

Hydraulic conductivity (L/T): The ease with which water will
pass through a medium, stated as the number of cubic
feet per day per square foot of cross-sectional area of
the material when subjected to a hydraulic gradient of
one foot per foot length of flow (or simply ft/day).

It is used in place of the term coefficient of perme-
ability.

Leakage factor (L): The square root of the ratio of trans-
missivity of the leaky aquifer to leakance of the
aquitard through which leakage is taking place,
usually expressed in feet.

Leakance or leakage coefficient (1/T): The ratio of verti-
cal hydraulic conductivity of an aquitard to its
thickness.

Potentiometric surface: Replaces the term piezometric sur-
face and is the imaginary surface representing the
helghts to which water would rise in tubes or obser-
vation wells penetrating the confined agquifer at
various points.

Storativity: The volume of water of an aqulfer that a
vertical column of the aquifer of unit cross-sectional
area releases from storage as the average head within
this column declines a unit distance. The storativity
of an unconfined aquifer, for all practical purposes,
corresponds to its specific yield (see Hantush, 1964).
Storativity is used in place of the term storage
coefficient.

Transmissivity or coefficient of transmissivity (L2/T): The
flow capacity of an aquifer in cubic feet per day per
foot width of the aquifer (or in ft3/day); equal to
the product of hydraulic conductivity times the
saturated thickness of the aquifer. It replaces the term
transmissibility or coefficient of transmissibility.
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DYNAMIC PROGRAMMING MODEL AND QUANTITATIVE ANALYSIS,
ROSWELL EBASIH, NEW MEXICO

L. A, Saleem and C. E. Jacobl

Chapter 1
INTRODUCTION
Background and Purpose of the Study

The optimal utilization of surface reservoirs and of
aquifers, both separately and conjunctively, has been
studied in the past by several authors [Little, 1955; Moran,
1959; Maass, et al., 1962; Ruras, 1963; Burt, 1964; Young,
1967; and Hall et al., 1968]. Most of the studies were
about reservoirs or aquifers. The investigations of Buras
and Burt were related to conjunctive utilization of single
agquifers and single surface reservoirs. They were hypo-
thetical and the results were not applied to any specific
basin, nor did they consider the pumping costs arising
from the drawdowns at the pumping wells.

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

The study is specifically based on a complex hydro-
logic system and the results are applied to the Roswell
Basin in southeastern New Mexico, which forms part of the
Pecos River Basin (see figure 1). The Roswell Rasin con-
sists of two coupled leaky agquifers and associated sources
of surface water, mainly the Pecos River system. Vater
levels in both aquifers have been declining since the
agricultural development of the basin due to heavy arti-
ficial draft.

The reason for applying 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 oper-
ating policles take into consideration the physical
characteristics of the basin.

Approach and Presentation

The problem of optimal operation of two coupled
leaky aguifers and a surface-water system is formulated
mathematically, using the technique of dynamic pro-
gramming,, Two dynamic programming derivations are de-
scribed, the first for optimization of the system as a

lAssistant hydrologist and senior hydrologist, respectively,

New Mexico Institute of Mining and Technology, Socorro. Dr.
Saleem is now assistant professor of groundwater hydrology,
University of Illinois, Chicago Circle Campus.
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function of time and the second for optimization in space.
The results obtained 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. Mathematical models were derived for predicting
the response of the system to the operation of well fields
in coupled leaky aquifers and are presented in Appendix A.

Sources of Data

The basic data, most of them unpublished, were pro-
vided 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.

Most of the water-level data from the U. S. Geo-
logical Survey were based on preliminary land surface
elevations. The data from Fiedler and Nye [1933], shown
on the water table and the potentiometric surface maps
for January 1926, were not all restricted to the month
of January and some observations were made during later
months.



Chapter 2
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 pre-
sented in the 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 for a qualitative understanding of the
basin and it is helpful in predicting future responses of
the system to various stresses using modern techniques.

One of the earliest reports [Means and Gardner,
19007, is primarily concerned with the soil conditions
and includes a water-table map of the Roswell area.
Fisher [1906] published a reconnaissance study of the
area. One of the most thorough investigations. [Fiedler
and Nye, 19331 was conducted in 1925-1928 and contains
many valuable data relating to groundwater conditions at
that time, but unfortunately many of the modern techniques
of hydrologic analysis were then unavailable. Morgan
[1938] published a report about the shallow-water resources
in the basin.

An extensive investigation of the surface-water
resources was published by the National Resources Planning
Board [19427. Theis's work on the origin of water
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 on the geology of the Roswell Basin and its
relation to the Hondo reservoir appeared in 1949.
Hendrickson and Jones [19527] 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, applying
the theory of leaky aquifers to the basin and estimating
the characteristics of the aquifers at several locations.
From recharge and discharge studies, Hantush concluded
that the artificial discharge from the aquifers exceeded
the natural recharge to the aquifers.



Reports of the investigations of Thomas [1963], Hood
[1963], Motts and Cushman [1964], and Mower et al. [1964]
have been published as Water Supply Papers of the U. S.
Geological Survey. Hood et al. [1960] studied saline
water occurrence in the basin. Among the several un-
published reports about the basin, one by Mower [1958] is
significant, dealing with the pumpage in the basin.

The U. S. Geological Survey has been working on an
analog model of the basin since 1963. Four recent publi-
cations relating to the basin are by Spiegel [1967],
Havenor [19687], Kinney et al. [1968], and Maddox [19691].
A bibliography pertaining to the Pecos River Basin was
compiled by Hernandez and Eaton [1968].

Location, Topography and Climate

The Pecos River Basin is convenlently subdivided
[Thomas, 1963] into an upper basin, above Alamogordo
Reservoir in New Mexico; a middle basin, above Red Bluff
Reservoir also in New Mexicoj; and a lower basin in Texas
(see figure 1).

The Roswell Basin forms most of the middle Pecos

River Basin and is the most important area of the basin
with respect to water-resource utilization and economic
productivity. The basin is bounded on the east by the
high plains-~-about 25 miles east of the Pecos River — on
the south by the Seven Rivers Cuesta, on the west by the
high Sacramento Mountains, and extends northward nearly
to Mesa.

The basin has a semiarid climate. The winters are
usually cold enough but too dry for appreciable snow
accumulation, and summers are dry with frequent thunder-
showers. The normal frost-free period at Roswell extends
from April 11 through October 10 [Blaney and Hanson, 1965]7.
More than 75 percent of the total annual precipitation
occurs during this period, which is also the growing
season. Because the average rainfall (1905 through 1968)
at Roswell and Artesia is 11.7 and 11.2 inches respec=
tively, and the deviations from the average are large,
irrigation is essential in all parts of the basin for
crop production.

Yearly averages of the precipitation totals at
Roswell and Artesia are shown in table 1.

Hydrogeology

A generalized geologic map of the Roswell Basin, and
a geologic section at the latifude of Roswell, are shown
in figures 2 and 3 respectively. The main aquifers in the



Table 1. Average annual rainfalls (in ascending order) at
Roswell and Artesia, New Mexico, 1901-1968.

Rainfall (%) ~ Rainfall
Order Year (R) T%— Order Year (R) T%*
(m) (inches) n (m) (inches) n
1 1917 5.09 0.0145 I 35 1930 11.49 0.5072
2 1910 5.16 .0290 36 1936 11.54 .5217
3 1924 5.63 .0435 37 1946 11.55 .5362
4 1956 5.68 .0580 38 1962 11.56 .5507
5 1927 5.71 0725 39 1937 12,29 .5652
6 1964 6.06 .0870 40 1929 12.43 .5797
7 1963 6.12 L1014 41 1940 12.49 .5942
8 1934 6.61 .1159 42 1944 12.55 .6087
9 1945 6.64 L1304 “ 43 1913 12,87 .6232
10 1947 6.66 L1449 44 1960 13.04 .6377
11 1922 6,78 .1594 45 1921 13.30 .6522
12 1951 7.12 .1739 46 1920 13.61 6667
13 1965 7.1¢ .1884 l 47 1942 13.81 .6812
14 1953 7.33 .2029 48 1950 13.91 .6957
15 1961 7.42 2174 49 1907 14.03 .7101
16 1933 7.61 .2319 50 1906 14.12 . 7246
17 1957 7.64 . 2464 51 1904 14.35 .7391
18 1952 7.69 .2609 52 1949 14.58 .7536
19 1959 7.81 .2754 53 1968 14, 82 . 7681
20 1909 8.22 .2899 54 1915 14.86 . 7826
21 1967 8.24 . 3043 55 1928 15.08 L7971
22 1918 8.34 . 3188 56 1914 15,36 .8116
23 1903 8.40 .3333 57 1916 15,37 .8261
24 1955 9,05 .3478 58 1902 15.70 . 8406
25 1943 9.55 .3623 59 1931 16.12 . 8551
26 1954 9.74 . 3768 60 1926 16.17 .8696
27 1948 10.20 .3913 61 1901 16.33 .8841
28 1925 10.28 <4058 62 1858 16.63 . 8386
29 1935 10.57 4203 63 1923 17.02 .9130
30 1966 10.57 4348 64 1911 17.88 9275
31 1908 10.62 4493 65 1932 19.88 .9420
32 1938 10.81 .4638 66 1919 20.42 9565
33 1939 10.96 4783 67 1905 21,37 .9710
34 1912 11.21 0.4928 68 1941 34,61 0,9855
(*) n = 68,
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basin occur in the three geological formations, the alluvium,
the Artesia Group, and the San Andres Limestone. Figure 4
shows most of the boundaries of the various aguifers in the
Roswell Basin.

Alluvium {(Shallow Aquifer)

Thick valley~fill materials of Tertiary (?) and
Quaternary age occur almost wholly west of the Pecos River
in an arez 12 to 20 miles wide and 60 to 70 miles long.

The sediments are mostly conglomerates, gravel, sand, silt,
and clay, and are quite heterogenous. The alluvium and,
near Roswell, the top part of the underlying Artesia Group,
constitute the shallow aguifer of the Roswell Basin. The
thickness of the shallow aquifer ranges from more than 400
feet just east of the river to zero along its western bound-
ary. 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
aguifer was abcut 30 percent of the total amount cf ground-
water pumped.

Artesia Group (Shallow Confined Aguifer)

The Artesia Group embraces five formations of Permian
age occurring in eastern New Mexico and West Texas ([Tait
et al., 1962]. It separates the underlying San Andres
Limestone from the overlying alluvium and acts mostly as
an "aguitard" (that is, 1t transmits appreciable guantities
of water but has a low storativity).

The shallow confined aquifer is in the Artesia Group
and has a maximum thickness of more than 500 feet in the
southern part of the basin near Artesia and is like a
wedge, becoming thinner to the north near Roswell. The
groundwater extracted from the shallow confined aquifer is
less than 8 percent of the total annual groundwater pumpage
in the Roswell Basin.

In this report, the shallow confined aguifer is not
treated as a distinct aquifer. One-half of the pumpage
from each well in this aquifer is incorporated into the
shallow aquifer and the other half of the pumpage is added
to the pumpage from the principal confined aquifer.

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 1s composed almost
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entirely of limestone, dolomite, anhydrite, and anhydritic
limestone. The San Andres Limestone is widespread, correl-
ative 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
it also includes the bottom portion of the Artesia Group
[Maddox, 1969]. The maximum thickness of the principal
confined aquifer is greater than 500 feet near Artesia, and
varies on the average from about 150 feet to about 300 feet.

The principal confined aquifer contributes more than
60 percent 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 groundwateroutflow and loses water through evaporation,
and, to some extent, by diversion for lrrigation. Salt
cedars along the banks of the river consume considerable
amounts of water. Table 2 shows the base flow from the
Roswell Basin, between the gaging stations at Acme and at
Artesia, to the Pecos River on a monthly basis. The annual
base flow has been decreasing from more than 60,000 acre-
feet per year in the 1930s to less than 25,000 acre-feet
per year during the late 1960s. The causes for depletiocn
of the Pecos River flow are discussed in a separate section
later in this chapter. PFigure 16 shows the yearly base
flows corrected for depletion because of the surface-
water diversions.

The writer estimates that the Pecos River system
loses about 10,000 acre-feet of water per year through
evaporation in the Roswell Basin, not including losses
from the McMillan Reservoir (figure 1).

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 of its tribu-
taries in the Roswell Basin. Some of these tributaries
near Roswell were fed by several springs, described else-~
where in this report.

In the early 1900s several artesian wells were
drilled and the artesian heads were lowered as a conse-
quence. Some of the springs started drying up, and the
lands formerly irrigated from the streams were elther
abandoned or forced to rely upon groundwater partially cr
completely.



ve{ base flows (in thousands of acre-feet) from Acme to

i

Artesia, New Mexico.

Estimated Pecos R

Table 2.

5

Nov. Dec. Annual Annual

Sept. Oct.

May June July Aug.

Jan. Feb. Mar. Apr.

Year

86.7

84.4

12.0 13.8

8.5
4.4

5.2 4.6 5.2 3.9 4,0
4.0 2.5

5.4

5.6
6.1

5.8

708

7.4
10.0

8.4

13.4

1919

75.2 78.6

9.0

6.8

3‘0

2'8

1920

71.0

67.5

8.3

7.7
5.4

5.4
2.8
5.4

3.6 3.7 4.0
4.3

3.4
3.6

3.1

4.0

6.7

7.8
7.5
5.8
8.2

5.4

9.8
8.6
6.4

10.3

1921
1922
1923

60.3 64.3

6.1
9‘8

2.8
2.4

3.4
1.5
4.0

3.1
1.5
3.0
1.8

4,1
4.2

4.8
4.2
6.3
2.4

8.1
5.5

58.4
73.2
6

57.7

8.6

2.4

70.0

7.7
.9.0

5.8

8.6

3.5
4,8

3.7
2.3

6.2
2.6

7.0
4.4

1924
1925

1.8

60.3

7.6

3.2

8.2

77.9

74.9

8'7
6.0

7.3
4,2
707

604

4.0
4.0
4.0
5.6
2.1

4.4 2.7 3.1

7.6
3.7
2.6
3.9
5.1

7.8
5.9

4,7

7.4
7.3
7.1
8.6
5.4

8.7 6.8

9.5

1926

66.8

61.1

3'3 3'0 4.8
5.3

2.5

1.6
2.4
2.6
3.9

7.8
7.6

1927

64.7 67.0

9.3
7.3
9.2

3.8
5.0
4.1

7.7

1928

78.6
67.9

72.4
63.1

7.3
8.7

6.4
5.1

3.9
2.6

4.3
5.3

9.6 7.9
6.8 4.8

1929
1930

14

77.1

71.8

9.7
10.6

8.2
9.9

6.1
7.4
6.3

4.3
4.2
4.0

3.0
4.6
2.7
0.5
3.0

3.9
4.7
2.7

7.0 4.3 4.5 2.5
8.4 6.5

8.1

6.5

5.8

8.5

9.8
10.2

1931

92.6

88.3

5.8
2.6
2.0
5.7

8.1
4.7
6.0
5.0

7.9
8.5
5.9
5.2

1932

71.0
50.2

66.7

6.8
5.4
7'6

6.8

3.2
5.1
4.4

10.3

1933

46.1

3.6
5.2

1.1 2.7
4.8

3.9

0.5
2.6

6.8
6.5

1934

64.5

59.7

1935

57.9 62.5

4.6 6.8

3.6
6.2
5.0

2.9
5.3

3.7

2.5
4.2
2.4

2.9
3.9

3.7
6.3

4.5

7.6
8.7
5.7
5.2

7.0
8.2
5.9
6.7

8.1
8.6
6.8
6.8
6.1

1936
1937

79.2
55.
“6.

.78.9

7.3
5.5

7.6
6.6

4.9
2.0
1.4

7.7
4,2

54.4

3.0

2.9
1l8

4.4

1938
1939
1940

46.1

1.7 3’1 4.4 6.2
3.2 5.9

2.2

1.2
3.2

3.4

4.2

49.6

46 .4

5.1

1.9

3.2 3.1 3.1

4.4

5.0

101.3
110.9

101.3
110.9

18.9
10.9

13.8 16.5

10.7

8.5
5.1

5.8
5.2

4.1
5.7

4.1

4.2
9.0

4.6
11.7

4.9
13.0

5.2
17.2
1

1941
1942
1943
1944
1945

9.1 9.4

7.2

7.4

61.3
65.1
54.4

59.8
61.5
48.2

6.7 4.3 3.3 2.6 2.9 2.9 3.0 3.6 5.0 7.7
5.7 4.2 3.3 2.3 3.2 2.5 3.7 6.0 6.6 7.3
5.8 3.5 2.9 2.0 3.8 1.7 1.8 4.2 4.8 5.6

7.2

6.9
5.5

6.6

(continued)"



(in thousands of acre-feet) from Acme to

New Mexicol (continued).

Estimated Pecos River base flows
Artesia,

Table 2.

Annual Annual2

Dec.
8.8
6.0
5.6

Nov.

July Aug. Sept. Oct.

May June

Year Jan. Feb. Mar. Apr.

1946
1947

57.6

51,7

5.2 7.3

1.8
2.2
2,7

105
1.9

2,3
1.4
2.5

1.8
2.3
2.9
2.4

3.2
2.0

3.5
2.9
2.7
2.5
2.7

5.2
4,1
4,8
3.7
2.5

5.2
5.0

5.9
7.6
4.9
5.9

49.5

43,0

4,5

2.0
3.1
4.6

3.1
2.9
2.7
3.1

51.9

42,9

4.7
6.4
4,6

1.3

2.6

4,8

1948

49,7

7.4
4.8

3.0
1.9

3.0

5.5
4,0

1949
1950

42.0

39.6

3.2

2.7

2.3

5.8

41.0

37.0

1.8 3.9 5.3

1.7

2.1
2,5
2.5

2,2 1.7 2.1
2.1

2.6
3.2

4.5 3.9 3.7 3.2
4.7
3.6

3.5
5.5

1951
1952

40.6

34,2

3.8

3.3

1.1
1.0

3.1 3.6 1.6
2.2

3.6

39.8

31.6

1.9 3.2 3.8
6'5

6.2

1.1

2.4 3.2 2.9

3.5

3.8

1953

51.8

43.5

2.3 2.3 2.3 1.6 1.4 2.1 8.4
2.3 1.9 1.6

300

3'4
4.4

1954
1955

4.2 5.4 38,0 41.9

3.4

1.6

1.4

3.3

39.2

32,0

3.6

2.4
3.2
3.6
2.2

1.4 1.2 1.2 2.7 2,0
1.2

2,0
1.5

3.9 3.3 3.4 2.9
2.7 2.4
1.5

4.0

1956

36.7

29.8

3.9

1.4 1.7

2.1

1.6
1.2

3.6 3.0 3.1
1.8
2.9

3.0

1957

34.6

29.8

4.3

3.6

1.3

2.8

3.1

1958
1959

35.1

24'5

3.0 3.2 1.2 1.1 1.1 1.6 1.6 2.5
3.4 1.2 2.4

3.2
4,2

36.1

31.3

4.8

3.6

2.1

1.4

1.7

2.3

3.8

1960

41.8

31.8

3.6

3.3

1.4 1.0 1.8 1.5
1.3 1.5

1.2

2,2
2,2
2,3

3.3
3.0

3.7 4.5
3.0
2.9 2.9

4,6

1961

38.8

29.1

2.9
2.9
2.4
2.4

2.6 3.0
2.2

1.5

2.0
1.3

2.9

3.5

1962

30.8

22,0

2.8
2.1
1.9

3.2
2.4

2.1

1963
1964

24,3

17.3

1.8
1.7

.9

1.3
1.0

1.7

2.3

18.5

15.7

1.5

1.7

1965

34.1

27.7

1.9 1.0 .5 2.7 2.4 3.1 1.9 2,1
1.9
2.0

0.5

1.7
1.1
1.7

3.4
2.1

4,7

2.3
2.3
2.6

1966

21.9

17.6

1.3
2,0

1.6 1.3 1.0
1.0

1.1
1.6

2.5

1967

25.8

20.3

1.0

A

1.6

2.7

2.8

1968

Mean

1919~

55.5

6.6 5.6 5.2 4,0 3.4 2,5 2.3 2,5 2.9 4,2 5.5 6.5

1968

51.0

State Engineer, Santa Fe.

1COo

the office of the New Mex

in
Corrected for depletion by the river pumps.

From records

1

2
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Almost all of the surface water used in the Roswell
Basin is for irrigation. During 1967 and 1668 only, 3.8 per-
cent 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
surface water are: (1) Hagerman Canal, which in turn gets
water through diversions from the Rio Hondo and some ground-
water, (2) private drains which get their water mostly from
the Pecos River, and (3) some direct pumpage from the river.
Table 3 shows the monthly and yearly totals of surface
water usage in the basin for several years.

Depletion of River Flow in the Middle Basin

The streamflow generated by the middle basin (figure
7) has been decreasing for the last four decades [see
Thomas, 1963]. Major factors for the depletion are:
(1) gradual increase of and continued effects of ground-
water exploitation in the middle basin; (2) repeated
droughts in the area since 1943; and, (3) increased con-
sumptive-waste use by salt cedars.

Figure 7 shows a cumulative departure from the 60—
year mean precipitation (1901-1960) at the ftwo stations
in the upper basin (Las Vegas and Santa Rosa), and at the
three stations in the middle basin (Roswell, Artesia, and
Carlsbad). PFigure 7 also shows the outflow from the upper
basin, as recorded at Puerto de Luna, and the difference
between the inflow from the upper basin and outflow from
the middle basin as given by the sum of the runoffs of the
Pecos River at Red Bluff and the Delaware River near Red
Bluff.

In the 52 years 1916-1967, the cumulative departure
in precipitation from the mean in the middle basin is about
four and a half times the mean and this departure is also
reflected in the runoff curve for.the middle basin. During
the same 52~-year period, the cumulative departure from
mean precipitation in the upper basin is only 100 percent.
The annual outflow from the upper basin also does nct show
any progressive decreasing trend. '

Figure 8 shows the cumulative streamflow/precipitation
relationship in the Pecos River middle and upper basins.
There is a gradual decrease in the slope (runoff per unit
precipitation) of the curve for the middle basin after 1925,
and a negative slope from 1943 to 1955 and from 1966 to
1968. These are caused mostly by the three factors listed
earlier as causes for depletion of the Pecos River flow in
the middle basin. The graph for the upper basin has a
uniform slope, indicating no significant Increase in
depletion of the river flow in the upper basin.
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The other two causes of depletion are discussed else-
where in this report. Tt may be mentioned here that ground-
water exploitatiocn in the middle basin has increased not
only in the Roswell Basin but also in the Carisbad area
(figure 1).

Geohydrology

The principal confined aquifer is coupled to the shallow
aquifer through the shallow confined aquifer, and there is
water leakage from one aquifer to the other, varying with
the differences in head between the two aquifers. The
rate of leakage from one aquifer to the other 1s a function
of time as well as space and depends on the hydraulic
conditions. This portion of the reporf discusses evaluation
of the various components of the subsurface hydrology of
the Roswell Basin and how they interact.

Aquifer Characteristics

Previous Studies

The hydraulic characteristics of the aquifers, namely,
transmissivity, storativity, and leakance, had not been
determined until Hantush [1955] made his analysis, except
for estimates by Hale [reported in Hantush, 1955] and by
Theis [1951], of the transmissivities of the valley fill
and of the San Andres Limestone near Hondo reservoir. Theils
[19517] 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]. From his analysis he estimated the Trans-
missivities and storativities of the two main aquifers and
leakances for the shallow confined aguifer at different
locations in the basin. Hantush's average values for the
hydraulics characteristics at the aquifers and the aquitard
are shown in table 4.

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 developed by Jacob [1947]. Briefly, according to
Jacob, the drawdown, S0 in a well can be expressed as

_ 2
s, = Blr,,t)Q + CQ (1)
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where B(sw,t) is the head loss in the formation per unit
discharge. For nonleaky confined aguifers,

B(r,,t) = g W(u,) (2)

where u_=r S/HnT r is the radius of the well, t is time
since the well starteg pumping, S is the storativ1ty of the
aqulfer, and T is the transmissivity of the aquifer, and
W(u) is the well function for nonleaky confined aquifers.
The term B(r ,t)Q expresses the part of the drawdown due

to the laminar resistance of _the formation and is called
formation loss. The term CQ“ expresses the head loss due
to turbulence in the well and in the formation. (C 1is re-
ferred to as the "well loss coefficient.”

Rorabaugh [1953] suggested that the head loss associ-
ated with turbulence should be expressed as CQ", where n
is a constant, which is greater than 1 and whlch may exceed
2, and which 1s 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. PFrom these data, using (1), one gets a set of linear
equations with B and C as unknowns which can readily be
determined. -

Step-Drawdown 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
pump heeded for a given well.

A well is pumped at a fraction of full capacity and
then the discharge 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 dis-
charge 1s then decreased 1in 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 1n
general high, the following assumptions are made:

1) The effects of leakage are negligible and B is
given by eqguation (2).

2) Any changes in the values of B from place to place
in any particular aquifer are “due to changes in the
transmissivity values. This is baged on the
assumption that the parameter V(= rQS/ut) is con-
stant for each aquifer.
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3) The effects of partial penetration of the wells
are negligible.

More than 340 step-drawdown tests of wells tapping
the three different aquifers in the basin were analyzed on
the digital computer. These wells are scattered all over
the basin. Values of B and C were 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-
aqulfer wells.

Curves of B versus T were plotted on logarithmic
paper using and treating V as a parameter (figure 9).
Estimates of V were made using S 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 township and are shown in

tables D-24, D-25, and D-26.

The accuracy of the calculated transmissivities depends
upon the validity of the assumptions stated earlier. Since
the tests were of short duration the effects of leakage are
estimated to be negligible in both the aquifers except in
the Roswell area of the principal confined aquifer.

When leakage is not negligible, the formation-loss
coefficient B is given by the following equation:

B(r,,t) = pp W(u,,8) (22)

where B is the well radius over the leakage factor and
W(uW,B) is the well function for leaky confined aquifers
[see, for example, Walton, 1970]. For the average values
of the hydraulic characteristics (table %) of the principal
confined aquifer in the Roswell area, the well function for
nonleaky aquifers is about 5 percent higher than the cor-
responding value of the well function for leaky aqguifers.
This difference is about 25 percent for the extremely high
transmissivities of the principal confined aquifer in the
Roswell area (see table D-27). Because of these differences
in the values of the two well functions, some of the cal-
culated transmissivities for the principal confined aquifer
in the Roswell area are too low.

The effects of partial penetration of the wells are
negligible in all the aquifers. This conclusion is based
on the criterion given by Hantush [19647] for the effect of
partial penetration of wells on the drawdown at the face
of a well. The criferlon is tgat if the duration of the
test t is less than Sb(1-2/2b)¢/5K_, then the effect of
partial penetration is negligible.” In this expression, S
is the storativity, b is the thickness of the aquifer, KZ
is the vertical hydraulic conductivity, and & is the
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length of penetration.

Using the average values of the guantities involved,
the above expression is about three hours for the principal
confined aquifer, and about one second for the shallow
aquifer. Since Ehe average duration for a step-drawdown
test was about lg to 2 hours, the shallow aquifer trans-
missivities calcfilated from such tests on partially pene-
trating wells are probably too low.

The errors resulting from assumption (2) are believed
to be small because the drawdown varies as the logarithms
of S, t, and r .

=2 = W

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.

Storativities of the Aquifers

Storativities of the principal confined and the shallow
aquifers were determined by Hantush [1955] from pumping
tests at several locations in the basin and are shown in
table 4. The average storativity of the shallow aquifer
is about 10% times that of the principal confined aquifer.
The storativity of the intake area is discussed in the next
section.

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 S. the 'principal intake area'.
The storativity of the principal confined aquifer is very
small (~1075) 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 compared with the storage in the principal
intake area where storativity is about 1,000 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 intake-—area -boundary-
value problem, treating it as a "slit"

-u
s(x,t) = 814 q x/T [E=% - /7 erfc(Vu,)] (3)

u
X




26

where s is the drawdown, which is small compared with the
original depth of flow; g = 0.045 gpd/ft, average dis-
charge per unit length of the intake area; x = 2 miles,
average distance of the observation wells from the slit;
u, = 1.87x2S/tT; erfc(x) = complementary error .function
=1 -2 I;e“yzdy; t = time in days.

/v

Method of Analysis. A method for the evaluation of
aquifer characteristics is presented below and is based on
the classical technique of least squares. The sum of the
squares of differences between the observed drawdowns and
the drawdowns calculated by using theoretical drawdown
equations for the flow system under consideration is mini-
mized, treating the aquifer parameters as decision variables.
This becomes a problem of finding the minimum of a non-
linear objective function which is a function of several
variables and, therefore, is a typical nonlinear programming
problem. A brief discussion of nonlinear programming 1is
given in chapter 3. The method can be applied to any flow
system for which analytical expressions to calculate draw-
downs corresponding to the observed drawdowns are known.

Expressing the problem in a mathematical form, one
obtains M N

i
= ’ - 2
8(T,S,8) 121 jzlwij[dij sij(T,S,ﬁ)] ()

where,

8(T,S,8) = the objective function to be minimized.

M, N = the number of observation wells, and the number
of observations 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,3,8) = observed and calculated drawdowns,
respectively.

T = transmissivity of the aquifer in the area.
S = storativity of the aquifer in the area.
R = K'/b', leakance or leakage coefficient; K' and b’

are hydraulic conductivity and thickness of the aguitard.
Leakance is zero for non-leaky flow systems.

wij = weight assigned to the jth observation in the i

th

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 defermined. If the
drawdown is dependent on parameters other than the above
three, the other parameters can also be considered as com-
ponents of the set comprising the decision variables, and
these parameters can be appropriately expressed in the
analytical expression for the drawdown.
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The method was applied to analyze four pumping tests
in nonleaky, leaky, and anisotropic nonleaky flow systems.
The results are compared with those obtained by classical
methods and are given in table 5. All observations were
assigned equal weights. Contours of the objective function
8 (sum of the square of deviations), as a function of
aquifer parameters, for the test at Arrowsmith, Illinois,
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 preceding section was applied to obtain
the best estimates of average aquifer parameters, namely
storativity and transmissivity. The objective function
was defined as in equation (4), where B is zero and s is
given by (3). The observed drawdowns were used in the wells
on which the Pecos Valley Artesian Conservancy District
(PVACD) maintains recorders, and in the U. S. Geological
Survey wells in the intake area. These observation wells
are located at different distances from the "slit". The
maximum value for time was 20 years and maximum value for
the distance from the "slit" was 16 miles.

The average values calculated by the computer method
for storativity and transmissivitg in the intake area are
0.025 or 2.5 percent and 8,700 ft</day, respectively. Theis
[1951] calculated a value of 0.05 or 5 percent for the in-
take area near Hondo Reservoir. Hantush [1955] used a
value of 10,000 ft2/day for transmissivity in the intake
area.

Storativity and transmissivity values calculated by
the above methods are based on the assumption that equation
(3) describes the drawdown in the intake area. However,
in the derivatiocn of equation (3), the discharge was assumed
to be constant, which may not be strictly true. Moreover,
the average value for g of 0.045 gpd/ft may be off some-
what, and therefore the calculated values for the parameters
of the intake area may also be off.

Recharge to the Aquifers

Recharge to thie principal confined aquifer in the
Roswell Basin is derived from precipitation on the outcrop
area of the San Andres Limestone and on the adjacent
tributary drainage. 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 pre-
cipitation, {(2) surface drainage and irrigation losses, and
(3) upward leakage from the principal confined aquifer.
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Recharge to the Principal Confined Aquifer

An aguifer is in a steady state when its inflow equals
outflow., The inflow or recharge to the principal confined
aquifer when it is in a steady state can be estimated from
its outflow, which is egual to pumpage plus leakare to the
shallow aguifer. Ilantush [1955] considered the flow in
the aguifer to be in "dynamic equilibrium’ during the three
years 1928, 193¢ and 1944. He estimated the leakagmes and
then calculated the recharge during these vears.

Jacob [19447] defined effective precipitation as "the
rate of precipitation which, had it been maintained un-
interruptedly throughout the past, would have produced the
same water-table profile as actually existed at that parti-
cular time." Following Jacob, Hantush [1955] calculated
the effective average rate of precipitation by

S TSI 5
no oI k(k+1) (n+1-1)
where
ﬁh = the effective average rate of precipitation at
the end of the nbth year, inches per year
R = 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 re-
charge during the three years mentioned above, he obtained
the following for the recharge to the principal artesian
aguifer:

Recharge = 21,000 (acre-feet/inch) ﬁﬁ (6)

where the recharge during any year is in acre-feet, and R

is the three-year effective average rate of precipitation

in inches computed by (5), 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 annual recharge to the principal con-
fined aquifer were calculated for the period 1903-1968 and
are tabulated in ascendlng order in table 6, and graphed in
chronological order in figure 11. The average rate of re-
charge for the Roswell Basin in this table is 240,000 acre-
feet per year.



Table 6. Three-year effective average rainfall (inches) at
Roswell and Artesia, New Mexico, with recharge to
principal confined aquifer and recharge prob-
abilities, 1in ascending order.

Rainfall (%) Rainfall
m  Year R3 Recharge™™ -—iﬂ'ﬁ- m Year R3 Recharge ﬁﬁ—
(inches) (acre-ft) (inches) (acre-ft)

1 1965 6.638 139400 .0149 34 1937 11.753 246800 .5075
2 1964 7.001 147000 .0299 35 1944 11,763 247000 .5224
3 1910 7.093 149000 .0448 36 1949 11.803 247900 .5373
4 1957 7.222 151700 .0597 37 1958 11.811 248000 5522
5 1953 7.418 155800 0746 38 1960 11.898 249800 .5672
6 1956 7.481 157100 .0896 39 1968  11.917 250300 .5821
7 1963 8.153 171200 .1045 40 1911 12.034 252700 .5970
8 1947 8.288 174100 1194 41 1928 12,141 255000 .6119
9 1918 8.432 177100 1343 42 1903 12,158 255300 .6269
10 1952 8.538 179300 .1493 43 1929 12.195 256100 6418
11 1954 8.599 180600 . 1642 44 1908 12,345 259200 6567
12 1966 8.693 182500 1791 45 1930 12,403 260500 .6716
13 1935 8.759 183900 .1940 46 1912 12,428 261000 .6866
14 1967 8.839 185600 2090 47 1926 12,452 261500 .7015
15 1955 8.996 188900 .2239 48 1904 12,595 264500 . 7164
16 1945 9.096 191000 .2388 49 1923 12,989 272800 .7313
17 1934 9.159 192300 .2537 50 1933 13,121 275500 . 7463
i8 1948 9.246 194200 .2687 51 1913 13.155 276300 . 7612
19 1961 9.362 196600 .2836 52 1950 13,517 283900 L7761
20 1924 9.619 202000 .2985 53 1914 13.840 290600 . 7910
21 1925 9.856 207000 .3134 54 1919 13.840 290600 . 8060
22 1927 9.959 209100 .3284 55 1931 13.962 293200 .8209
23 1909 9.991 209800 .3433 56 1921 14,593 306400 .8358
24 1946 10.083 211700 .3582 57 1915 14,698 308700 . 8507
25 1922 10.096 212000 .3731 58 1920 15,003 315100 8657
26 1917 10,148 213100 . 3881 59 1943 15.152 318200 . 8806
27 1936 10,396 218300 .4030 60 1916 15.203 319300 . 8955
28 1962 10.428 219000 4179 61 1907 15.288 321000 .9104
29 1951 10.630 223200 .4328 62 1906 16.578 348100 9254
30 1959 10,726 225200 4478 63 1905 16.870 354300 .9403
31 1939 11,133 233800 L4627 64 1932 17.228 361800 .9552
32 1938 11.428 240000 4776 65 1942 20,528 431100 9701
33 1940 11.701 245700 4925 66 1941 23,298 489200 ,9851
(*) n = 66.
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Replenishrment to the Shallow Aauifer

Local Precipitation. The averagme rate of precipnitation
at Roswell and frtesia for 1905-1965 is 11.40 inches ner year.
Of the total precipitation on the alluvium, part runs off
throush the surface drainase, part is lost by evapotrans-
piration, and the remainder percolates to the shallow acuifer.
Iy comparison witnh the rechargse estimate made by Theils [1537]
for the lHigh Plains, which lie iust east of the Roswell
Basin, Morgan [1938] deduced that the recharre averares
somewhat less than one-half inch per year or about 530 acre-
feet for each one-mile strip across the hasin. The average
rate of recharre to the shallow aaculfer from precipitation
percolation is thus about 28,000 acre-feet per year. The
average of yearly precipitations from the Roswell and
Artesia stations of the U. S. Weather lureau is shown in
table 1 and the recharpge is shown in figure 12.

Surface Drainape and Irriration lLosses. The Foswell
Pasin is crossed by numerous epheneral streams which head
in the mountains to the west. During the summer months,
when most of the rain falls, the streams flow and part of
the flouw percolates down to the ecroundwater reservoir.

The recharse from irrication is made un of seepare
from irricated lands, from reservoirs, and from ditches.
The amount of recharsre fron surface drainape and from
irrircation losses has not been previously estimated.
Yearly irriesation water requirements for different crops
and veerly irrigation efficiencies were estimated for 26
vears (see table 1f) in the Roswell Basin. From this in-
formation and from the information given by Blaney and
Hanson [1P£57 it is assumed that the replenishment 1is
about 30 percent of the total amount of irrigation water
pumped. The total amounts of water used for irrigation
in the Roswell Basin durine 1967 and 12€8 were 388,000 and
339,000 acre-feet, respectively. We thus pet estimates of
replenishment of 11€,000 and 102,000 acre-feet during 1967
and 196¢, respectively.

Leakage

Leakare 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 deter-
mined by the difference in the hydraulic heads of the two
aguifers, the direction of leakape being from the aquifer
with higher head to the aqulfer with lower head. Leakage
is directly proportional to the product of the difference
in the heads of the two main aquifers and the leakance of
the aquitard in a given area.
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The amount of leakage can be determined by:
Q = K'Abh/D" (7)

where § is the volumetric rate of leakage through a vertical
column o the shallow confined aquif=r with s basal area A,
Ah is the difference between the average heads of the two
main aquifers in area A, and K'/h' is the leakance or leak-
age coefficient or the ratio of the hydraulic conductivity
(K') of the aquitard to its thickness (b') in the area under
consideration.

Equation (7) was used to calculate leakage for January
of the six years for which water table and potentiometric
surface maps were constructed. The January leakage and the
leakage coefficients used to calculate leakage are shown in
table 7. Tae leakage was positive in all cases. This 1is
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
tabie in the shallcw aquifer. However, this 1s not neces-
sarily true during the pumping season, anc the direction of
leakage is then often reversed.

Referring to table 7, the January leakage is highest
for 1944 and lowest ror 1964. The leakages for 1944 and
1969 are slightly higher than for 1926 and 1964, respectively.
Any decrease or increase in leakage between two years 1s be-
cause the potentiometric surface declines or recovers,
respectively, at a faster rate than the water table.
Elevation of the potentiometric surface changes from one
year to another at a higher rate than that of the water
table, mainly owing to two reasons: (1) the yearly pumpage
from the principal confined aquifer is greater than the
yearly punpage from the shallow aquifer, and (2) the
hydraulic diffusivity of the principal confined aquifer is
much larger (about 10° times) than the hydraulic diffusivity
of the shallow aquifer.

Monthly values of water levels in the Roswell Basin
are unavailable and therefore the yearly net leakage could
not be calculated bty equation (7). However, the yearly net
leakage has bteen estimated by the water budget methed in a
later section. Yearly net leakage should not be computed
from the January leakage simply by multiplying by 12.

Natural Discharge

The natural discharpge from the coupled leaky aquilfers
and the Pecos River system of the Roswell Basin has three
main components: (1) base flow, (2) flow from springs, and
(3) consumptive use by phreatophytes. All components are
discussed below.



Hantush [1955].

36

Table 7. Leakage from principal confined aquifer to shallow

aquifer during January of different years (thousands

of acre~feet), Roswell Basin, New Mexico.

Leakance1 Year

Area (per month) 1926 1944 1954 1964 1969
Roswell _
Townships 10, 11 h,5 x 1073 10.7 1l2.4 8.8 5.2 5.6
Dexter —y
Twps. 12, 13, 14 2.5 x 10 1.1 1.2 1.2 0.8 1.3
Artesia —y
Twps. 15 and 16 9.0 x 10 2.0 2.6 1.1 0.6 1.8
Lakewood -y
Twps. 17, 18, 19, 20 3.9 x 10 3.0 3.2 1.5 0.2 1.0
Total 16.8 19.4 12.6 6.8 9.7
1
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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, just north of the basin, and at Artesia
in the southern part of the basin (see tables 8 and 9).

The base flow into the Pecos River bhetween Acme and
Artesia is estimated from the arialysis c¢f hydrographs
(obtained by plotting daily stream flows versus day of the
year on semi-log paper) at Artesia, minus those at Acme
wlth a sulfable time lag. The estimated monthly base flows
and yearly totals since 1919 are shown in table 2.

The base flow has been decreasing steadily since the
de\e]opmant of the shallow aquifer in 1938, except during
1941 to 1944 when it increased because of heavy rains. The
average yvearly base flow for 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 smallest average amount (2,300 acre-feet) and
the highest average amount of base flow (6,600 acre-feet),
respectively.

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 Johnson Springs, which still flow,
at the southern tip of the basin. Besides these there
reportedly were scme springs in the lower reaches of Pen-
asco and Felix Creeks. Information on the springs has been
gathered by the U. S. Geological Survey [Fiedler and Nye,
1933] and is described here.

Berrendo Springs. Berrendo Springs originally flowed
65 cubic feet per second, or 47,060 acre-feet per year
from three springs. FEach was estimated to have an equal
flow of about 21.7 cfs (15,790 acre-feet per year)in 1900.

North Berrendo Springs. (NF%, swl SFr, Section
5, T. 10 S., R. 24 E.) The flow of North Berrendo Spring
decreased to 5 cfs (3,620 acre-feet per year) by 1926 and
stopped by 1932.

Middle Berrendo Spring. (sw SW , Sec. 17,
T. 10 S., R. 24 E.) The flow of Middle Berrendo gbrlng de-
creased to only 3 cfs (2,172 acre-feet per year) by 1926 and
ceased by 1932.

South Berrendo Spring. (SWp, SWy, NEf, Sec. 17,
T. 210 g., R. 24 E.) South Berrendo Spring stopped flowing
by 1926.




Discharge (in thousands of acre-feet) of Pecos River near Acme, New Mexico.

Table 8.

Total

Jan. Feb, Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Year

107.5

1.5
1.0

1.0

8.7
2.1

14.3

15.1
11.4

12.5

33.1

.2
24.1

18.7

A
.2

.7
l.l
1.1

1938
1939
1940

138.1
124.7

o7

21.3

19.4

23.3

11.0

22.0

4

19.4 6.8 19.4 11.2 17.6 17.0

29.3

876.5

36.5 40.7 164.,8 130.1 69.2 44,6 209.9 135.3 30.1 14.5

12.9

W2
11.6

1941
1942
1943
1944
1945

406.8

7.8
2.7

72.4 51.8 14.8 13.7 16.4 138,2 12.2 51.0
29.1

3.6
6.9

31.1

120.7

2.3
2.4

1.4

2'2
6.9
2‘3

17.5

4.4

29.7

1.3

12.1

1.6
1.0

10.3

98.4

1.4

8.9
14,1

2.8
5.4

8.4

30.8

1.4

1.8
1.2

17.7

3.8 2.3 1.1 83.4

1 . 9.5 o7 40.8
23,3

4.5

23,2

1.0 .1

1946
1947

55.4

.1 8.0 18.5

5

.9

74.8
164.4
156.5

.3
3.9
12.4

19.5 16.2

3.8
26.5

33.7

0
A

4.8

1948
1949
1950

2.2

13.2 48.4 21.6

13,4

7.0
5.7

27.2

o7

52.0 11.6 9.2 12.4

37.7

12.8

3.9

4.5

4,8 13.5 19,5 35.0 5.5 1.3 1.2 1.1 .3 110.4
24,3 33.5

26.3

. .6

1951
1952

96.4

.

6.1

17.8

14.9

3.0
2,9

.2
.1
.1
1.8

73.2
127.2
153.1

.3
3.2
1.5

3 14,4 27.6
16.0

21.0

1953
1954
1955

1.8

71.8

14.0

.

18.9

19.0

.9

69.6 13.2

2.0

36.0

5.0

1.2

1.6

85.9

2.4

4.4 14.6 24,6 33.9 1.7
12.8

4,5
65.6

1.0 1.3

1956
1957

85.9
225.1

2.8
6.0

14.4 29.3

4,0
24,6

. 11.3

.3
.7
2.4
1.3

5.5
1.7

5.0
2.0
5.9

31.6 33.6

31.3

7.7
28.2

25.2

19.0

1958
1959
1960

99.5
218.1

2.9

4.5
16.2

2,2 1.5 19.5
18.1

4.4

7.6

25.1

12,7

99.0

23.2

5.1

N

7.6 6.0 4.4 4.8 7.2 19.2 38,7 21.6 1.8 2.6 3.9 2.7 121.2
27.1 1.8 17.9

1.9

1961

.9 1.1 108.7

l9

7.4
25.9

10.5

30.4

7‘1

1.1

1962

118.2

.6

7.0

. 24,9 29.0

1.2
21.4

9 1.2 24,8

o3
.1

1963
1964
1965

40.9

1.8

2.6

.6

5.0

21.9

76.2

.5

4

28.1 2.1

11.7

2.9

118.6

.

1.0

16.3 33.2 6.2

30.8

.1 26,9 1.6

.1
.5
.9

1966

83.7

o7

.8
2.7

4.0 1.7 23.9
19.5

16.1

49.2

.6

1967
1968

76.2

3.4

6.0

24.3
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Table

Total

Jarn. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Year

281.1

27.0 19.0 11.9 31.5 38.5 18.3 39.5 16.6 7.0 11.7 23.3 36.8
16.1

1906
1907

270.3

24,9 26.1

27.4

8.5 12.5 21.6 33.4 28.5 20.6
4.8
6.7

21.9

28.8

239.7

22.3
22.3

9.2
7.9
8.9

2.8
6.8
5.7

5.4 29.4 95.9 16.1

6.4
11.0

8.5
3.4

10.5

6.5
2.9
4,8

1908 22,9 15,9

1909
1910

137.2

10.9 28.3

10.1

10.3

21.2

193.5

14.4

8.4

87.9

3.9

12.8 6.7

18.3

275.0
198.0

19.2 14,1 11.1 9.7 25.0 10.9 90.4 21.8 12.0 22.0 19.5 18.9
10.0

1911
1912

9.7 12.3 9.8 7.5 15.2
13.3 11,7

5.3
29.3

9.8
18.0

52.5

30.5

13.8 10.3

16.6

215.7

18.9

6.9

5.9 80.3

102.0

8.6
2.6

219.9

8.6
9.8

16.8
20.3

21.1

1913

374.0
493,2

81.2 7.3 18.5 18,0 22.3
13.3

44,8

16.8 14,1

1914
1915

10.4 17.5

17.2

31.7 42.3 34.8

40.6

20,9

24.3

265.0

20.3 16.7 14.9 26.4 49.7 13.2 2.7 48.3 21.9 17.2 15.5 18.3

1916

136.5

11.7

7.4
14.4

S.3
33.2
55.

4.6 2.3 26.1 21.1
15.5

7.9
6.6
57.2

5.3
5.8

1917 21.5 14.2 9.0
40.9

1918
1919

180.8
754.4
262.9

19.1
23.4

4.6  31.3  10.6
36.3 186.6 23.4

84.6

70.8

7.4
139.2

13,1

1235

19.7
23.2

39

26.7 20.6 13.6 9.6 41.2 44.8 18.5 14.8 7.1 5.7 12.4 14.3

1920

169.0 70.7 67.6 13.1 5.9 9.5 12.1 449.7

55.8

5.6

909
11.7

17.5 12.9

1921
1922

123.2
289.5

18.1 29.2 13.5 2.5 4,8 3.8 8.6 10.1
18.1 16.8 97.1 27.1

8.2
19.9

11.2

14.4

30.9

9.9
28.0

19.0

12.0

11.6 14.9 12.2

1923

204.9

4.3 8.8 5.2 15.8
17.0 13.7

25.8 17.1 12.7 23.3 29.3 21.3 9.4
74.1 47.2

1924

250.7

12.0

16.8 9.3 5.7 3.3 4.3 3.8 43,5

1925

281.4
159.6

13.7 9.8 10.8 17.7 60.9 48,0 32.2 6.8 34.2 16.5 13.5 17.2
11.4 41.8

1926
1927

8.0
18.0

6.6 4,2
26.7

56.6

19.3

15.8 13.9

7.4
33.1

6.6
4.4
5.6
6.9

8.0
6.7
11.6

16.4

243.3

17.8 28.6 14.8

16.0

9.2
13.8

11,2

1928
1929

182.4
261.6

9.2 22,3 24,6 16.0 14.1 i1.6
24,7 113.0

16.3

22.6

14.4

6.3 14.1 15.1

12.5
109.9

19.8

22.2

9.6

9.3 6.7
13.8

13.6

1930

215.2

14,2 19.4

18.5

16.6 9.8 24,7 24.5 16.2 10.4 34.5
11.7

1931

360.1
176.0

44.8 17.8 22.2 9.4 62.6 18.7 17.3
39.0

14.0

17.5 13.5

1932

9.3

9.8
8.8
9.1

8.2

4.2

21.3

16.8 13.3 9.8 4,4 2.7 16.6 24.5
9.4
6.9

1933
1934

93.7
190.5

8.9 .
12.3

10.1 12,6.

3.5
19.8

7.8

30.1

7.5

907

10.8

7.1

45.3 29.1

8.4

3.5

9.0 9.5

1935

Continued
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Discharge (in thousands of acre-feet) of Pecos River near Artesia, New Mexico. (con

Table 9.

202.9
581.6

15.2 2.7 9.3 3.5 21.5 26.6 32,1 7.5 29.8 15.8 11.2 17.1
19.4 20,2 30.2 182.7 208.0 12.8

1936
1937

8.7 8.9 8.3

17.1

25.8

38.3

17.9

175.4
189.6

7.0

7‘2

8.4
5.0

6.6 23.3 4.9 3.6 35.5 22.5 13.6 24,5
15.9 27.5

6.7
6.5

7.8

8.2

1938

5.3
3.9

23.8 19.9 20.6

24.3

25.1

33.1

1939

6.4 179.8

5.7

20.6 22.9 13.3 23.3 17.8

19.1

7.1

1940

1,351.0

7
0

150.2 89.3 54.1 339.4 258.4 73.7 37.
20

235.8

54.4

1941
1942

67.1 19.1 17.5 18.3 134.3 23.8 62.2 . 511.7

76.9

3
21.6

183.9

11.8

7.5
9.3
6.6

6.1
14.8

31.8 15.8 27.8 17.9

5.1
4.5

19.1

9.1
34.4

8.4
6.0

1943
1944

155.8

9.2
6.2

12.2

4,2
2.5

9.9

30.5

5.4
34.6

12,7

114.1

7.2

3.7 13.7 3.0 17.1

4,9

8.1

1945

146.0

9.8
6.0
5.5
9.3
5.5

47.6 17.2 10.0

2,6

10.0

5.0

2.8
10.5

4.3 23.9
8‘4

5,3

6.9

1946
1947
1948
1949
1950

90.6
127.7
248.2
191.5

4.4
5.1

10.7

2.0
2.6

25.8

05
1.1
55.0

4
18.3

20.6

.9
28.0

23.1

4.7
5.6
5.6

8.8
4.9
5.7

10,8

15.9

4.3
11.4

3.3 31.6

2.6
6.6

35.1 20.0

40.0

26.5

4.5 26.6 64.1 15.4 15.5 14,2 5.6

13.5

8.7

128.1
106.6

2.4 5.8 5.9

2.7

1.1
1.1
9.0
2.0

24,1 5.7 16.6 14.8 37.6 3.5
22,5 30.5
60.8

4.8
2.9

5.3

o 1951

4.2
3.6
8.6
6.4

3.5

2.4 9.7 18.4

2.1
19.1

3.5
3.0
2.4

4.7

1952

77.8
239.6

3.3
12.4

1.3
152.7

9.4 18.5

1.4

19.7

2.8
2.3
5.9

3.2

1953

19.8

.9
14,9

15,6

3.2
7.2

1954
1955

191.9

6.0

32.1

4.9

38.8

3.2 6.8

4.4

96.4

3.6
4.1

4,2
8.7

1.1
5.4

12.4

3.8

24,0 26.7

9.4
5.4
23.2

5.2
6.6

70.7

2.5
1.9
22.3

6.6 3.7
10.9

5.1

1956

93.5
244,8

4.3
8.9

9.8
36.3

27.5

10.6

2.9
3.5
6.5

3.8
4,5

1957

27.4

11.6

20.7

1958
1959

105.1

4.1
12.1

3.5
10.6

27.7 o7 1.5
18.4 26.0

28.4

15.9 4,0
20.0

2.4

3.8
15.5

6.0
5.3

224.6

12.1

89.3

18.7

7.1

4.0

1960

131,2
123.5

6.3

7.4
3.5
2.7

2,1
3.9
1.3

1,9
20.7

7.3 18.7 31.2 20.9

4.1
2.7

5.4
2.8
1.6

9.6 7.4
25.3
17.8

12.4

1961

4.1

8.6
22.9

10.8

29.9

5.4 3.7

1962
1963

116.8

3.2
2.1
2.7
2,0
2.5

9.4

21.7

20,8

22.1

3.7
2.6
1.6
2.4
2.?

4,1

44,1

2.1
2.7
2.8
1.8
2.2

10.0

3.4
8.5

24.1

1.1
4,0
104
40,7

2.7 1.8
17.3

1964
1965

87.9
141.0

2.6
12.5

6.8

46.0

5.3 32.9

3.2

2.1
2.6

2-7

17.4

23.3

1966

83.4

.6 5.8 1.2 21.6
10.8 31.3

8.5

1.4
20.8

2.8

1967

'90.6

2.5

3.4 1.2

1.3

1.7

3.8 3.1

1968
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Worth Spring. (WWF, SEf, NEf, Sec. 36, T. 10 S., R.
23 E.) North Spring was originally flowing at the rate of
85 cfs (61,540 acre-feet per year) and the flow decreased
to 77 cfs (55,748 acre-~feet per year) in 1901 and completely
stopped by 1926.

South Spring. (SEf, SET, NEf, Sec. 22, T. 11 S., R.

24 E.) South Spring had an original flow of 60 efs (43,440
acre-feet per year) which diminished to 28 cfs (20,272 acre-
feet per year) in 1902 and stopped completely by 1904.

Major Johnson Springs. (NE%, NE%, Nwl, Sec. 21, T.
20 S., R. 25 E.) Majcr Johnson Springs have been studied
by Theis [1938] and Reeder [19633. The springs discharged
40 cfs (28,960 acre-feet per year) until 1938, when the
discharge started tc diminish. The rate of flow in 1964
was 10 cfs (7,240 acre-feet per year) [Cox, 1967].

Consumptive Use by Salt Cedars

Salt cedars were first observed in the basin near
Lake McMillan in 1914. In the beginning they were welcome
because they helped reduce the transport of sediments into
trhe lake. Starting with about 500 acres in 191%, in the
middle basin of the Pecos River, the area covered by salt
cedar increzsed to 15,000 acres by 1939, 25,000 acres by
1946 and 40,000 acres by 1957 [Thompson, 19591].

Salt cedars are located mainly along the Pecos River
channel and they consume mostly the shallow groundwater. The
amounts of water consumed by salt cedars in the Roswell Basin
durings 1966, 1967, and 1260 are estimated to be 121,000,
132,000, and 107,000 acre-feet, respectively. The amount of
water consumed during 19€€ has decreased from the preceding
two years partlv because of increase in precipitation and
pertly because of the eradication program of the Bureau of
Reclamation. Yearly estimates of consumptive use by salt
cedars were based on data provided by the Bureau of Recla-
mation [Smith, personal communication, 1969, and U. S. Bureau
of Reclamation, 19661, and are shown in table 10.

The estimates of salt cedar acreages given in table
10 are lower than the estimates of the National Planning
Board [1942] and of Thompson [1959]. Therefore, it is be-
lieved that the estimates of salt cedar consumption in
table 10 are probably low, and the discrepancy is believed
to be greater for the earlier years.

Pumpage from the Aquifers
Groundwater is withdrawn in the basin mainly from the

two principal aquifers: the shallow aquifer and the principal
confined aquifer. Less than 8 percent of the groundwater



Table 10. Yearly estimates of consumptive use of water by
salt cedars, Roswell Basin, New Mexico, 1937-1968.

, ’ \ L . p
Salt Cedar Area (acres)” Corsumptive Use (acre—feet)e

Tear Ero3s 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 10,200 3.83 39,100
1941 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
1944 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 15,000 15,800 4,49 70,900
1948 19,800 16,600 4,16 68,900
1949 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 20,200 4.57 92,400
1954 24,300 21,000 4,44 93,100
1955 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
1959 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 4,13 109,700
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
1968 33,600 30,500 3.52 107,400

1From the U. S. Bureau of Reclamation [19661. K is the
yearly consumptive-use coefficient.

2Consumptive use minus effective precipitaticn.

b2
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pumped in the basin comes from the aquitard, also called 1n
this repvort the shallow confined aquifer.

Data concerning “the- total number of wells tapping
various aquifers and the amounts of water withdrawn from 1900
through 1968 are presented in tables 11 and 12, respectively.
The rates of dscharge for 748 wells were obtained from %the
well schedules which are avallable in the office of the
State Engineer at Roswell. Tables 13 and 14 and figures 13
and 14 were prepared from this information, 2s well as from
information about the metered pumpage for individual wells
provided by the same office.

The total annual pumpage is distributed according %o
sources and periods &g shown in table 15. These percentages
are based on the histcry of the development of the basin
[Welder, personal communication, 19687.

The yearly amounts of pumvage by source based on fable
15 are shown in table 12. The pumpage estimates were de-
rived by Mower [1960] and Welder [personal communication,
19687]. Table 12 is based on information in these sources
as well as on metered yumpage for 1967 and 1968 provided by
the office of the State Engineer in Roswell.

Use of Groundwafler

Before large-scale developrment of the basin, grouncd-
water in the Roswell Pasin was used mainly from domestic
and stock wells and the groundwater was not extensively ex-
ploited until large-scale irrigation was begun in the be-
ginning of this century. The reader is referred to the
publication of the National Resources Planning Board [1942]
for the detailed ~istory of the basin's developrent.

Juring 1867 and 1968, only 4.3 percent ancd 4.6 percent,
regpectively, of the folal groundwater pumped was used for
municipal, commercial, and industrial purposes. More than

9% percent of the groundwater was, and stlll is being,
utilized for farming.

Irrigated Acreage

The Roswell Rasin is 2ocated in Chaves County and in
the northern part cf Eddy County. Alfalfa and zotton arve
the major crops, follcwed by sorghur, and some small gralns
and commercial vegetables ave also grown. During 1968,
alfalfa, :otton, and scrghum accounted for 95.4 percent o°
the total acreage in Chaves County. Tables 16 and 17 show
yearly acreages of irrigated crops ir Chaves and ®ddy
Countles, New Mexico, based on estimates by the U. S.
Department of Agriculturs and New Mexico Departmeant of
Agriculture.



Table 1l1. Average days of use and average discharge of wells
tapping various aquifers, Roswell Basin, New
Mexico, 1967.

Aquiferl Total Number Number of Average Average Dis-
of Wells Wells Analyzed Days charge (gpm)
1 814 473 82.6 1080
2 91 46 100.3 627
3 480 229 97.4 556
12 33 23 96.9 847
13 11 7 120.8 694
23 125 75 99.0 643
123 5 3 104.5 1007

Aquifer code numbers 1, 2, and 3 denote principal confined
agquifer, shallow confined acuifer, and shallow aquifer, re-
spectively. Two or three digits represent multiple aguifers.

by



Table 12. Annual pumpage by aquifer (in acre-feet), Roswell
Basin, New Mexico, 1900-1968.
Shallow Shallow Con— Principal Con-
Year Aquifer fined Aquifer fined Aquifer Total
1900~
1937 0 14,500 185,500 200,000
1938 93,960 23,300 185,740 303,000
39 98,920 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 28,450 226,810 370,000
44 106,670 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 37,520 306,880 478,000
52 124,940 35,090 286,970 447,000
53 129,690 36,420 297,890 464,000
54 131,920 37,050 303,020 472,000
55 125,780 35,330 288,900 450,000
1956 138,630 38,940 318,430 496,000
57 135,280 37,990 310,730 484,000
58 107,050 30,070 245,890 383,000
59 125,780 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
67 110,480 29,280 233,240 373,000
68 97,450 25,830 205,720 329,000
Mean
1938~ 118,680 31,760 256,370 406,810
1968

* In acre-feet,

45



Table 13. Days of use of wells tapping various aquifers
during 1967, Roswell Basin, New Mexico.

Number of Wells Analyzed
Principal Shallow
Days Confined Confined Shallow
Aquifer Aquifer Aquifer
0 to 20 20 4
21 to 40 62 5 26
41 to 60 70 9 36
61 to 80 101 5 36
81 to 100 83 4 36
101 to 120 52 6 28
more than 120 85 17 64
Total 473 46 229

4e



Table 1l4. Discharge of wells tapping various aquifers, from
the well schedules, Roswell Basin, New Mexico.

Number of Wells Analyzed
Principail Shallow
Discharge Confined Confined Shallow
(gpm) Aguifer Aguifer Aquifer
0 to 200 7 3 17
201 to 400 25 8 69
401 to 600 45 13 53
601 to 800 57 13 43
801 to 1,000 77 5 23
1,001 to 1,200 80 2 11
1,201 to 1,400 62 2 9
1,401 to 1,600 L 1
1,602 to 1,800 38 2
1,801 to 2,000 26 1
More than 2,000 22
Total h73 46 229

b7
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Table 15.

Percentage distribution of total annual pumpage
according to source, Roswell Basin, New Mexico.

Period Principal Confined Shallow Confined Shallow
Aquifer Aquifer Aquifer
1900-1937 92.75 7.25 -
1938-1947 61.30 7.69 31.01
1948-1961 64.20 7.85 27.95
1962-1968 62.53 7.85 29.62
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Table 16. Acreages of irrigated crops, 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
1945 30,000 33,000 21,000 8,200 92,200
1946 30,000 33,000 23,000 10,600 96,700
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 59,100 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 17,200 110,800
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
1965 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

lCompiled from records of the New Mexico Department of Agri-
culture [1962-19697, Roswell Chamber of Commerce, and the
regort by Mower [1960].

2Includes small grains plus miscellaneous crops.
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Table 17. Acreages of irrigated crops, Eddy County, New
Mexico.l

Year Alfalfa Cotton Sorghum Small Grains2 Total

1959 23,800 29,500 2,700 7,200 63,200
1960 25,000 32,100 2,800 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 20,800 1,700 4,100 58,200
1967 31,700 19,200 0 1,000 52,200
1968 35,000 22,900 1,300 1,000 60,200
1

Compiled from records of the New Mexico Department of
Agriculture [1962-19691].

2Includes small grains and miscellaneous crops.
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Consumptive Irrigation Requirement by Crops

"Consumptive irrigation requirement" as used here re-
fers to 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. Effec-
tive precipitation is that part of total precipitation
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 intercepted pre-
cipitation 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 lnches or
millimeters or feet."

Values of monthly consumptive use were calculated by
the Blaney-Criddle method [Blaney and Hanson, 19657 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

monthly consumptive use in inches

monthly empirical crop consumptive-use coefficient
t x p/100 = monthly consumptive-use factor, t is
mean monthly temperature in degrees Fahrenhelt, and
p is monthly percent of daytime hours of the year.

R C
nmnH

Estimated values for k are given by Blaney and Hanson

[1965].

Monthly effective precipitations were calculated by
using the following polynomial relation between the total
monthly precipitation and the corresponding effective pre-
cipitation:

p, = ap + bp? + cp? + dp” (9)

where p = total amount of monthly precipitation;_ a, b, ¢, and
d are constants where a=0.94574, b=0.27926 x 10-Y, ¢=-0.18451
x 1071, d=0.10224 x 1072; p, = monthly effective precipitation

corresponding to p.

Relation (9) was derived from data used by the U. S.
Bureau of Reclamation [Blaney and Hanson, 19657 for calecul-~
ation of p, from p.
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A computer program was developed to calculate monthly
consumptive irrigation requirements (u - P ) for alfalfa,
cotton, sorghum, and small grains. Monthly irrigation re-
quirements for these four crops in the Roswell and Artesia
areas for the period 1905 to 1968 are given in Appendlx D,
along with other tables of related data. - = -~

_ The irrigated acreages for the years prior to 1959

in Eddy County are not available. As the crop pattern in
the part of the basin located in Eddy County 1is more closely
related to the pattern in Chaves County, yearly consumptive
irrigation requirements (CIR) for crops in the Roswell Basin
were estimated by multiplying CIR for crops in Chaves County
by: -

2-year (1967-68) total groundwater pumped in Roswell Basin
2-year (1967-68) total groundwater pumped in Chaves County

1.43 =

Table 18 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
year. The estimated yearly irrigation efficiencies are also
shown in table 18. The average of the irrigation efficienciles
from 1943 through 1968 in the Roswell Basin 1s 55 percent.
These values may be off somewhat 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. 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 of the maps were based on measurements made during
January of the respective years.

Since 1938 the water table has been lowered conspic-
uously in three areas, formlng large cones of depression
near Artesia, Hagerman, and Dexter. The decline is more
than 100 feet in some places.

The decline in the potentiometric surface since 1944
has also been large (as much as 100 feet at some places)
but the cones of depression are flatter and extend out
farther from the principal areas of withdrawal. The
potentiomztric surface 1is extremely flat in the Roswell area,
mainly because the transmissivity of the grincipal con-
fined aquifer is very high (~200,000 feet®/day in the
Roswell area) compared with the transmissivity of the shallow
aquifer (~13,000 feet?/day in the Roswell area). More than
1o percent of the pumpage from the principal confined




Table 18. Yearly irrigation water applied, consumptive
irrigation requirement (CIR), and irrigation
efficiencies, Roswell Basin, New Mexico.

Water Applied% Consumptive Requirement1
Chaves Roswéll Efficiency
Year Groundwater Total County Basin Percentage
1943 370.0 384.0 152.0 217.4 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 416.0 430.0 178.0 254 .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 464.0 478.0 230.6 329.7 69.0
1954 472.0 486.0 195.8 280.0 57.6
1955 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 383.0 387.0 154.2 220.6 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 536.0 550.0 184.1 263.3 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

lln thousands of acre-feet.
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aquifer is concentrated in the Roswell area. Figure 15
shows the average hydrograph for four recorder wells in the
principal confined aquifer.

Average elevations of the water table in the shallow
aquifer and average elevations of the potentiometric sur-
face in the principal confined aquifer were estimated from
the above-mentioned maps for different years and are shown
in Table 19. The average elevation of the land surface in
the same area is estimated to be about 3,465 feet above
mean sea level.

Table 19. Estimated average January elevations of water table
and potentiometric surface in the two aquifers of
the Roswell Basin, New Mexico.

Year
Aguifer 1926 1944 1954 1964 1969
(feet above mean sea level)
Shallow 3,407 3,407 3,384 3,374 . 3,367
Principal
Confined 3,451 3,461 3,417 3,397 3,403

The average water table declined 40 feet in the 25 years
from 1944 to 1969. The average potentiometric surface sank
64 feet in the 20 years from 1944 to 1964, and then rose six
feet in five years, from 1964 to 1969. This rise is
attributed to an increase in precipitation in 1968 and a de-
crease in groundwater pumpage during 1967 and 1968,

The interpretation of changes in water level or changes
in potentiometric 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 de-
pends on the rate of discharge, on the hydraulic character-
istics of both aquifers, and on the hydraulic characteristics
of the aguitard that separates the two aquifers.

Water Budgets

This section contains a review of the analysis of water
budgets of the Roswell Basin. The water budgets were esti-
mated for four consecutive periods: 1926 through 1943; 1944
through 1953; 1954 through 1963; and 1964 through 1968. The
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water budgets were estimated using the hydrologic equations
for the two aquifers which are simply water-inventory .
equations.

"Hydrologic Equdtions

The hydrologic equation for the principal confined
aquifer for any period can be written as follows:

R+ 45, - Py =L+ F (10)

1
where R is recharge, 43, 1s change in storage during the
period, P, is pumpage from this aquifer, L is leakage between
the principal confined aquifer and the shallow aquifer, and
F is the groundwater flow to the east beyond the boundary

of th§ basin (considered negligible compared to the other
terms).

The hydrologic equation for the shallow aquifer can be
written as:

Rp + Rf + L + AS2 - P2 = D (11)
where R_ is recharge from local precipitation, R, is re-
plenish%ent from return flow, AS, is change in sftorage in the
aquifer, P, is pumpage from this~aquifer, and D is the total
natural diScharge from this aquifer and includes the ground-
water outflow to the Pecos River and the consumptive use of
groundwater by salt cedars and other natural vegetation.

Change in Aquifer Storage

The water table and potentiometric surface maps were
drawn for January of 1926, 1944, 1954, 1964, and 1969 and
the change in storage in the shallow aquifer was calculated
from these maps. On all water-table maps, wabter-level
elevations were interpolated at the section corners. The
storage change was determined from map to map as follows:
The elevation difference at each section corner was multi-
plied by the associated area, and the products were added
algebraically and multiplled by the averags tltimate
specific yield.

The change in storage in the confined part of the
principal confined aquifer is negligible because of very
low storativity. The change in storage in the intake area
of this aquifer was calculated by multiplying 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.
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Leakage

Leakage between the principal confined aquifer and the
shallow aquifer was estimated by applying equation (10). By
this method, leakage could only be determined for those
periods for which all the quantities in (10), except L, were
known. Leakages were estimated for the four periods as
shown in table 20. These values are net leakages during
these four periods, and the yearly rates determined from them
are not recessarily the actual rates of leakage.

The January leakage has always been positive as shown
in table 7. The net leakages calculated with equation (10)
have been negative since 1954. This is because the
potentiometric surface during pumping seasons has been
lowered much more than the water table and the direction of
leakage 1s then reversed.

In conclusion, the leakage has been upward (positive)
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 con-
sidered since 1954. It is, however, possible that the
leakage may have been positive during some years since 1954,

Natural Discharge

Natural discharge for the four periods was estimated
using equations (10) and (11) and is shown in table 20. The
change in storage in the intake area for 1926 through 1943 is
not known. Moreover, the estimates for pumpages from both
aquifers for this period are not reliable, and therefore
the estimated natural discharge for 1926 through 1943 is
uncertain. Natural discharge was slightly higher during
1944 through 1953 than during the subsequent two periods.

There could be some error in the estimation of any of
the quantities in table 20, especially as regards changes
in aquifer storage. This is especially true for the shallow
aquifer because of lack of control in the western part of
all the water-table maps.

Summary of Water Budget, 1926-1968

Figure 16 summarizes the components of the hydrologic
cycle of the Roswell Basin from 1926 to 1968. 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
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one year only (1935). From 1944 through 1968, pumpage ex-
ceeded recharge during all the years except 1944, 1950, and
1968. The net leakage was upward until 1953, when its
direction was reversed for the subsequent two periods.

The cumulative change in storage in the principal con-
‘fined aguifer is also shown in figure 16. The storage has
been gradually decreasing since 1941 because of heavy with-
drawals and in 1967 it reached its lowest wvalue 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 five years. For this
reason, and also because of higher precipitation, storage
increased slightly during 1968.

Total replenishment to the shallow aquifer is shown
in the lower part of figure 16. The pumpage from the
shallow aquifer has always been less than the total re-
plenishment except during 1963 and 1964, However, the
pumpage plus the natural discharge has always been greater
than the total replenishment to the shallow aguifer except
perhaps during 1941. A gradual increase in pumpage has led
to a progressive decrease in the groundwater discharge to
the Pecos River from the basin. This decrease in discharge
may also be partly due to a gradual increase in salt cedar
acreage, a situation that has been aggravated by droughts.
The precipitation at Roswell has been below average since
1950, except during the four years 1958, 1960, 1962, and
1968, and conseqguently the amount of Pecos River water
available in the basin has gradually decreased (see figure
16 and table 20).

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 section the groundwater
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 toward
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 and 18
[Hennighausen, personal communication] show isochlors and
chloride content of selected wells tapping the principal
confined aquifer. The location of isochlors changes with
the time of year, ranging more to the southwest, toward the
pumping centers, during the pumping season than during the
shutoff period. Figure 19 [Hennighausen, personal
communication] shows the encroachment of 500 parts per
million isochlor from 1952 to 1965 and 1968. Hood [1963],
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Hood et al. [1960], Spiegel [1967], and Havenor [1968]
have discussed in detail the saline-water encroachment in
the Roswell Basin.

sSummary

The Roswell Basin in southeastern New Mexico 1s part
of the Pecos River Basin and is comprised of two coupled
leaky aquifers and a surface-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 that
flow during winter months.

The recharge to the principal confined aquifer is
from precipitation in the western and northwestern parts
of the basin and averages about 240,000 acre-feet per year.
The replenishment to the shallow aquifer is from: (1) gain
or loss due to leakage 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 precipltation.

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 throughout the basin ever since its
development.

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, except
for a few years when, as a consequence of heavy rains in
1941, the aquifer almost recovered to its initial state.

The consumptive-waste use of water by salt cedars in
the basin is still very great, amounting to about 107,000
acre~feet in 1968. The loss of water has decreased from
133,000 acre-feet during 1967 because of increased pre-
cipitation during 1968.

Saline-water encroachment still continues but it
appears that the withdrawal of saline water from the
principal confined aquifer just east of Roswell, by a
saline water conversion plant, may retard the encroachment.



Chapter 3
THE DYNAMIC-PROGRAMMING APPROACH

Introduction

Most of the present-day water-resource systems are
large and complex, and therefore difficult to analyze. The
best way to analyze such systems is to approach them syste-
matically. The Harvard Water Resources Group has developed
such a systematic approach [Maass, et al., 1962] to the
methodologies of design and development of water-resource
systems. They applied their studies to the Indus Plain of
Pakistan which has one of the largest irrigation systems in
the world [White House Report, 1964]. However, this report
is concerned only with the optimal operation of existing
water-resource systems, which is only one of the aspects
of a complete system design. Optimal operation refers to
the improvement of the operation of the system with optimum,
or "the best", as a goal. Methods of achieving optima
constitute the theory of optimization.

An important group of optimization methods comes under
the mathematical-programming techniques. (The term "pro-
gramming” here should not be confused with "setting up pro-
grams" for a digital computer.) Mathematical programming is
defined by Sipple [1966] as the technique of finding an
opftimum value of a function of many variables when these
variables are subject to restrictions in the form of equa-
tions or inequalities. The term is usually restricted to
problems so complex that they require a digital computer
for their solution.

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

Linear programming is suitable for solving problems

with linear objective functions and linear constraints,
whereas nonlinear programming is used for problems with
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nonlinear objective functions and/or nonlinear constraints,
making it much more complex. Details of these techniques
are presented in Hadley [1962, 1964]. An application of
nonlinear programming for the evaluation of aquifer para-
meters is given in the preceding chapter. o

In problems that involve discrete input data or tabu-
lar data, or discontinuous objective functions, multistage
optimization (dynamic programming) is often the only satis-
factory method for optimization. Problems of this type are
fairly common in water-resource systems. The main limitation
of the usefulness of dynamic programming 1is the dimensionality
of a problem--that is, the number of independent state vari-
ables involved in the problem. At the present, a two-
dimensional, or even a three-dimensional, problem can be
handled on a medium- to large-sized computer depending on
the speed and storage capacity of the computer and the size
of the problem. However, there are methods to overcome the
problem of dimensiomality to a 1imited extent [see Bellman,
1957, 19621]. ’

A brief description of dynamic programming and some of
the terms associated with it are presented in the following
section.

Dynamic Programming

A process in which a single decision is to be made is
called a single-stage process, whereas one which involves a
sequence of decisions is known as a multistage decision pro-
cess. Dynamic programming is a strategy for solving opti-
mization problems involving multistage decislon processes.
Some problems can be formulated into such a process by
introducing an artificial element of time. Richard E.
Bellman coined the term "dynamic programming" and is
responsible for developing the theory of dynamic programming,
which he discusses in several books [Bellman, 1957, 1961,
1962; Bellman and Kalaba, 1965]. The original principle
on which Bellman based his principle of optimality was
formulated by Massé [19467.

Perhaps the earliest application of dynamic programming
to water-resource studies was by Little [1955]. Bear et al.
[1964] have surveyed the literature related to optimization
of water-resource systems.

Some of the terminology applied in dynamic programming
is 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
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exist constitutes a state space and the set of variables
defining this state of the process is called the state
varlables.

Decision. A decision represents one of the choices
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 i1s 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 admissible policy, and an
admissible policy that maximizes the objective function for
a system is called optimal policy.

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.

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
egualities.

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 (or functions
of these variables). For further discussion of objective
function, see Maass, et al. [1962] and Parker and Crutchfield
[1968]. The maximized return for a given state is called
optimal net return for that state.

Principal of Optimaiity. The first step in solving a
mathematical model is to simplify it and/or to make certailn
changes or transformations so that it is easier to solve in
the new form. Unlike simplifications, these changes
completely preserve the properties of the model but the
transformed model is easier to optimize. Such a transfor-
mation is accomplished for multistage-decisiocn problems by
the dynamic programming approach. A prcblem with N
decisions can be transformed into N subproblems, each con-
taining only one decision variable. This is accomplished
through the application of Bellman's principle of optimality
[Bellman, 19571:
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"An optimal policy has the property that whatever the initial
state and initial decision are, the remaining decisions must
constitute an optimal policy with regard to the state re-
sulting from the first decision.”

Or, to put it another way, "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 dcne with what
you should have had" [Rutherford, 1964].

Qtatement of the Problem

& 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, and 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, whichk can be negative--that 1s, 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 to be grown: alfalfla,
cotton, sorghum, and small grains (for example, barley).
Areas of specific crops to be irrigated from each of the
three sources (12 areas in all) are assumed to be known.

The shallow aquifer and the confined aquifer receive
probabilistic recharges from precipitation. Besides leakage,
which is assumed positive if it is from the confined aquifer
to the unconfined aguifer, the latter gains water also in
the form cof 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 hcth the
river and shallow aquifer lose water through consumptive-
waste use by salt cedars.

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 agquifers and
the surface water to be used, in cne period, are treated as
decision variables. Each decision variable has four com-
ponents, 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 lcng period of
time,

Dynamic Programming Formulation

The following notations are used for the mathematical
formulation of the problem:
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1, 2, 3 = subscripts referring to the surface water
system, shallow aquifer, and confined aquifer, respectively.

, Q@ ﬁ = yolume of water diverted or pumped
period from the end of the planning horizon.

Q Q
1n?
during the n%B

Vl, V2, V. = amount of water in storage at the be-
ginning of a peﬁiod.

iy Toss T = probabilistic recharges to the surface
water sy%tem,Jto ége shallow aguif B> and to the confined
aquifer,respectively, during the n period from the end of
the planning horizon.

i s . = probabilities for r,., 2,5, nd r
resoecg}%él§%3’ P = F * 110 T2y @ K ?

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

Dn = natural discharge from the shallow aquifer during
the nthperiod from the end of the planning horizon.
th

I, = amount of leakage duringthe n  period from the
end of Bhe planning horizon, assumed positive when to the
shallow aquifer.

u = discount rase to reduce future henefits to pre-
sent values.

Bn(an, Qop s Q3n’ Vi, Vs V3) = net value asded to
the basin during the nth period from the end of the planring
horizon, obtained from the use of Q1 s an, and Q amcunts
of water when the stcrages were Vl’ 9 , and V,, réspectively,
in the surface water system, the shaliow aqui?er, and the
confined aquifer.

£ (V,, V,, V,) = the expected value added to the basin
from thé n=stafe process following an optimal policy starting
with Vl’ V2, and V. as the amounts of water in the three
compenents of the System.

The maximum of B 1s to be obtained in the multi-
dimensional space of the variables of which it is a
function. '

In order to obtain the maximum, the problem 1s
approached through dynamic programming. The areas that
are to be irrigated are treated as parameters of the system
snd the physical dimensions of the system are evaluated
from hydrologic analysis.
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Two distinct stages of optimization are involved. One
is the optimization of the system as a function of time--
that is, finding an optimum cperating policy for a finite
number of stages n. In order to perform optimization of
the system as a function of time, one must first optimize
the system in space. The results of optimization in space
are incorporated in the dynamic model so that there 1s total
optimization within the constraints of the system. The
dynamic model is formulated first.

Formulation as a Function of Time

n order to analvze the ovroblem of two coupled leaky
aquifers and a surface-water system, a set S and a set P
are defined so that a1l admissible sbates and all admissible
decisions are contained in & and P respectively--that 1is,
(Vl, Vs Vg) e S and (Q,, Q,, Q3) e P.

Let fO(Vl, Vs V,) = 0 and consider the operation of
the system for cne staZe; the optimal one-stage return is
obtained as fallows:

max
£V, Yy, V3) = - {By(Q;,Q,,Q3,V;,Y2,V3)} (12)
(Q13Q21Q3)€P

The state of the system is transformed by the trans-
formation T, where T = T(Q,,QQ,Qg,rl,r2,rq,D,E,L).

Employving %he principle of optimality, using fthe ex-
pected value criterion, and discounting the returns to
current value, the “unutional equation of dynamic programming
[Bellman, 1957] fcr the system can be written as:

max
£n(V),V2,V3) = (B, Q0 QnsnsVyaVesVa)
(Q30sQn»n)e?
-) . '
+ (L+u) £y (Vi1 a EqPn=Qn, Vo +ronte (@ n+QontQsn)

* 00 t € D 0O

+ L-D )hl(rl)hz(rz)hs(ra)drldrzdra} (13)

n~QnsV3¥ra,~ Ly=Qn



74

where h1(rl), hz(r?) and h3(r3) are probability density
functions for r.. r., and r,, respectively, and ¢c is a con~-
stant for calcu}atién of deép percolation from lrrigatiocon
returns.

The above functional equation for an n-stage process
can be interpreted as the maximization, with respect to
water withdrawals 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 ordesr to solve equation (13), all of the variables
are made discrete and the equation takes the following form:

max
fn(VI,VZ,Vs) = {Bn(an:Qp_noQ;J,naVl ;Vzovg)
(an'QZn’QBn)EP
) L M N
+ (@0~ § ) ] pyyPagPakfne) (V4T n-EngtDy=Qy s
i=1 j=1 k=1
Vo+r o +c(Q) HQ, +Q5 ) +L ~D _~Q, V3Tl -0, n)} (14)
where
EVER )
Py P, sP,20, Py = Py = Py = 1 (15)
177277 je1 0t e 3 g2y 3k
and 11 Typo r13, -+ . Tqp BTE stochastic recharges to the
surface water system with probabilities Dy15 Ppps Pygs = - o,
Py13 Tops Toos Pogs + o = Toy 2re stochastic recharges to
the shallow aquifer with probabilities Poys Poos Pogs = v v
Pops and r31, rg?, P33, s ey r%N are stochastic récharges

to the confined aquifer with protabilities Pyyos DBE’ 933,
. p3N, respectively.

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 com-
ponents of the system--that is,

0 <9y =V j=1,2, 3. (16
The discretization of the problem reduces it to 3
finite Markovian decision process [Howard, 19607. The
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probabilities in equation (13) can be expressed in the form
of a transitior probability matrix, where the multidimen-
sional matrix will define the probabilities of going from one
state to the next.

Formulatizn as a Function of Space

This section is concerned with the optimsl allocation
of a given amount of water from one of the three sources to
the fcur crcps thal are to be growr cn gilven areas. This
problem is zn example of optimizaticn in space, and it 1is
approached in the same manner as the rrevious problem,
which involved optimizstion over time. Apn artificlal sle-
ment of time is introduced and the stages of the preceding
section are now replaced by the four crops. The probiem
is formulated as a functional equation of dynamic pro-
gramring and solved through sequential analysis. Some
additional symbols used in the forrmlation are described
below:

S. = the initial state of the system, defined by the
tetal amount of water in storage in the system component under
consideration, and the total amount to be withdrawn from
that compcnent for allocation to different crops. The
system has three components, namely, the surface-water system,
the shallow aquifer, and the confined aquifer.

Q'k = the amount of water allocated to the kth activity
and is fractinn of the total amount of water Q. to be used
from the 19 component ¢ the system during one Jeriod.

Gk(Qik’Qi’Vk)z net value added to the basin resulting
from the use of an amount Qi) of water for the xth activity
with Q3 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.

Sj = the state resulting from the transformation of
state 3:. The transformation is due to allocation of an

amount Qs of water to the kPN activity.

Using the principle of optimality, as in the previous
section, the functional equation is derived for the optimal
allocation of watel from one of the components of the system
to various crops:

max
£.(85) = {Gk(Qik’Qi’vg'> + fxm (Sj)} (17)
QikePy
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where
S; = (QgsYp) (18)

S5 = (Qq = Qyps Vg = Q) ’ (19)

P = the set containing all the admissible decisicns.
There are three such sets, one for each of the components
of the system.

fO(Si) = 0. (20)

There are three equaticns like (17), one for esach of
the three components of the system. Each equation can have
a different state set, a diffevent decision set, and a
different set of Gk's.

The results obtained from the solution of (17) are in-
corporated into the dynamic model to obtain overall optimi-
zation.

Discussion

Two types of maximization problems have been formulated
in this chapter. One is the maximization of net value
addeé due to the operation of the coupled leaky aquifer-
surface water system over a long period of time. The second
problem, which is incorporatec in the first one, is the
maximization of net wvalue 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 du wration), 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. This approach of sequential decision-making has
greatly simplified the original problem. Bellman (1957,
196271 has discussed the advantages from an analytic as well
as from a computational point of view. The same approach
is adopted for the problem of optimization in space.

The main disadvantage of the dynamic programming
approach is the limitation of dimension. To illustrate:
for a system with only one state variable and 10 possible
states, the maximization will be perfcrmed only 10 tlimes.
For a system with two state variables, each having 10
possible states, the computational burden will increase 10
times—-that is, the maximization will be carried out 102
times~-and for a three-state variable, 103, and so on.
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At present, most of the large computers can only handle
problems with three state variables or, at the most, four
dimensional problems of limited size.

The formulation of the problem of optimization of the
system in time 1in a dynamic-programming model is an examrple
of stochastic dynamic programming (equation 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 optimization in space,
is an example of deterministic dynamic programming_(equation
17) because the outcome of the ftransformation is uniquely
determined by a decision.

For the stochastic dynamic model, the expected value
criterion was used. It implies that if the system is
operating for infinitely many stages, the system will yield
the maximum average returns. In actual practice the com-
putations are carried out only to a finite number of stages.
This is a valid procedure, because for large n the effect
of all those stages which are far off in the future is
negligible on the current decislions. Bellman [1957] and
Howard [1960] have shown that when the objective function
is invariant over the stages, the solution of a dynamic
programming algorithm yields rapidly a long-run optimal
operating policy--that 1is, the policy remains the samé no
matter how many stages still remain in the process. Usually
such a convergence is obtained in 7 to 15 stages. For the
Roswell Basin the objective function was assumed to be in-
variang over the stages and & rapld convergence was obtained
for n=o.
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SOLUTION OF THE MODEL

Introduction

The model developed in the preceding chapfter is here
applied to the Roswell Basin. The model is given by
equations 14, 15, and 17 of the preceding chapter, but as
no general analytical solutions of these equations are
avallable, they must be solved on digital computers for
specific cases.

Models are usually simplified so that they can be
handled on computers but oversimplification may lead away
from the real situation. The problem for the Roswell Basin
was solved on an IBM System 360 Model L4 computer. The
inputs to the model, results, and limitations are discussed
in this chapter.

Inputs to the Mcdels

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 acrs to the basin were com-
puted from the net returns to land and management by d'Arge
[personal communication, 1968]. The benefit functions for
all the crops are nonlinear. Second-degree polynomials
were fitted thrcugh the values added as a function of the
amount of water pumped in acre-~feet per acre of land and are
as follows:

v, = - hh3.89 + 181.86x - 12.26x2? (21)

where vy 1s the value added for alfalfa in dollars per acre
and X is the amount of water pumped for irrigation of one
acre of land.

v, = - 90.91 + 242 .54y - 32.32y2 (22)

where v, 1s the value added for cotton in dollars per acre
and y is the amount of water pumped for irrigation of one

78
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acre of land. Ths pumping costs, which originally, in
calculating the net returns, were assumed not to vary with
dcpth, were added to the values added. The pumping costs
as functions of depth were then subtracted in our analysis
to give net values added.

Pumping Costs

The cost for pumping a unit amouat of water depends
on the depth to water in the 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. Natural gas was used at four of the wells
and the rest were equipped with electric motors. rrom this
information and from information about the total amount of
water pumped by each well during 1967, fuel costs per acre-
oot of water were calculated. Dividing by weighted average
lift, costs per acre-foot per foot of 1ift were calculated,
and are summarized in tabie 21. An amount of $0.002 per
acre-foot per foot of 1ift was added for maintenance,
repairs, lubrication, and labor. These coste are fairly
close to those obtained by Long [1965] for the Roswell Basin.

Table 21. Pumping costs per acre-foot per fcot of 1lift,
Roswell Rasin, New Mexico, 1967.

. Average Fuel Cost Wielghted
Aquifer (dolliars) Average Cost
Electricity Natural Gas® (dollars)
Shallow 0.0386 - 0.0355
Principal " s oA -
Confined G.0303 0.0170 0.0283

1 . . . .
Includes maintenance, repair, lubrication, and labor costs.

2Using the same ratio for the shallow aquifer.

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 to be linear on a
yearly basis. It is implied that the pumpage from the
aquifers is reasonably uniformly distributed.
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The relationn of average depth to the amount of water
in storage in the shallow aguifer was estimated from the
average east-west cross section of the basin and from 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 U5 feet were assumed to preclude waterlogging and other
drainage problems. An average storativity of 0.15 was used
for the shallow aquifer. The relation is as follows:

D = 145 - 25.0 Vy (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 aguifer, in millions
ot acre-feet.

The similar relationship was obtained for the principal
confined acuifer. The storativity in the confined part of
this aguifer is negligible compared with the storativity in
the intake area. The January average water levels in the
intake-area wells were correlated with the January average
potentiometric surface as recorded by the U. S§. Geolorical
Survey in the confined prart of the anuifer.

h = 150 - 27.273 V2 (21)
where

h = average January 1ift in the principal conlined
aquifer, in feet,

the amount cof water in storage in the permissible
depth range in the principal confined aguifer, in
millions of acre-reet.

V.

]

NS

A maximum average 1lift of 150 feet was allowed and
average storativity of 0.03 was assumed in the intake area.
The maximum storage capacities of the shallow aquifer and
the principal confined aguifer 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; Burtc, 1964] did not
deduct from “he penefit function the additicnal pumping
costs associated with the self-drawdowns of pumping wells.
As a well pumps water, the amount of 1lift increases some-
what in proportion to the amount of water pumped from the
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well. Drawdowns at both shallow and deep wells were calcu-
lated as functions of discharges from the wells, from the
average valucs of B, the formation-lcss coefficient, and of
C, the well-loss coefflclent For the shallow aqulfer,
Togarithmic average values for B and C are 8.37 ft/cfs and
2.98 ft/(cfs)?, respectively. The logarithmic average
values of B ana C for the prlncipal confined agqulfer are
3.L1 ft/¢fs and 2.20 ft/(cfs)?, respectively. These values
were obtained as described in Chapter 2 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.

The relation for self-drawdown 1is
s = BQ + CQ° (25)

Pumping costs due to additional 1lifts at the wells were
also subtracted from the value added, in addition to the
costs asscciated with the 1ifts calculated from the storage-
depth relations.

Leakage

The amount of leakage through the semi-confining layer
was calculated as described in Chapter 2. Not only was the
leakage calculated as a function of difference in average
heads of the two aquifers, but also the area of the semi-
confining bed, through which leakage takes place, was in-’
corporated as a variable.

Recharge to the Agquifers

The rates of recharge tc the shallow aquifer and to
the principal confined aguifer were calculated as described
in Chapter 2 and tabulated in increasing order in tables 1
and 6. The probabilities were calculated by Kimball's
method [19461]:

plr ) = & (26)

where p(rm) ie the probability of recharge of magnitude r
or less and having a rank m, when the sample size is n. For
the numerical solution, the amounts of recharge and their
probabilities are shown in table 22 and were used as input
to the model.

Natural Discharge

For the numerical solution of the model a total value
of 130,000 acre-feet per year for the natural discharge
from the shallow aquifer was used, which includes base flow
as well as other natural losses.



Table 22.

Amounts of recharge (in acre-feet) and probabilities,
based on records for 68 years, Roswell Basin, New

Mexico.

Principal Confined Aquifer

Shallow Aauifer

Recharge Probability Recharge Probability
150,000 0.10 20,260 0.30
184,000 0.20 35,000 0.4h0
246,000 0.40 49,600 0.30
291,000 0.20

361,000 0.10
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Other Inputs

An interest rate of © percent was used to discount the
future benefits to present valuss. The crop pattern assumed
for the model is shown in table 23 and is based on the yearly
records of crops grown in the basin.

Table 23. Crop pattern (in thousands of acres) for the dynamic
rrogramming model, Roswell Basin, New Mexico.

Crop Shallow Aguifer Principal Confined Aguifer Total
Alfalfa 18 30 48
Cotton 14 22 36
Sorghum b 8 12
Small Grains 6 12 18
Total 42 72 114

Solution cf the Mecdel

It was mentioned earlier that the surface water used
for irrigation is iess than 4 percent of the total amount
used for irrigation in the Roswell Basin. Therefore surface
water was not included in the dynamic programming model as
an independent state and the model became simplified from
a three-dimensional o 2 two-dimensional model, with a
considerabls saving of computer time, and the error intro-
duced is small.

It was assumed that the amount or surface water used
will continue to te the same as at the present time. It
was further assumed that 3.00 acre-feet and 2.25 acre-feet
of wa%ter per acre of land are pumped for irrigating sorghum
and smaltl grains, respectively. These amcunts give the
maxinum gross value added of $105.0& and $66.15 per acre
for sorghum and small grains, respectively, and these were
added to the benefit function. This wes done to save
computer time and only a small error was introduced by this
simplification because the water consumed by sorghum and small
graine is slight compared with thet by the Ltwo main crops,
alfalfa and cotton.
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Flow charts for the numerical solution of the dynamic
programming functional equation are given in several publi-
cations, such as Bellman [1962] and Nemhauser [1966].

Results

The optimal operating policies for the shallow aguifer
and the principal confined aquifer are shown in figures 21
and 22, respectively. These policles are based on the physi-
cal and hydrological characteristics of the system as de~
scribed in the preceding sections. The benefit function was
assumed to be invariant with respect to time, and the
solution converged to the optimal policies on the eighth
stage.

Interpretation of Results

In order to interpret the optimal operating policies
shown in figures 21 and 22, one must understand the economic
factors affecting the optimal operating policies [Burt, 19667.
The two economic factors that tend to increase the operating
policy for an aguifer are the discount factor, which tends
to reduce the influence of future benefits and thus in-
creases the influence of current benefits, and the increase
in marginal returns at low levels of water use per period.
The two economic factors that reduce the optimal operating
policy are the decrease in marginal returns when the policy
is already high, and the increase in expected pumping costs
associated with the remainder of the planning horizon.

In addition to the above factors there is another
factor that influences the operating policy of a coupled
leaky aquifer system. This is the mutual interaction of the
agquifers. The amount of leakage from one aguifer To the
other makes the optimal operation of one aguifer strongly
dependent on the storage in the other aquifer in addition
to its own storage.

The final optimal operating rule is a function of all
the five factors and is, as a matter of fact, the result of
all these appropriately weighted positive and negative
factors. This makes the interpretation of the optimal policy
fairly complicated.

The results of the computer solution are shown as
isoquants depicting the optimal operating policies for the
shallow aquifer and for the principal confined aquifer in
figures 21 and 22, respectively. A line of zero leakage
is also drawn. The leakage is positive (from the principal
confined to the shallow aquifer) to the right of this line,
and leakage 1s negative to the left of the line.
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Referring to figure 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. Corres-
ponding to the two highs to the left of the zero-leakage
line in figure 22, there are two lows in figure 21, probably
because the shallow aquifer is losing water through leakage
at those storages.

The optimal operating policy for the principal confined
aquifer is also 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 aguifer is losing water. The low
appearing in figure 22, when storage in the shallow aquifer
is about 3.25 million acre-~feet, is probably caused by
other factors affecting the optimal operating policy.

In general, the results obtained agree closely with
those expected intuitively--that is, the optimal operating
policy for an aquifer is high when the storage in the
aquifer is high. The operating policy is never higher than
the amount of water at which the net output ceases to have a
positive marginal value. The sum of the operating policies
for both aquifers at given storage values also follows this
relationship, and furthermore, the influence of leakage 1is
not obvious as in the case of individual aquifers.

The operating policies shown in figures 21 and 22 are
the amounts of water to be pumped for irrigating alfalfa and
cotton only. In addition, water must be pumped from the
shallow aquifer and the principal confined aquifer for
growing sorghum and small grains. The acreages of these
two crops are shown in table 23.

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 storage-depth relations, storage in
each aquifer is calculated for the year under consideratilon.
Knowing the storage in the two aguifers, optimal amounts of
groundwater to be pumped in that year from the two aquifers
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are read from figures 21 and 22, respectively. This pumpage
is for growing alfalfa and cotton only; the acreages of -
these crops are listed in table 23. To these pumpages must
be added the amounts of groundwater needed to grow sorghum
and small grains. B

Limitation of Results

The optimal operating policies derived in this paper
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 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 aquifer area. 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 simplified from a continuous to a discrete form,
can be further reduced by making the storage and pumpage
intervals smaller and by increasing the number of 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.

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 estimated from the water-table maps
and the potentiometric-surface maps, respectively, of the
Roswell Basin for January of different years and are shown
in table 24. Using these values and the storage-depth
relations (equations 23 and 24), the storages in the two
aquifers were estimated for different years and the optimal
yearly pumpages from the two aquifers were then read from
figpres 21 and 22 and are shown in table 24. These pumpages
are for growing alfalfa and cotton only; acreages are shown
in table 23. To these pumpages, 80,000 acre-feet of water
is added which is to be used for growing sorghum and small
grains. Table 24 shows the total amount of groundwater
and the average amount per acre to be pumped for growing
all four crops.

The average optimal amount to be pumped varies between
4,4 and 4.8 acre-feet per acre. However, the court recently
fixed the duty of water in the Roswell Basin at 3.0 acre-
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feet per water-right acre, plus 6.0 acre-inches per acre for
carriage losses (State of New Mexico v. L. T. Lewis, et al.,
1970; and State of New Mexico v. Hagerman Canal Company, et
al., 1970). .However, some parties reported that they
historically have appropriated to beneficial use in excess
of 4.0 acre-~feet per acre. The average optimal pumpage

per acre 1s higher than the actual pumpage recorced in the
basin, owing to several reasons. Changes in the crop
pattern will change the optimal pumpage. The values added
for alfalfa and for cotton, the two main crops in the basin,
used as input to the decision model, give maximum outputs

at 7.33 and 3.75 acre-feet per acre, respectively. The
current practice in the Roswell Basin is to pump about 5.0
or 6.0 acre-feet per acre of alfalfa. The optimal average
pumpage is per acre of harvested land, whereas the pumpage
recorded by the office of the New Mexico State Engineer is
for the water-right acreage, which includes the fallow land
as well as the planted acreage. The water-right acreage is
usually greater than the harvested land in the basin, there-~
fore the duty calculated by the office of the State Engineer
is less than the optimal duty.

In the Roswell Basin, saline water has been encroaching
from the northeast and east of the City of Roswell toward
the city in the principal confined aquifer [Hood et al.,
1960; and Spiegel, 1967]. The rate of encroachrent increases
as the net withdrawal of water from the aguifer in the
Roswell area increases. This constraint was not incorporated
in the decision model because of lack of information. This
constraint, 1f 1Imposed on the model, would probably de-
crease the operating policies for the aquifer.



Chapter 5
CONCLUSION AND RECOMMENDATIONS

‘Conclusion

The problem of optimal operation of two coupled leaky
aquifers and a surfacs-water subsystem is approached through
stochastic dynamic programming. The three-dimensional
dynamic programming model is simplified to a two-dimensional
model by not incorporating the surface-water system as an
independent state variable. This is a fairly valid simpli-
fication for the Roswell Basin because the surface water
used in the basin is less than 4 percent of the total amount
of water used for irrigation in the basin. Only two crops,
alfzlfa and cotton, which comprise about 80 percent of the
total irrigated acreage in the basin, are explicitly con-
sidered in the model.

The optimal operating policies for the shallow aquifer
and the principal confined aquifer are derived from the
solution of the model while taking into consideration not
only the mutual leakage of the aguifers, stochastic re-
charges to the aguifers, and natural discharge from the
shallow aquifer, but also the physical characteristics of
the system, the =xtent of the areas to be irrigated, and the
additional pumping costs associated with the self-drawdown
of the wells. The optimal operating pclicies are influenced
by the values added to the basin by different crops, by the
amounts of water in storage in the two aquifers, by the
discount rate, and by mutual leakage of the aquifers. Some
of these factors tend to increase while others tend to
decrease the optimal operating volicies. Leakage tends to
change its effect--that is, to increase or decrease the
optimal policy--depending on the storages in the aquifers.
The result of all these factors determines the final
optimal operating policies. The policies are optimal with
respect to the limitations and constraints imposed on the
model .

The leakage from one ajuifer to the other strongly
influences optimal operating policies for the two aquifers.
It is concluded here that the optimal operating policies _
derived for a coupled leaky-aquifer system, without incor-
porating leakage from one agquifer fo the other, will not
maximize the value added to the basin. The aquifers must
be utilized conjunctively.

91
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Recommendations

The first requirement for optimal utilization of any
system is the identification of the system. Tdentification
of a system means that zll of its dimensions, and all
components of the system and their characteristics and mutual
interactions are explicitly known. Under these conditions
it should be possible to predict the response of the system
to 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 Rasin:

1. Detailed geologic investigations are needed. Speci-
fically, 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-table maps
lack control in the undeveloped, and especially the south-
western, parts of the basin. Since wells fcr water-level
measurements are not avalillable in these areas, a suitable
number of wells should be drilled there.

3. Recharge to the principal confined aguifer should
be determined 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 l1ltself.

4. Replenishment to the shallow aquifer from return
flows should be measured on some typlcal 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
be constructed for periods of low water levels near the end
of the pumping season.

8. Amounts of groundwater and surface water consumed
by the salt cedars in the basin should be estimated per-
jodically.

9. Cooperation in planning and working among all
interested organizations and agenciles should be increased.
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An independent technical expert should help in guiding,
planning, and coordinating activities of the various bodies
concerned.

10. Digital and/or analog model studies of the basin
should be conducted for the refinement and verification of
the hydraulic characteristics of the aguifers and aquitard.

11. Estimates of crop yield as a function of water
applied should be made in more detail and verified experi-
mentally. Data are lacking on crop yield when excessive
water is applied. Optimal withdrawals of water from the
aquifers, determined by a model like the one developed in
this report, depend on these relations.

12. 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 RESULTING FROM WELL FIELDS
IN COUPLED LEAKY AQUIFER SYSTEMS

Introduction

The drawdown distribution caused by 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 are
glven for a limited number of cases by Hantush [19647.
Analytical expressions for the formation of groundwater
mounds in flow systems caused by uniform percolation can aiso
be used for predicting the effect of operation of well fields
by changing the sign of the quantities representing recharge
rates. Baumann [1952], Bittinger and Trelease [1960],

Glover [1961], and Hantush [1963, 19671, among others, have
obtained solutions for buildup of mounds caused by uniform
percolation.

This paper discusses 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 aguifers can be negative or zero, or
one aquifer can be pumped while the other is belng replen-
ished.

Analysis

A schematic representation of well flelds in a coupled
leaky aquifer system 1s shown in figure A~1. Unless other-
wise stated, the following assumptions are implied in the
derivations [see Hantush, 1967]: (1) The aguifers are effect-
ively infinite in areal extent and are homogeneous, isotropic,
and resting on a horizontal impermeable bed; (2) all the
wells are 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 semipervious layer are so great that the flow is essen- ’
tially vertical in this layer and horizontal in the two
aquifers; (5) the storativity of the semipervious layer 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 Rl and R?.

Two related cases of the problem are analyzed. In the
first case, the induced drawdown in the upper aquifer, resulf-
ing from the operation of well fields,is small relative to
its saturated thickness. This actually represents the case
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Figure A-l. Diagrammatic representation of well fields in
coupled leaky acuifers.
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when the two aguifers are confined. In the second case the
drawdown in the upper aguifer, which is unconfined, is
significant relative to its depth of saturation.

Case I, Aquifer System Infinite

The problem is to determine thne distribution of draw-
downs, within and outside 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 addition to pumpage,
aquifer 1 receives deep percolation from precipitation 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 unconfined aquifer is small
relative to its saturated thickness. If both aquifers are
confined, the upper aquifer does not recelve deep percolation
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:

2
a Sl +-:.];351
3r2 r or

1 W
B1 T, Tl

Wo

- 80 - %?—fz(r) = éT'*E“ (1)
s,(r,0) =s (r,0) =0 (3)
sl(w,t) = sz(w,t) =0 (4)

8s,(0,t)/3r = 3s,(0,t)/3r = 0 ()
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in which
s; = (hy,~h,), and s, = (hi2~h2) (6)
vp = Tn/sn; 3121 = Tn/(K'/bv)y n=1, 2 . )]

where subscripts 1 and 2 correspond to the aguifers 1 and 2
respectively; T, S, v and h are, respectively, transmissivity,
storativity, hydraulic diffus*vity, and the hydraulic head;
h;y and hy, are the initial heads, and s; and s, are the
drawdowns caused by operatlion of the well fields in the
system; K'/b' is the leakapge coefficlent or leakance: 0, and
Q2 denote constant rates of withdrawal per unit area; wl and

W, are the replenishment rates from irrigation returns from
tge two well fields, and W _ 1is recharpge from precipitation to

aquifer 1; Rl and R? are rgdii of the well fields; R is the

radius of the circular area around the well filelds receivinp
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,

! =0 r > Rl (8)
= r >R

g(x) = 1 0 <r <R, 0
=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,

Fi(o,p) = {QiRyI;(0R)) - W R T, (aR;) - W,R,J,(aR,)

vl(p+a2v2) szlszzJ (aRz)
T,ap{(p+a)?-82]1  aT,Bip[(p+a)?-p?]

~ WpRoJ; (0Rx)} « ¢ (11)




105

Q2Ravz(ajvi+p)Ji(aR2)
T,ap[ (p+a)? - B2]

#

F‘z (Q,P)

- W,R,J,(oR;) = W,R,J;(0R,) - WpReJ,(aRe)}

. V12 } (12)
T,eB3p[(pta)? - 8?]

where F.(a,p) and Fz(a,p) are the zero order Hankel trans-
forms of the Laplace transforms of the variables sl(r,t) and
s,(r,t), respectively; « and p are the parameters of the re-
spective transformations and

= g2 2 - 2 2
a, =a°+ 1/B< , a, = a¢ + l/B2 (13)
a = 0.5(a1v1+azu2) = 0.5[&2(v1+v2) + vl/B%+V2/B§] (14)
8% = 0.25[a?(v,~v,) + v,/B%-v,/B3]% + v v,/ (BIB2) (15)
(a2-82) = vlvzaz(a2+1/B§+l/B§) (16)

Applyinp the inverse transforms [Erdelyi, 1954] to
(11) and (12), we obtain:

s (x,t) = “;“2 J {(Q;=W)R I (aRy) = WyR,J) (0Ry) — WpRoJ;(aRe)}
1
0

242
ca - -a<+
__E_zir, [1-e~2C(coshBt + aayvy-a+87 sinhgt) 1}, (ar)da
(ac-B8%) a,v,B

Q,vivsR

W2V ]1IV2R2 83 _.—at

+ TZB% { 280 {1-e72%(coshBt + g.sinhBt)}JI(aRz)Jo(ar)da an
0
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: Q2R2V1V2 oay —at aa1v1~a2+82 .
s, (r,t) = {1-e78%(coghBt + —~———" sinhft)}
2 ’ T2 O(aZ_BZ) al\;lg

« Jy(eRy))Jg(ar)da + | {(Q=W1)R1J;(aRy) — WaRpJ1(aRp) - WpReJj(aRe)}
0

. {T%%%:EZT [1_e‘at(cosh8t + % SinhBt)}}JG(ar)du (18)

where JO and Jl are the zero and first order Bessel functlons
of the first kind, respectively.

Case II, Aguifer System Infinite

An Unconfined Aauifer and a Confined Aauifer -- The
problem analyzed in this section 1s essentially the same as
the problem of the last section except that in the upper, un-
confined, aguifer the induced drawdown is sipnificant relative
to its depth of saturation. All the assumpntions applied to
the last case are also implied here. The drawdown distri-
bution for the system is given by equations 1 through % except
that equations 1 and 2, the differential eauations governing
the flow in the two acuifers, are now different.

The differential eguation governing the flow in an un-
confined aguifer coupled to a confined aguifer can be approxi-
mated from continuity considerations as follows:

28 ohy

v2h2 - 2K (h,~h,) = (19)
Loprk, 127 k) ot
where
32h?2 1 an?
21+.2 .. 1 1
Vhi = ot 4 = (20)

and & and K. are specific vield and hydraulic conductivity of
the unconfified aguifer, respectively; hl and h2 are hydraulic

heads in the unconfined and the confined acuifer, respectively.
Other symbols were defined earlier.

Fauation 19 is nonlinear in h and is difficult to solve.
Py replacing (hﬁ1+h1)/2 with D, a weirhted mean depoth of the

flow profile, one derives the following differential eguations
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from equation 19, for the case when the upper aguifer is un-
confined:

, .
3%s) 1 3s) ,l_(il_sz).;.—z-(-gl—mf‘()

ar? ror B% 2D KI
2u, 20 1 s
- - =2 = 971
T e - g2 = (21)
32s 1 3s 1 s 0 1 3s
2 2 1 ‘2 2
+ — + — == -5, + %5 (1) = — = 22
ar? r or B% (ZD 2) T2 g(r) v, at (22)
in which
B2 = K,/2(R'/p"), v, = K;D/6 . (24)
Solution

The flow problem represented by equations 21 and 22
and equations 3 through 5 is solved exactly like the pre-
vious problem. '

s(r,t)=2v1v2- {(Q-W IR J (eR) - W,R, T (aR,) - WRJ(aR)}

1 K1 0 *1 71777171 1 2 271
aay aa2v2 a +8
o { ——2 _ [1-e” (coshBt 4+ 22 " ginhRt)]}J (ar)da
(a2-82) a,v,8

+ {1-e(coshBt + = S sinhBt)}Jl(aRz)Jo(ar)da (25)
[}
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s,(r,t) = { {€Q=W))R T} (0Ry) = WyR,J) (0R,) — WyReJy (aRe)}

0

. { aviva [1«-e"at(cosh8t + % sinhgt) 113, (ar)do

B3K,D(a%-8%)

o
vivsR aa - a — 2+ 2
+ Q2V1V2R2 J 1 {l-e at:(cos;hBt: + -——a—ﬂ}—i—ﬁ—- sinhft) }Jl(aRz)Jo(ar)da

(26)

Equations 25 and 26 are ouite similar to equations 17 and 18
except that now

v, = KD/6; B} = K)D/(K'/b")5 8] = K /2(K'/b") 27

2 4 1 (28)

1T TR DI Y

Equations 15 and 16 are to be redefined in view of
equations 27 and 28; S1 and 5, are defined by equation 23.
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Special Solutions

The solutions 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 1s operating, say for example the well field in
aquifer 1, the expressions for drawdowns in the two aqulfers
for cases I and II are obtained by substituting Q2 = 0, in
the respective solutions. The fractions of total drawdowns
which are due to pumpage Q2 from aquifer 2 will vanish. It
should be noted 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 agquifers 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
2 well field is obtained by letting 1/B%, 1/B%, and Q;
approach zero and by putting vy = vz = v in the appropriate
solutions. For example, from the solution for case II, by
making the above substitutions in equations 25 and 26, we get

(]

s (,0) = 2 | {(Q=W)RI; (oR) - WpRed ) (aRe) 1+ (1-e™* V) Jolor)

o

da (29)

0

Equation 29 gives the drawdown caused by the operation
of a well field of radius R in an unconfined aquifer of
hydraulic conductivity K. The aquifer receives deep perco-
lation from precipitation and from irrigation returns. If,
instead of pumping, the aguifer is receiving recharge at the
rate V, equation 29 becomes

00

2V —qr?
h2-h? = ;E-J (1~e"1F ) I, (x) 34 (or) g; = (2V/mK)f(q,p) (30)
0

in which

V = 7R%W, q = vt/R?, o = r/R.
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Equation 30 is the same as derived by Hantush [1967]
for a single aquifer. A

Maximum Drawdown -- The maximum drawdown due to the
operation of well flelds occurs at the center of well fields.
The expressions for maximum drawdowns for the various cases
can be derived by putting r = 0 in the appropriate solution.
When r = 0, J,(0) = 1 and so Jo(ar) is replaced with unity in
the solutions.

Effect of Boundaries -- If there are hydraulic boundaries
near the well frields, the solutions can be derived by the
method of images [Jacob, 1950; Carslaw and Jaerer, 1959] from
the above solutions.

Well Fields in Closed Circular Aquifers

The coupled aquifers analyzed here are finite and have
zero flux across their circular boundaries. The flow problems
for both case I and case II are then described by equations
1 through 5, and 21 through 24 except that equation 4 is re-
placed with the following boundary condition:

le(re,t)/ar = asz(re,t)lar =0 (31)

where re is the radius of the aquifer system.

Solution

In order to solve the flow problem, the zero—ordered
Hankel transform of a function f(r) is modified and de fined

as

r
e J r/r
(£ ] = Vo) = 22| rf(x) Jolenx/re) o (32)
re Jo(an)
0 /
where n is positive roots of Jé(“) = (. By expanding a

function in a Fourier-Ressel series, 1t can be shown that
the inversion formula for the transformation represented by

equation 32 1is
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/Z o Ve Jg(anr/re) |
£¢( = Y n-grn e
®) Te le Jo(an) (33)

where V(e ) is the transform of the function f(r) defined by

eguation 32 and JO is the zero-order Bessel function of the
first kindg.

Applying eouation 32 to v2?s and on intepration by parts,
one obtains

S ds, . . d8 Jglopr/re) TTe
Ho[V28] = Holy g7 (r g ) = [r 37 - Jo(an)

r=0
Te
43
dr Te Jo(an)
0
The first term on the right hand side vanishes if (ds/dr) =0 or
r=rq
L4 95,y _ _ 3 an Jolapr/re) r=Te
HO{r dr (r dr)} [s r Te mjo(an) a o
Te
.g-r}‘ ——E""'—‘ _(EE "
+ e [ Jo(%) [Jo(anr/re) + T, JO (anr/re)]dr (35)
0

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

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

" r
Jo(apr/re) + a.e_r Jglant/re) + Jylopr/re) = O (36)
o]
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Equation 35 becomes

2
Holy 4 (r g1 = - 3 Flen) (37)

in which F(oa_) is the integral transform, defined by equation
32, of s(r).

Case I, Aguifer Sysftem Finilte

Applying the Laplace transform and fhen the Bessel
transform, defined by eguation 32, to the flow problem de~
fined by equations 1 through 7, with ecuation 4 replaced by
equation 31, and simplifyinge, one obtains

F,(an,p) = {(Q,-W,)R,J, (apR,/xe) - W,R,J, (anR,/re) - Wpred, (on)}

V2 vy (ptdyv,) + Q, V2 RyJ; (apRy /Te)vyvy (38)
Tyandy (anlpl (P+d)2'82] T,apdy (ay) B%P[ (P"‘d)z-ﬁz ]
?z(an ,p) = {(Q 1“[J1)R1J1 (anR}_/re) - W2R2Jl((xR2/re) - WpreJl (an) }
B2a,T I, (ag)p [(p+d) 2-82] Tyandg (ag)p [ (p+d)2-82]
where F (an,p) and F2(a ,p) are the BRessel transforms de-
fined by equation 32, of the Laplace transforms of the
variables s, (r,t) and s,{(r,t) respectively; o, and p are
the parameters of respective transformations and
d, = ad/rg + l/B%, d, = ai/rg + 1/B3 (40)
d= 0.5 (d;v, + dyv,) (41)
2
pe = 0.25[a%(v1-v2)/rg + vI/B% - vle%] + vle/(B%B%) (42)
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where o  are positive roots of Jl(a) = 0.

Applying the inverse Laplace transform and the inverse
Bessel transform, defined in equation 33, to equations 38
and 39, we obtain:

-]

5,0 =& I (@RI (only /o) - W,R,J, (agRy/Te) = Wpred) (ay))
n=

—3244,2
. _,% [lme-dt(coshut + M_ﬁlj‘_ sinhut)l}
Tlan(d -y ) szzu
Jo(anr/re) + ji_w Q,Ryv1V,J  (apRy/Te)
J% (an) Teps1  TpBfan(d?-u?)

Jo(anr/re)

(43)
J%( n)

[1—e'dt(coshut + %-sinhut)]

5,(x,6) = = {1 {(Q, W )R, I, (ayR, /1) = W,R,T) (aqR, /1) Wyred) (an) }
n=

V1V2
2 2_,,2
BZTlan(d us)

[l—e-dt(coshut + %-sinhut)]}

CJolent/re) 2 ¥ QRpvyvadyJy (opRp/re)

J%(an) e p=1 Tzan(dz—uz)
- -d%+u? J
[1-e dt(coshut + Eﬂlﬁl————£~ « sinhut)] waﬁfgflﬁgl R (44)

d,vu 35 (ag)
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Case II, Aquifer System Finifte

The flow problem is described by equations 21 through
24 and equations 3 through 5, with equation L replaced by
equation 31. Approaching the problem exactly like the problem
of Case I for the aguifer system finite, we obtain:

oo

s,(r,t) = ﬁL I 10Q=U IR T (R /) = WoRpJy (opRy/x YWpTed ) (og) )

€ n=1
. { ___L__JL*___ [1-e" %Y (coshut + —*—~4———— sinhut) ]}
lan(d -u ) dzvzu

Joloprire) =~ 2 E QaRyv vy Ty (0qRy /Te)

2 2oy (d2_p2
J5 () Ye 21 T,870,(d%-u%)

JU (anr/re)

2 (o) (45)
oV

[l-e'dt(coshut + g-sinhut)]

2 o
s,(r,t) = 4, ) {(Ql"wl)RIJI(“nRI/re)"Wszjl(“nRzlre>'wpreJl(an)}
n=1

\)l\)z

{l—e-dt(coshu + cisinhut)]}
B3K, Day, (d%~u?) H

JQ (unr/re) + _2_ st QZ\)}\)9R7dIJ] (aan/rE)
J% (0‘.“) Te n=1 Tzan(dz—uz)

_ 242
(1-e 9t (coshpt + SILVTEHT ey ] - J0lenn/Te) (46)
dyvu J5(an)

where d, d, and d

" 1 , and u are defined by equations 40 through
2.
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Conclusion

The drawdown distribution in any one member of a coupled-
leaky aquifer system is affected by the withdrawal of ground-
water from either of the aquifers. The magnitude of the draw-
down induced in one of the aquifers while pumping from another
depends on the discharge, and on the hydraulic characteristics
of aguifers 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 numeric-—
ally evaluated on a digital computer. It 1s not practical
to tabulate the integrals that occur in the solutions because
several parameters are involved.
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Appendix B
TIME OF TRAVEL FOR AN IMPULSE RESULTING FROM

AN INSTANTANEOUS LINE SOURCE
IN LEAKY AND NONLEAKY AQUIFERS

Introduction

The idea of an instantaneous source comes from the
theory of heat flow and was successfully used by Thomson
(Lord Kelvin) [1883]. 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. 1In this paper the idea of an instantaneous
source of water is used and a calculation is made of the
time taken by an impulse due to such a source to propagate
through a leaky agulfer and a nonleaky agquifer.

Analysis

Consider a coupled leaky aguifer system comprised of
two aguifers separated by an aquitard. Unless otherwise
stated, the following assumptions are implied in the deri-
vations: (1) The aquifers are effectively 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
conductivities of the two acuifers and the semipervious layer
are so great that the flow is essentially vertical in this
layer and horizontal in the two aquifers; {(4) the storativity
of the semipervious layer is negligible; and (5) effects of
withdrawal of groundwater from the aguifers are not con-
sidered.

The geohydrologic diffusion equation governing the
flgw of groundwater in an aquifer is [as, for example, Hantush,
19641:

32h , 3%h , 3%h _ 1 sh
5%t ayr t 3T T U 3t (1)

where h 1s the hydraulic head and v is the hydraulic diffu-
sivity and 1s equal to T/S, transmissivity over storativity.
The solution of the diffusion equation for an instantaneous
point source of heat is gilven 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 in-
stantaneous line source 1is

he L exp(- &) (2)
? TpTt CXPYT ONSE
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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 instantaneous line
source in a leaky aquifer is given by

)] (3)

V a?
= - .
h T expl-(u + 52

2
where u = %UF and B2 = T/(K'/b'), B is the leakage factor,
(K'/b') is the leakage coefficient or leakance, and K' 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 equation (3) by equating to
zero the first derivative of the head with respect to time:

V.2 _a?
Y t¢ + t T 0 (4)

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

-

_ B2 a?
t = 3= [ /1 + =T - 1] (5)

The time t for a nonleaky aquifer is derived from
equation (4) by letting 1/B approach zero.

t = a%/bv (6)

Application of Results to the Roswell Basin

The results derived in the preceding section were
applied to the Roswell Basin. Using equation (5), travel
times of an impulse due to an instantaneous line source in
the shallow aquifer and in the principal confined aguifer
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 agquifer varies from 3.2
to about 4.5 years for a distance of 6 miles, and the time
varies from 4.2 to 7.5 years for a distance of 8 miles.
Impulses travel fastest in the Roswell area and slowest in
the Dexter area. The lmpulse travels at a much faster rate
in the principal confined aquifer than in the shallow
aquifer. The travel time in the principal confined aquifer



Table B-1. Time of travel of an impulse due to an instan-
taneous line source in the shallow aquifer of
the Roswell Basin, New Mexico.

Area Distance a Leakage Hydraulic Time €
Factor B Diffusivity v
(miles) (feet) (feet? per day) (days) (years)
Roswell 6 9.5 x 10% 133.7 x 103 1,180 3.2
8 9.5 x 103 133.7 x 103, 1,540 .2
Dexter 6 0.0 x 103 133.7 x 103 1,650 4.5
8 4o.,0 x 103 133.7 x 103 2,720 7.5
Artesia € 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 G 36.0 x 103 133.7 x 103 1,610 4.y
8 36¢.0 x 103 133.7 x 103 2,630 7.2
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Table B~

2. Time of travel of an impulse due to an instan-

taneous line source in the principal confined

aquifer of the Roswell Basin, New Mexico.

Area Distance a Leakage Hydraulic Time €
factor B Diffusivity v
(miles) (1,000 feet)(feet? per day) (days) (years)
Roswell 6 9.5 1.87 x 1010  0.0060 1.6 x 107°
8 9.5 1.87 x 1010 0.0086 2.4 x 10-5
Dexter & 40.0 2.01 x 108 1.10 3.0 x 10-3
8 40.0 2.01 x 108 1.81 5.0 x 103
Artesia 6 20.0 4,01 x 108 0.uy 1.2 x 10-3
8 20.0 4,01 x 108 0.67 1.8 x 10™3
Lakewood 6 36.0 8.82 x 107 2.hh 6.7 x 10-3
8 36.0 8.82 x 107 3.98 1.1 x 1072

ol
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varies from about 10 minutes to 2.4 days for a distance of 6
miles.

The travel time in the intake area of the principal
confined aquifer was calculated using equation (6). The time
varies from about 2.0 to 3.7 years for a distance of 6 miles
for hydraulic diffusivities of 334,000 and 187,000 feet? per
day, respectively. The travel time in the intake area 1is of
importance because it governs the recharge to the prineipal
confined aquifer.

Discussion

The time of travel derived using equation (5) or (6}
is the time for the head due to an instantaneous line source
to reach its maximum at a glven distance. Travel times de-
rived for the two aquifers in the Roswell Basin are based
on the hydraulic characteristics derived by Hantush [1955]
from pumping tests that were carried out in the developed
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 expected to decrease as one moves away from the
developed part of the basin. The travel time per unit
distance would increase as one moves toward the intake area
of this aguifer.

Conclusions

Equations (5) and (6) can be used to calculate times
of travel of an impulse due to an instantaneous line source
in leaky and in nonleaky aquifers, respectively. For leaky
agulfers, time of travel increases with increase in leakage
factor and decreases as diffusivity increases. Time of
travel 1s directly proportional to the square of the distance
and inversely proportional to the hydraulic diffuslvity for
nonleaky aguifers.

The time of travel of an impulse due to a line source
6 miles from the observation point is about one day in the
principal confined aguifer of the Roswell Basin, and about
3 to 7 years in the shallow aquifer. Times of travel for
both aguifers are the shortest in the PRoswell area and
greatest in the Dexter area. The time of travel in the in-
take area of the Roswell Basin is about 2.0 to 3.7 years for
a distance of six miles. The width of the area, from the
confined-unconfined boundary of the principal confined
agulfer to the western limit of water in this aquifer, is
about 8 to 10 miles, just west of the developed areas.
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Therefore, the use of three-year effective precipitation 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 princl-
pal confined aquifer.
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Appendix C

SALT WATER ENCROACHMENT IN A CONFINED LEAKY
AQUIFER DUE TO A STEADILY OPERATING WELL FIELD

Introduction

Salt water encroachment because of withdrawal of fresh
water from aguifers is a problem occurring in several regions
of the world. The movement of the interface between fresh
water and salt water has been investigated extensively. Bear
and Dagan [1964] and Hantush [19687] have made literature
surveys in addition to their own studies of the different
aspects of the interface. The discussion below presents an
approximate approach to the lateral encroachment of salt
water caused by 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 aquifer.

Analysis

Consider a coupled leaky aquifer system comprised of
two aquifers separated by an aguitard. Unless otherwise
stated, the following assumptions are implied in the deri-
vations: (1) The aquifers are effectively infinite 1n
areal extent and are homogeneous, isotropic, and resting on
a horizontal impermeable bed; (2) contrasts between the
hydraulic conductivities of the two agquifers and the semi-
pervious 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
pumping wells are located and where pumping is uniformly
distributed over the area; (6) the induced drawdown in the
aquifer which is not being pumped is negligible; and (7) the
interface is sharp between fresh water and salt water.

Let R be radius of the well field (figure C-1) that is
being pumped steadily at a rate V. Rate of movement of a
particle of water is given by

Gr _ K on
dt ~ n ar (1)

where n is the porosity of the aquifer, K 1is The hydraulic
conductivity, and h is the hydraulic head in the aquifer
above the base of the aquifer. The drawdown s in a leaky
aquifer during steady operation of the well field is

given by Hantush [19647, for r > R:
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Figure C-1. Encroachment of the interface between fresh
water and salt water owing to the operation
of a well field in a leaky aquifer.
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s(r,t) = =g= Iy (R/B)Ky(r/B) (2)

where s(r,t) = ho-h(r,t), and h, 1s the initial head, h is
the head at any time t at a distance r, B, is the leakage
factor and is equal to /T/(K'/b'), K'/b' is the leakance or
leakage coefficient, K' and b' are the vertical hydraulic
conductivity and thickness of the aquitard, respectively,

T is the transmissivity and 1s equal to Kb, b is the thick-
ness of the aquifer, I, is the modified Bessel functlon of
first kind and first order, and KO is the modified Bessel
function of second kind and zero oOrder.

From equations (1) and (2)

dr _ v "
I = e 1, (R/B) Ky (2/B) (3)

where K. is the modified BRessel function of second kind and
first order.

Integrating equation (3) with respect to time as time
goes from zero to t and as r goes from PO to r:

t r
_ TRnb dr
'( at = VI, (R/B) L K, (x/B) %)

0 0

where r. is the initial position of the interface when t = 0
(figure”C-1). After simplification, equation (4) becomes

[rolB r/B

_ _ _TRnbB do  _ do

t W[J m { W},forr>R. (5)
0 0

FEouation (5) gives the time taken by the interface to
travel from rj to r. The nepative sign indicates that, as
the distance from the center of the well field to the inter-
face decreases, the time increases.

In order to determine the motion of the interface in a
particular time, equation (4) is solved inversely for r
using the values of the integral given in table C-1. The
distance r is calculated for several points on each of the
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salinity contours, and plotted, thus giving the new position
of the interface.

Discussion

The procedure described 1s useful for predicting the
encroachment of a salt water front in an aquifer and can be
used for other flow systems for which analytical drawdown
expressions are available. The procedures are only approxi-
mate in nature because some of the assumptions are not quite
true in nature. The interface between salt water and fresh
water is usually not sharp. For some flow systems, 1t may
be difficult to simplify the final expression for time to a
form such as equation (5) which can readily be evaluated.
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Monthly Precipitation (in inches) at Roswell,

New Mexico, 1905-19€8.
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Monthly Precipitation (in inches) at Artesia, New !

1905~-1968.
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Average of monthly precipitagéons (in inches) at Roswell and
19

Artesia, New Mexico, 1905-

Table D-3.
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Monthly effective precipitation (in inches) at Roswell, New
Mexico, 1905-1968.
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Monthly effective precipitation (in inches) at Artesia,

New Mexico, 1905-1968.

Table D-~5.
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Monthly averagse temperature (OF) at Roswell, New Mexico,

1905-1968.
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Monthly average temperature (OF) at Artesia, New Mexlco,

1905~1968.
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Monthly consumptive-use factors for Roswell,

New Mexico, 1905-1968.

Table D-8.
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Monthly consumptive-use factors for Artesla,

New Mexico, 1905-1968.
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Monthly consumptive use minus effective precipitaﬁion (inches,

total inches, and feet), for alfalfa, near Roswell, New
Mexico, 1905-1968.
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Monthly consumptive use minus effective precipitation (inches,
total inches, and feet), for cotton, near Roswell, New Mexico,

1905-1968.

Table D-11.
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s effective precipitation (inches,

hes, and feet), for small prains, near Roswell, New
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Monthly consumptive use minus effective precipitation (inches,

total inches, and feet), for alfalfa, near Artesla, New
Mexico, 1905-1968.

Table D-14.
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ve precipitation (inches,

, and feet), for sorghum, near Artesia, New

Mexico, 1905-1968.
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Table D-20. Monthly percent of daytime hours at Roswell and
Artesia, New Mexico.

Roswell Artesia
February February February February
28 days 29 days 28 days 29 days
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 0.68 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
1

Calculated from the sunrise and sunset tables supplied by the
state climatologist.
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Table D-21. Monthly consumptive use coefficients for irrigated 1
crops in the Roswell and Artesia areas, New Mexico.-

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 0.90 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. 1.00 1.00 0.85 0.90 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.

lAdjusted for the growing seasons before and after the frost-free periods.

%omg%%ed from Blaney and Hanson [1965] and from Henderson and Sorensen
19 .
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Table D~22. Yearly consumptive irrigation requirement (in

acre-feet) for crops in Chaves County, New
Mexico, 1923-1968.
Year Alfalfa Cotton Sorghum Small Grains1 Total
1923 30,700 11,900 200 -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 30,700 700 -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 koo 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 60,900 23,900 1,800 178,300
1958 84,200 55,800 17,100 -2,800 154,200
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 -900 143,000
1963 96,300 68,900 12,700 6,700 184,700
1964 101,000 66,700 11,600 b, 800 184,100
1965 115,200 65,000 8,400 2,800 191,400
1966 108,900 h7,100 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
1

Small grains and miscellaneous crops.
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Table D-23. Yearly consumptive irrigation requirement (in
acre-feet) for crops in Eddy County, New Mexico.

Year nlfalfa 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 79.900 68,500 2,700 4200 155,300
1962 71,100 59,400 1,900 1,500 134,000
1963 88°000 65,200 2,800 4800 160,800
19614 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
1

Small grains and miscellaneous cCrops.
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Table D-24,

Well-loss coefficlients,

formation-loss co-

efficients, and transmissivities from routine
step-drawdown tests in the principal confined
aqulfer, Roswell Basin, New Mexico.

Well Location

Formation-Loss
Coefficient B

Well-Loss Co-
efficient C

Transmissivity T
(1,000 ft?/day)

rt/(ft3/sec) Ft/(ft3/sec)?
08S 24E 05 343 3.788 3.351 37,150
08S 24E 28 222 6.158 2.080 22,900
08S 24E 28 123 8.969 0.927 15,380
08S 24E 33 413 2.282 2.330 67,650
4.674% 1.970% 30,673%*
09S 24E 34 8.368 6.705 15,730
8.368% 6.705% 15,730%
10S 23E 27 222 2.975 0.240 50,030
10S 23E 24 143 2.795 0.491 53,400
10S 23E 34 432 9.426 2.327 14,430
4.280% 0.650% 33,781%
10S 24E 15 131 0.423 1.129 387,070
108 24E 15 323 9.822 33.239 13,910
10S 24E 15 332 1.751 5.268 86,400
108 24E 15 342 8.510 53.122 16,160
10S 24E 17 141 5.046 5.834 27,040
10S 24E 17 324 4.303 5.554 33,180
10S 24E 20 234 1.705 0.964 88,990
10S 24E 21 424 8.367 0.733 165,890
108 24E 22 331 3.626 0.545 40,180
10S 24E 22 343 0.976 2.000 101,950
10S 24E 27 421 12.300 25.016 11,410
3.454% 4.166% 49,782%
11S 23E 03 100 8.110 20.699 16,850
11§ 23E 12 442 0.798 4.619 198,720
115 23E 12 444 3.304 5,246 43,720
11S 23E 13 232 3.774 2.781 38,790
11S 23E 28 223 1.450 0.749 97,200
2.592% 4.016% 56,024%
11S 24E 01 313 9,642 3.519 13,310
11§ 24E 04 114 0.703 0.422 224,640

(continued)
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Well-loss coefficients, formation-loss co-

efficients, and transmissivities from routine
step-drawdown tests in the principal confined
agulfer, Roswell Basin, New Mexico (continued)

Well Location

¥ormation-Loss
Coefficient B

Well-~Loss Co-
efficient C

Transmisslivity T
(1,000 ft2/day)

rt/(£t3/sec) rt/(ft3/sec)?
118 24E 06 310 9.123 4,152 15,120
11S 24E 08 124 0.399 1.002 410, 400
11S 24E 08 124 8.781 2.187 15,730
11S 24E 11 243 2.233 1.603 68,260
11S 24E 12 113 0.251 0.874 669,600
118 24E 12 231 2.324 7.612 64,890
11S 24E 13 233 7.525 1.687 18,580
118 24E 14 213 4.055 1.356 35,860
11S 24E 14 324 0.261 1.137 639,630
11S 24E 14 343 4.959 1.120 27,300
11S 24E 15 431 13.363 1.064 10,540
11S 24E 18 242 1.271 0.340 98,500
11S 24E 18 333 7.091 29.462 19,530
11S 24E 19 6.740 3.045 20,910
11S 24E 20 313 1.517 2.249 101,090
11S 24E 26 433 2.682 0.511 55,300
11S 24E 28 6.418 21.588 21,600
11S 24E 28 313 15.308 12.241 7,600
11S 24E 36 211 8.134 21.551 16,680
3.151% 2.391% 45, 485%
11S 25E 29 333 8.063 4.673 17,110
11S 25E 32 133 2.208 3.007 65,840
4.219% 3.749% 33,564*
125 23E 01 413 2.111 1.299 71,110
125 23E 06 214 6.735 0.210 21,080
3.771% 0.522% 38,717*
12S 24E 21 333 3.885 4.182 37,410
3.885% 4.182% 37,410%
125 25E 13 111 0.804 0.629 204,770
128 25E 35 131 0.370 1.144 444,960
0.545% 0.848% 301,852%
13S 25E 13 133 8.454 26.302 16,240
138 25E 24 333 0.683 3,128 232,420
13S 25E 26 411 2.467 0.092 60, 740
2.,424% 1.963% 61,204*%

(continued)
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Table D-24,

Well-loss coefficients,

formation-loss co-

efficients, and transmissivitles from routine
step-drawdown tests in the principal confined
aquifer, Roswell Basin, New Mexico.(continued)

Well Location

Formation-Loss
Coefficient B

Well~Loss Co-

efficient C

Transmissivity
(1,000 ft2/day)

m

4

ft/(ft3/sec) ft/(ft3/sec)?
135 26E 06 331 9. 369 16.297 14,600
135 26E 30 213 2.523 1.769 59,530
135S 26E 31 211 5.745 3.771 24,620
13S 26E 31 214 0.422 1.329 387,070
2.751* 3.617% 53,646%
148 26E 09 313 5.896 0.434 24,360
14S 26E 32 124 3.563 1.303 40,780
4.583% 0.752% 31,518%
158 25E 35 213 6.384 1.410 22,210
158 25E 35 311 14.246 0.186 9,070
§.537% 0.512% 14,193%
158 26E 04 123 2.706 1.107 55,120
158 26E 13 222 0.241 9,205 691,200
0.808% 3,192% 195,189%
16S 24E 02 324 1.585 0.213 95,900
1.585% 0.213% 95,900%
16S 25E 07 111 2.365 0.355 62,900
2.365% 0.355% 62,900%
168 26E 20 433 7.271 1.269 18,920
168 26E 20 433 9.132 5.552 15,030
8.149% 2.654% 16,863%
178 26E 08 431 11.286 0.756 12,530
175 26E 08 431 3.349 2,055 44,240
175 26E 08 444 9,285 2.797 14,430
178 26E 09 113 6.322 2.451 22,290
178 26E 17 233 13.801 0.601 9,940
178 26E 17 233 12,908 9,401 10,710
178 26E 20 431 5.225 1.961 28,340

(continued)
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Table D-24, Well-loss coefficients, formation-loss co-
efficients, and transmissivities from routine
step-drawdown tests in the principal confined
aquifer, Roswell Basin, New Mexico (continued)

Formation-Loss Well-Loss Co- Transmissivity T

Well Location Coefficient B efficient C (1,000 ft?/day)
ft/(ft3/sec) ft/(ft3/sec)?
178 26E 32 133 4,858 5.334 29,380
178 26E 32 213 5.070 1.007 28,600
7.182% 2.048% 19,725%
185 26E 10 313 2.090 0.761 72,580
185 26E 34 7.920 3.458 17,630
18S 26E 34 6.622 4,844 21,170
4,786% 2.336% 30,033%
195 26E 27 221 29.173 6.983 2,680
29,173%* 6.983% 2,680%

%
Logarithmic average by township.
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Table D-25. Well-loss coefficients, formation-loss coefficlients,
and transmissivities from routine step-drawdown
tests in the unconfined aqguifer, Roswell Basin, -
New Mexlico.

Formation-Loss Well-Loss Co- Transmissivity T

Well Location Coefficient B efficient C (1,000 ft2/day)
ft/(ft3/sec) rt/(ft3/sec)?

10S 24E 36 413 22.550 4.730 2,770
22,550% 4,730% 2,770%

118 24E 02 221 30.618 1.581 1,730

118 24E 12 321 5.509 0.684 12,610

118 24E 13 144 +4,710 3.792 15,030

11S 24E 14 314 16.324 1.288 3,890
10.671% 1.516% 5,976%

118 25E 06 332 20.370 2.007 2,850

11S 25E 06 332 30.184 1.684 1,900

118 25E 16 27.308 0.968 2,070

11S 25E 34 113 8.476 37.210 7,950

118 25E 34 311 31.195 7.366 1,810
21.353* 3.895% 2,764%

125 25E 25 431 24,941 5.822 2,420

1258 25E 27 211 16.226 2.714 4,060
20.117% 3.975% 3,134%

128 26E 32 133 11.689 1.507 5,700
11.689%* 1.507*% 5,700%

13s 25E 35 133 7.739 2.576 8,810
7.739% 2.576% 8,810%

135S 26E 22 313 12.915 1.995 5,270

138 26E 28 221 14.859 12,194 4,580

138 26E 28 311 17.343 3.117 3,630

135 26E 27 313 25.570 2.999 2,330
17.080%* 3.883% 3,780%

(continued)
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Table D-25. Well-loss coefficlents, formation-loss coefficients,
and transmissivities from routine step-drawdown
tests in the unconfined aquifer, Roswell Basin,

New Mexico (continued)

Formatilon-Loss Well-Loss Co~ Transmissivity T

Well Location Coefficient B efficient C (1,000 ft2/day)
ft/(ft3/sec) rt/(ft3/sec)?
148 25E 13 311 5.714 0.345 12,180
5.714% 0.345% 12,180%*
148 26E 03 433 3.178 6.828 23,140
14S 26E 06 142 7.360 1,104 9,420
14S 26E 06 211 1.987 1.914 39,140
148 26E 08 342 31.131 38.920 1,900
148 26E 08 433 10.331 0.953 6,570
14S 26E 09 221 10.896 2.011 6,220
14S 26E 10 133 0.504 0.868 181,440
14S 26E 14 113 19.419 21.342 3,110
14S 26F 17 233 4.680 0.644 15,210
14S 26E 17 444 0.323 11.745 286,850
14S 26E 18 211 3.927 1.992 18,490
14S 26E 18 324 10.664 2,264 6,390
14S 26E 20 2.806 1.248 26,780
14S 26E 23 230 12.393 4,284 5,360
4.806% 2.942% 14,955%*
155 26E 10 112 3.398 23.842 21.770
158 26FE 20 8.140 3.695 8,290
158 26E 29 321 0.486 2.735 184,030
158 26E 29 344 6.940 10.361 9,760
155 26E 32 344 6.328 9.491 16,970
3.583% 7.498% 20,426%
16S 25E 06 223 4.648 0.387 15,380
16S 258 25 211 24,505 0.682 2,510
10.672% 0.514%* 6,213%
16S 26E 19 411 12.986 0.884 5,010
16S 26E 29 331 13.649 5.680 4,750
16S 26E 32 213 17.689 0.143 3,460
168 26E 32 311 20.689 4.783 3,020
15.959% 1,.361% 3,971%
175 26E 08 6.521 4.740 10,540
178 26E 17 333 4.967 0.872 11,660
175 26E 21 12.393 15.057 5,440
17S 26E 35 133 9,468 11.544 6,910
7.852% 5.177% 14 ,661%

(continued)
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Table D-25. Well-loss coefficients, formation-loss coefficients,
and transmissivitlies from routine step-drawdown .
tests in the unconfined aquifer, Roswell Basin, .
New Mexico. (continued)

Formation-Loss Well-Loss Co- Transmissivity T
Well Location Coefficient B efficient C (1,000 ft?/day)
ft/(ft3/sec) ft/(ft3/sec)?

185 26E 17 322 10.189 15.219 6,740
185 26E 18 221 3.558 1.231 20,740
6.021% 4.328% 11,823%*
208 26E 07 423 1.186 4,691 69,210
20S 26E 08 112 16.726 8.696 3,540
4 .454% 6.387% 15,653

*
Logarithmic average by township.
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Well~loss coefficients, formation-~loss coefficients,
and transmissivities from routine step-~drawdown
tests in the shallow confined aguifer, Roswell
Basin, New Mexico.

Well Location

Well-Loss Co-
efficient C

Formation-Loss
Coefficient B

Transmissivity T
(1,000 ft?/day)

rt/(frt3/sec) Ft/(ft3/sec)?

08S 24F 35 224 33,220 3.420 3,970
08S 24E 35 343 2.472 0.955 60, 310
9.062% 1.807%* 15,470%

09S 24k 02 414 2.397 1.177 62,900
09S 24E 02 421 8.710 6.537 15,810
09S 24F 11 133 2.961 2.748 49,940
3.954% 2.765% 36,760%

108 25E 31 413 13.416 0.514 10,200
13.416%* 0.514%* 10,200%

11S 24E 01 334 0.581 1.740 281,660
11S 24E 06 310 9.123 4,152 15,030
11S 24E 06 423 0.846 0.673 184,030
11S 24E 18 333 7.091 29,462 19,870
118 24E 18 444 3.452 7.102 42,420
2.559% 3.995% 58,000%

11S 25E 08 123 17.080 3.272 7,950
11S 25E 28 243 6.415 5.497 21,510
118 25E 28 234 15.543 12.852 8,810
11.941% 6.137*% 11,460%

128 25E 05 111 0.533 14,041 301,540
128 25E 36 111 33.470 1.861 3,970
4,223% 5.112% 34,500%

135 24E 25 212 42,036 6.741 3,110
42.,036% 6.741% 3,110%

(continued)
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Table D-26. Well-loss coefficients, formation-loss coefficients,
and transmissivities from routine step-drawdown
tests in the shallow confined aquifer, Roswell
Basin, New Mexico (continuec)

Formation-Loss Well-Loss Co- Transmissivity T

Well Location Coefficient B efficient C (1,000 ft2?/day)
rt/(ft3/sec) rt/(ft3/sec)?
135 25E 12 8.386 0.316 16,500
135 25E 35 232 9.262 0.456 14,860
13s 25E 27 211 6.179 0.075 22,810
7.829% L221% 17,750%
148 24E 18 222 7.517 0.597 18,580
7.517% 0.597% 18,580%
145 25E 12 331 11.199 4,573 12,440
11.199%* 4,573% 12,440%

%
Logarithmic average by townships.
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Afppendix E
SYSTEM OF NUMBFRING WELLS IN NEW MEXICO

11 wells referred to in this report are identified by
numbers used bv the U. S. Geoclogical Survey and the New
Mexico State Engineer for locating water wells in New Mexico
(figure F-1). The location number is a description of the
peopravhic location of the well, based on the system of
public land surveys. It indicates the location of the well
to the nearest 1l0-acre tract, when the well can be located
that accuratelyv. The location description consists of a
series of numbers corresponding to the township, the range,
the section, and the tract within the section, in that order,
as illustrated in figure FE-1. If a well cannot be located
accurately within a 10-acre tract, a zero is used as a
third digit of the fourth segment of the location number.

If the well cannot be located accurately within a U0-acre
tract, zeros are used for both the third and second digits.
A1l wells in the area covered by this repcrt are east of

the New IMexico Principal Meridian. The position of the
wells north or south of the New Mexico base line is in=~
dicated by a headnote in each table. Springs are identified
by the letter s preceding the township number.

Sections within o township Tracts within ¢ section
R.I4E, Sec.12
[ ) 4 3 2 1 [
7 8 9 u;\ 1 I
JOH -J : [ 2
T y N !
I ® 7 18 15 $ |13
9 \wcfreem - — o — 2 — —— — —
S. \s\ 20 |21 | 22 za\ 24 |
N o) 2 l
|
30 z‘a\\zu 27 | 2e \zs - - - -3 "’"l 4
\ /f " :j/
3/
3l 32 | 33 | 34~ B u\ A Wel
N VAl

fe———————— 6 miles -—%\ |-7Z7'/7L I mile —————
Well 9. 14.12.344

Figure E-1. System of numberines wells in New NMexico.





