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FOREWORD

By C. G. PauLsex'!

The Safford Valley investigation was made in 1943-44 by the Geologi-
cal Survey in an effort to determine how much water could be made
available for an essential war industry by removing the saltcedar growth
from the bottom lands of Gila River in Safford Valley, Ariz. However,
before the investigation was completed, the water needed for the in-
dustry was obtained from another source, and so the investigation was
not carried as far as was desired or to a conclusion that was satisfactory
in all respects. The water and vegetal conditions under which the in-
vestigation was made, the observational data, the methods of analysis
of these data, and the results obtained are presented in this report.

The investigation was an attempt to measure quantitatively the
amount of water consumed, and therefore wasted, by vegetation of little
or no known value that grows on the bottom lands of the valley. Salt-
cedar, which grows luxuriantly in the lowlands of Safford Valley, is a
great consumer of water and has no present value for any purpose. Its
removal would, in theory at least, save and make available for bene-
ficial use the water consumed by it. Problems involved in its removal,
and recovery of water that might be “saved’” thereby, were outside the
scope of this investigation, which related primarily to the quantity of
water that was consumed in nonbeneficial use.

The methods used in the investigation, the analysis of the data col-
lected, and the results obtained by the analysis are believed to be of
general interest and value because of the need of conserving for more
beneficial use the water consumed by vegetation that hags little value
in many arid and semiarid regions. In such regions the water thus con-
sumed constitutes a definite economic loss which may presumably be
avoided. This report indicates that in the 46-mile reach of Gila River
in Safford Valley from Thatcher to Calva about 28,000 acre-feet of
water is consumed annually by worthless vegetation in the bottom
lands. If a substantial part of the water thus lost could be conserved
and used for valuable crops, a distinct economic gain would be achieved.

This investigation, so far as is known, was the first attempt actually
to measure the water consumed by a particular class of vegetation

1 Chief hydraulic engineer of the Geological Survey, U. 8. Department of the Interior.
X111



X1V FOREWORD

under natural conditions on a scale large enough to be of economic
significance. As a consequence, field methods of investigation of a
somewhat complex character had to be used. Although laboratory
studies were made in certain phases of the investigation, laboratory
accuracy cannot be claimed for the over-all results. However, the
general agreement obtained by the six largely independent methods
utilized indicates that reasonable accuracy was probably achieved.
Whatever the degree of accuracy obtained in this comprehensive under-
taking, it is hoped that this recording of conditions, methods, and re-
sults of the investigation will be of value to those who may have need
for the results or may conduct similar investigations in this or other
river basins. :



USE OF WATER BY BOTTOM-LAND VEGETATION
IN LOWER SAFFORD VALLEY, ARIZONA

By J. S. Gatewoopn, T. W. Rosinson, B. R. CouBy, J. D. Hewm, and
L. C. HALPENNY

ABSTRACT

Lower Safford Valley, Graham County, Ariz., is an alluvial lowland plain 1 to 3
miles wide along Gila River. The valley is underlain to an average depth of about 100
feet by silt and waterbearing sand and gravel deposited by the river. The plain is
occupied by farmed lands, which are irrigated from wells and from the river, and by a
belt of natural vegetation in the bottom land along the river. Most of the natural
vegetation consists of phreatophytes, plants that send their roots to the capillary
fringe or to the water table. The principal phreatophytes in lower Safford Valley are
saltcedar, baccharis, cottonwood, and mesquite, all of which are nonbeneficial users of
large quantities of ground water. In order to supply the basic data from which an
estimate could be made of the quantity of water that might be saved if such bottom-
land vegetation were destroyed, an investigation of the annual use of water by the
vegetation was made in 1943 and 1944.

Six methods of determining use of water were applied during the investigation: Tank
method, transpiration-well method, seepage-run method, inflow-outflow method,
chloride-increase method, and slope-seepage method. The tank method was based on
the measurement of the quantity of water used by native vegetation growing in tanks
in which a water table was maintained, so that hydrologic conditions in the tanks
resembled those in the field as nearly as possible. The transpiration-well method was
based on the measurement, of the diurnal water-table fluctuations caused by transpira-
tion by phreatophytes; the daily rate of use of ground water, as shown by observation
wells in the bottom-land area, was determined by multiplying the amount of daily
decline of the water table by the coefficient of drainage (specific yield). The seepage-run
method was based on sets of discharge measurements made at about monthly intervals
along Gila River to determine the seepage inflow to the river; use of water by vegeta-
tion along the river was computed as the difference in the seepage inflow between the
growing and nongrowing seasons. The inflow-outflow method was based on a water
inventory for which, in a given area in a given time, the quantities of water entering
and leaving and the changes in stored water were determined by measurements in the
field; the use of water by vegetation, which could not be determined for this method
by field measurements, was computed as the difference remaining after all other factors
had been measured or accounted for. The chloride-increase method was based on the
determination of the increase in the concentration of chloride in the ground water as
it moved from the outer edge of the vegetation-covered bottom-land area to the river,
and computation of the use of water by the vegetation was based on the fact that the
quantity of water withdrawn by transpiration was proportional to this increase in
chloride content. The slope-seepage method was based on the fact that the rate of use
of water by vegetation in a reach of the bottom-land area represented the difference
between the rates of ground-water inflow to the bottom-land area and to the river;
the rate of ground-water inflow to the river was determined from the sets of seepage

1
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measurements, and the rate of ground-water inflow to the bottom-land area was
determined on the basis of the hydraulic gradient of the water table at the time of each
set of seepage measurements, the transmissibility of the aquifer, and the length of the
reach. Although the methods differed greatly, the figure for use of ground water com-
puted by each method was within 20 percent of the mean determmed by averaging
the results of all six methods.

As a part of the investigation, the quality of the waters of lower Safford Valley was
studied in detail. The quality-of-water studies included more than 5,000 analyses of
surface and ground waters. These analyses showed that surface waters of the area
contain 250 to about 6,000 parts per million of dissolved solids and that ground waters
contain 200 to more than 10,000 parts per million. The waters of low dissolved-solids
concentration contain mostly sodium or calcium and bicarbonate. Highly mineralized
waters contain mostly sodium and chloride.

Based on the results obtained by the six methods, the total use of water by vegeta-
tion during the 12-month period ending September 30, 1944, was 28,000 acre-feet in a
total of 9,303 acres in the 46-mile reach of Gila River from Thatcher to Calva. As
precipitation and runoff were subnormal in most of the period of the investigation, it
is possible that the total use of water in other years may exceed 28,000 acre-feet. Of
the total water used, 23,000 acre-feet was derived from the ground-water reservoir,
and the remainder was derived from precipitation on the area. Of the 23,000 acre-feet,
more than 75 percent was used by saltcedar.



Parr 1. GENERAL DESCRIPTION
INTRODUCTION

The primary objective of this investigation was to determine the
use of water by natural bottom-land vegetation in the lower part of
Safford Valley, Ariz. All the surface water in Gila River Basin above
Coolidge Dam has been appropriated, and additional demands for
water in the basin must be supplied without disturbing existing water
rights. Consideration of the matter was begun late in 1942 as a result
of a demand for more water to expand wartime copper production at the
Morenci, Ariz., mines of the Phelps Dodge Corp. Because no water
was available for appropriation, a plan was proposed whereby the addi-
tional water needed was to be taken from tributaries of Gila River.
To replace this water, most of the nonbeneficial use of water by bottom-
land vegetation along Gila River in lower Safford Valley was to be
stopped by removing the vegetation. In 1941 a study of the water
resources of Safford Valley,? made by the Geological Survey, had
shown that large quantities of water were consumed by natural vegeta-
tion growing along the Gila River.

In March 1943 the Assistant Secretary of Commerce, Hon. W. L.
Clayton, acting in behalf of Defense Plant Corp. and Phelps Dodge
Corp., requested the Director of the Geological Survey to undertake
a determination of the quantity of water that could be saved by re-
moving vegetation and a study of other related problems, such as the
effect of clearing on the quality of water in and downstream from
the cleared area.

The investigation was begun in April 1943 as a project of the Water
Resources Division by the late G. L. Parker, chief hydraulic engineer,
who assigned the general supervision to a committee comprised of C. S.
Howard, district chemist, Quality of Water Branch, John H. Gardiner,
district engineer, Surface Water Branch, and 8. F. Turner, district
engineer, Ground Water Branch, Mr. Howard was named chairman of
the committee.

In April 1943, when the Geological Survey began work, the Phelps
Dodge Corp., through A. T. Barr, chief engineer of its New Cornelia
Branch, Ajo, Ariz., was already actively engaged in surveying, map-
ping, and installing structures and equipment needed for the investiga-
tion. Under a general division of duties the corporation continued
its work in cooperation with the Survey, and the Survey collected

2 Turner, S. F., and others, Water resources of Safford and Duncan-Virden Valleys, Ariz. and N. Mex.,
50 pp., U. S. Geol. Survey, 1941. (See list of studies p. 5.)
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most of the data, conducted the experiments, and compiled and inter-
preted the results of the investigation. Most of the water-level measure-
ments in observation wells were made by the corporation.

SCOPE AND PURPOSE OF THE INVESTIGATION

Under the plan proposed for supplying additional water to the copper
mines and reduction works at Morenci, water was to be pumped from
San Francisco River, which flows into Gila River and thence into
San Carlos Reservoir. The pumped water was to be replaced with
water to be saved by clearing the land upstream from the reservoir,
thus removing bottom-land vegetation, which dissipates water by trans-
piration. The investigation was originally undertaken to determine
the quantity of water used by bottom-land vegetation and the quantity
of water that could be saved by clearing. After clearing, the investiga-
tion was to be continued to determine the quantity of water actually
saved and the changes in quality of water resulting from clearing.
In addition, the Phelps Dodge Corp. was to determine the quantity of
sediment, if any, moved downstream as a result of the clearing.

In November 1943 the Defense Plant Corp. and Phelps Dodge
Corp. adopted a plan to obtain the needed water for the Morenci
plant from Black River, a tributary of Salt River, in exchange for
flood waters to be stored on Verde River, in the Salt River Basin.
The plan to save water by clearing bottom-land vegetation in lower
Safford Valley was therefore abandoned. The investigation was con-
tinued, however, to determine: (1) Quantity of water used by bottom-
land vegetation in 1943-44, and (2) chemical character of surface and
ground water in 1943-44. The results of this research are discussed in
this report, and computations of water use by six different methods are
given for the 12-month period ending September 30, 1944.

ORGANIZATION OF REPORT

The investigation covered many fields and of necessity explored and
developed several new ideas and methods. A tremendous volume of
data was collected. As a result, the scope of the report is so broad
and the content so voluminous that a discussion of the arrangement of
the report is presented here.

The report consists of four parts. Part 1 gives a comprehensive
view of the area and of the problem. Part 2 gives tabulations sum-
marizing the data, the details of the methods of collecting them, and
discussions of their significance. Basic computations in the various
fields are given to simplify the more advanced computations and
the final assembling of data. Part 3 contains descriptions of six different
methods of computing water use and the results of the computations.
Part 4 contains a comparison of the results and a discussion of their
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probable accuracy. Conclusions derived from the investigation follow
part 4.

PREVIOUS INVESTIGATIONS

Results of a water inventory covering the entire Safford Valley,
which was conducted during the years 1939-42 under the supervision
of S. F. Turner, district engineer, Ground Water Branch, and results of
the regular stream-gaging program, conducted for a number of years
under the direction of J. H. Gardiner, district engineer, Surface Water
Branch, were available. The data from this earlier work were utilized
in the present investigation.

Studies by the Geological Survey relating to Safford Valley are de-
seribed in the reports that follow.

Surface-water resources:

U. 8. Geol. Survey 21st Ann. Rept., pt. 4, pp. 339-349, 1900.

Lippincott, J. P., Storage of water on Gila River, Ariz.: U. 8. Geol. Survey Water-
Supply Paper 33, 1900.

Surface water supply of the United States, Colorado River Basin: U. 8. Geol.
Survey water-supply papers beginning with 1899. (Nos. 38, 50, 66, 75, 85, 100
133, 175, 289, 309, 389, 409, 439, 459, 479, 509, 529, 549, 569, 589, 609, 629, 649,
669, 689, 704, 719, 734, 749, 764, 789, 809, 829, 859, 879, 899, 929, 959, 979,
1009, 1039, 1059.)

Quality of surface waters of the United States: U. 8. Geol. Survey water-supply,
papers beginning with 1941. (Nos. 942, 950, 970, 1022, 1030.)

Geology and ground-water resources:

Schwennesen, A. T., Geology and ground-water resources of the Gila and San
Carlos Valleys in the San Carlos Indian Reservation, Ariz.: U. S. Geol. Survey
Water-Supply Paper 450-A, 1921.

Knechtel, M. M., Hydrology, Indian Hot Springs, Graham County, Ariz.:
Washington Acad. Sei. Jour., vol. 25, no. 9, Sept. 15, 1935.

Knechtel, M. M., Geological relations of the Gila conglomerate in southeast
Arizona: Am. Jour. Sci., 5th ser., vol. 31, pp. 80-92, Feb. 1936.

Knechtel, M. M., Geology and ground-water resources of the valley of Gila River
and San Simon Creek, Ariz.: U. 8. Geol. Survey Water-Supply Paper 796-F,
1938.

Turner, 8. F., and others, Water resources of Safford and Duncan-Virden Valleys,
Ariz. and N. Mex., 50 pp., U. 8. Geol. Survey, 1941. [Mimeographed in small
quantity, now exhausted. Copies on file in Geological Survey offices in Phoenix,
Safford, and Tucson, Ariz., and Washington, D. C.]

Water levels and artesian pressure in observation wells in the United States: U. 8.
Geol. Survey water-supply papers beginning with 1940. (Nos. 911, 941, 949,
991, 1021, 1028.)

Morrison, R. B., McDonald, H. R., and Stuart, W. T., Records of wells and
springs, well logs, water ‘analyses, and map showing locations of wells and
springs in Safford Valley, Ariz., Arizona State Water Commissioner, 1942.
[Mimgographed in small quantity, now exhausted. Copies on file in Geological
Survey offices in Phoenix, Safford, and Tucson, Ariz., and Washington, D. C.]

Hem, J. D., Quality of water of the Gila River Basin above Coolidge Dam, Ariz.:
U. 8. Geol. Survey Water-Supply Paper 1104 (in preparation).
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Turner, 8. F., and others, Ground-water resources and problems of the Safford
Basin, Ariz., U. 8. Geol. Survey, 1946. [Mimeographed.]

Other reports that refer to water resources and related subjects in
Safford Valley basin are listed below.

Olmstead, F. H., Gila River flood control, Report to Secretary of the Interior:
65th Cong., 3d sess., S. Doc. 436, 1919.

Poulson, E. N, and Young, F. O., Soil survey of the Upper Gila Valley area,
Ariz.: U. 8. Dept. Agr., Bur. Chem. and Soils [Soil Survey Repts.] ser. 1933,
No. 15, 1938.

Technical Committee, Upper Gila River Basin report: National Resources Plan-
ning Board, Water Resources Committee, 1940.

Firth, C. A., Distribution of waters of the Gila River: Gila Water Commissioner,
Annual reports for the years 1937-44.

PERSONNEL

The committee that had general supervision of the 1943-44 investiga-
tion appointed J. 8. Gatewood project engineer, to be responsible for
coordinating the technical work of the three branches. B. R. Colby
wag in charge of the surface-water studies, J. D. Hem of the quality-
of-water studies, and T. W. Robinson of the ground-water studies.
Preceding Mr. Robinson were: J. F. Hostetter, in charge of construction
of the Glenbar experiment station from April 4 to June 7, 1943; W. T.
Stuart, in charge from June 20 to August 13, 1943; and L. C. Halpenny,
in charge from October 18, 1943, to January 7, 1944. Other technical
personnel were: ¥or the Ground Water Branch, R. L. Cushman, J. H.
Brown, R. E. Mann, G. E. Hazen, J. Z. Thompson, Theda P. Shelley,
and several others for short periods; for the Surface Water Branch,
A. Dalcerro, A. B. Goodwin, and C. D. Bingham; and for the Quality
of Water Branch, R. T. Kiser, R. L. White, and D. C. Lillywhite. The
services of Dorothy G. Dungan were divided between surface-water and
ground-water work. The Phelps Dodge Corp. assigned G. E. Greiner,
hydrographer, and personnel engaged in measuring water levels in
observation wells to work under direct supervision of the Geological
Survey. The discussion of the geology of the basin is based on field work
in 1940-41 by R. B. Morrison, Ground Water Branch.

A preliminary report was prepared during a 6-week period following
the end of field work in the fall of 1944. The authors were J. S. Gate-
wood, T. W. Robinson, B. R. Colby, and J. D. Hem. In 1946, funds
were allocated to prepare the final draft, and the work was done by J. S.
Gatewood, L. C. Halpenny, and J. D. Hem. The final draft was re-
viewed by Robinson and Colby, who were engaged on work in other
areas at the time of its preparation.
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R. A. Hill and W. W. Lane, consulting engineers for the Phelps Dodge
Corp., and by 8. F. Turner, district engineer, Ground Water Branch,
for the Geological Survey. Previous work done by Turner and others ?
was of great importance in developing the plan of the investigation.
Turner also worked with Robinson in developing the method whereby
laboratory tests of specific yield could be translated to field conditions.
A. T. Barr of the Phelps Dodge Corp. was especially helpful during the
investigation. H. R. Brisley, also of the Phelps Dodge Corp., assisted
appreciably by his careful work in mapping the bottom-land vegetation
and identifying plant species. C. A. Firth, Gila Water Commissioner,
permitted the use of two of his canal gaging stations and allowed access
to his current records of diversions into canals. The officials of the
canal companies and their engineer, Thomas Maddock, gave permis-
sion for the construction of gages on the canals and helped obtain per-
mission for the installation of observation wells on privately owned
land.

LOCATION, EXTENT, AND GENERAL FEATURES
OF LOWER SAFFORD VALLEY

Safford Valley lies along Gila River in Graham County, Ariz., within
a basin that is limited along the northeast side by the Gila Mountains
and along the southwest side by the Graham, Santa Teresa, and Turn-
bull Mountains. In 1940 Graham County had a population of 12,113,
mainly concentrated in Safford Valley. Safford, the county seat and larg-
est town, is by highway 180 miles east of Phoenix, 134 miles northeast
of Tueson, and 240 miles west of El Paso, Tex. The valley is served by
U. S. Highway 70 and by a branch of the Southern Pacific Lines, both
of which pass through Safford.

The area studied, which for the purpose of this report is designated
as “lower Safford Valley,” occupies the part of the valley from the
town of Thatcher, 3 miles west of Safford, to the railroad bridge over
the Gila River near Calva (see pl. 1). The area includes the cultivated
and bottom lands between the mesas on both sides of Gila River. It is
about 46 miles in length and ranges in width from 1 to 3 miles, covering
about 38,000 acres, or slightly less than 60 square miles.

AGRICULTURAL DEVELOPMENT AND IRRIGATION

Agricultural development in Safford Valley began as early as 1872.
Rainfall was insufficient for the growth of crops, and water was di-
verted from Gila River for irrigation. The water users depended on

3 Turner, 8. F., and others, op.cit., 1941
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the natural flow of the river and diverted water into canals by small
dams. The demand for irrigation water increased in proportion to the in-
crease in the amount of land put into cultivation. The diversion rights
for irrigation from Gila River in the entire Safford Valley, as shown
in the report of the Gila Water Commissioner,* increased from 0.4
second-foot in 1872 to 406.4 second-feet in 1920, with no increase there-
after. The amount of land under irrigation, based on a diversion right
of 1 second-foot for each 80 acres,® was about 32 acres in 1872, 498 in
1880, 16,224 in 1890, 21,664 in 1900, 29,232 in 1910, and 32,512 since
1920.

Development of ground water for irrigation in the valley began
about 1930, when the first large irrigation well was drilled. At the
end of 1940 there were approximately 150 irrigation wells, of which
120 were being pumped. The remaining 30 were inactive, either because
pumping plants were not available or because the yields of the wells
were too small. In the fall of 1944 there were about 260 irrigation wells
in the valley, of which about 215 were being pumped. There is no record
of the pumpage prior to 1940; however, it is believed not to have been
large. The water pumped in the Safford Valley during the calendar
years 1940, 1941, 1942, 1943, and 1944 was about 23,600, 8,700, 18,900,
35,000, and 52,000 acre-feet, respectively.® These figures do not include
the small amounts of water pumped on the San Carlos Indian Reserva-
tion at Bylas and Calva. The lower pumpage in 1941 was the result
of increased precipitation and river flow during that year.

The river water, which carries considerable silt, is generally used
in preference to ground water for irrigation. Water from many of the
irrigation wells in the valley has a rather high percentage of sodium,’
which causes deflocculation of the soil; therefore, when feasible, ground
water is diluted with river water in order to reduce the deleterious effect
of the ground water.

The valley as a whole has a favorable relief for irrigation and has good
natural drainage that facilitates the leaching of salts from the soil by
the irrigation water. Although many fields lie near the river, water-
logging of irrigated fields has not occurred except in small areas.

Prior to 1920 agriculture in the valley was devoted principally to the
growing of grain, hay, and sorghum, with some orchard crops. In
1944 cotton was the dominant crop, with hay (mostly alfalfa), grain,
vegetables, and vegetable seed as lesser crops.

4 Firth, C. A., Distribution of waters of the Gila River: Gila Water Commissioner, 9th Ann. Rept.,
pl. 44, 1944,

5 Idem.

& Meinzer, O. E., Wenzel, L. K., and others, Water levels and artesian pressures in observation wells
in the United States, part 6, Southwestern States and Territory of Hawaii: U. S. Geol, Survey Water-
Supply Papers 911, p. 10, 1941; 941, p. 9, 1943; 949, p. 9, 1944; 991, p. 9, 1945.

7 Turner, 8. F., and others, Ground-water resources and problems of the Safford Basin, Ariz., p. 12,
U. 8. Geol. Survey, 1946. (See list of studies, p. 6.)
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Measurements of precipitation were made by the Geological Survey
during the course of the investigation at San Jose, Safford evaporation
station, Pima bridge, Glenbar experiment station, Fort Thomas, Black
Rock Wash, Geronimo gaging station, Bylas, and Calva. The records
of rainfall at these stations are contained in table 2. Evaporation was
measured by the Geological Survey at San Jose, Safford evaporation
station, Glenbar experiment station, and Fort Thomas. Table 3 con-
tains records of evaporation from the pan at the Safford evaporation
station and the three pans at the Glenbar experiment station. Measure-
ments of evaporation at San Jose and Fort Thomas were made only
once each week, and these records are not published in this report.
Temperature and relative humidity records, collected at the Glenbar
experiment station, are given in table 4.

TABLE 4.—Temperature and mean relative humidity, Glenbar experiment station, 1943-44

‘ Temperature (°F.) Mean
D relative
ate . Mean of Mean of humidity
Maximum daily Minimum _daily (percent) !
maximums minimums
| |
109 101.0 49 62.2 35
104 97.0 58 65.0 67
105 94.0 44 53.0 60
94 83.0 26 42.0 59
82 74.3 13 23.8 51
72 61.5 14 | 25.4 64
|
73 60.0 8 20.8 58
73 64.8 15 26.8 59
54 71.4 16 30.3 47
89 80.2 24 33.4 39
102 91.5 29 41.8 44
109 99.3 38 47.5 40
110 102.2 44 61.6 51
114 101.7 48 62.8 52
104 93.7 46 56.4 ! 38
92 83.0 40 49.7 62

t Monthly mean of daily mean relative humidity, as determined from recording hygrometer.

GEOLOGY AND ITS RELATION TO GROUND-WATER
SUPPLIES

The following is quoted from a report by Turner and others:!°

CHARACTER OF BASIN

The Safford Basin is a deep trough that lies between mountain blocks of older rocks.
These rocks are mostly voleanic lava and ash deposits on the northeast side of the
basin and gneiss on the southwest side of the basin. The older rocks that comprise
the mountain blocks are hard and resistant and for the most part impermeable, al-
though they carry some water that issues as springs from cracks, fissures, and weathered
zones along the sides of the mountains. The mountain blocks perform two major func-

© Turner, S. F., and others, Ground-water resources and problems of the Safford Basin, Ariz., pp. 4,
&, U. S. Geol, Survey, 1946. [Mimeographed.|
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tions with respect to ground water in the basin: (1) Because of their higher elevations
they have greater annual rainfall and thus contribute a large share of the water that
enters the basin; (2) because they are composed of relatively impermeable rocks they
tend to confine the ground water within the basin.

The deep trough of the Safford Basin is partly filled with more or less unconsolidated
deposits of gravel, sand, silt, and clay. The ground water occurs principally within
these deposits.

OLpER ALLyuviAL Frun

The larger part of the more or less unconsolidated deposits in the Safford Basin is
termed “‘older alluvial fill” in this report. These deposits were derived from the hard
rocks of the mountain blocks and were washed into the basin by streams and by sheet
runoff. The alluvial fill was deposited in an enclosed basin, and a shallow lake of the
playa or semiplaya type was formed along the axis of the basin, The thickness of the
older alluvial fill is at least 3,767 feet at one place, based upon the log of the Mary S.
Mack oil test [see. 13, T. 6 S., R. 24 E.]. Several deep water-bearing beds were encoun-
tered in this well. A well drilled at Safford for the Southern Pacific Railroad did not
reach bedrock at 1,820 feet. An oil test drilled near Ashurst (SW4NE{ sec. 30, T. 5
S., R. 24 E.) was abandoned in older alluvial fill at 2,645 feet.

Near the mountains on both sides of the basin the older alluvial fill consists of bould-
ers, gravel, and conglomerate with small amounts of sand and silt, and is termed the
“gravel zone”’ in this report. The width of the gravel zone is from 1 to 2 miles on each
side of the basin. The gravel zone of the older alluvial fill is partly consolidated and
moderately permeable. Layers of relatively impermeable caliche lie near the surface
in most of the outerop area of the gravel zone. Streams have cut channels through these
layers, enabling water from rain and from stream flow to enter the fill along the stream
channels.

The materials that comprise the older alluvial fill gradually become finer-grained
toward the interior of the basin, grading first to interbedded sand and silt with some
gravel, then to silt with some sand, and finally, along the axis of the basin in the playa
or ‘“lake-bed zone,” to silt and clay with local stringers of sand. The silts and clays of
the lake-bed zone are relatively impermeable and contain salt and gypsum.

ALLUvIAL FiLL oF INNER VALLEY AND TRIBUTARY WASHES

The alluvial fill of the inner valley and tributary washes was deposited after the
Gila River entered the Safford Basin. When the river first entered the basin it started a
cycle of erosion that included development of gorges through the mountain barriers
and rapid cutting of the fill in the mterior of the basin. After the first rapid eutting the
erosion slackened, and an erosion surface was developed on the softer areas of the older
alluvial fill. This surface is about 50 to 100 feet below the original depositional level,
and it slopes gently toward the Gila River. It is covered with a thin mantle of gravel
and is the main “mesa’” level above the river plain near Safford. Subsequently the rate
of erosion by the river was accelerated, and an inner narrow valley, about 150 feet deep,
was cut within the larger one. This valley is partly filled, to a depth of 50 to 100 feet,
with silt, sand, and gravel deposited by the river and its tributary washes. The part
of the basin underlain by these younger deposits is called the inner valley and includes
nearly all the irrigated lands.

The alluvial fill of the inner valley and tributary washes consists of m'egular and
discontinuous beds, and adjacent wells may encounter water-bearing sand or gravel
beds at entirely different depths. The layers of silt are not continuous, and water from
the surface percolates downward, often by circuitous routes, to recharge the underlying
ground-water reservoir.



18 USE OF WATER BY BOTTOM-LAND VEGETATION

WATER RESOURCES
SURFACE WATER

Gila River in Safford Valley is typical of streams in the Southwest.
It has a rather steep slope, a shifting and changing channel, and numer-
ous overflow channels that carry water during flood periods. The average
slope is 7.1 feet per mile in the 45.8-mile reach of the river from the
gaging station at Thatcher to the gaging station at Calva. Many small
dams divert river water into canals for irrigation. Generally speaking,
the river, as it moves through the valley, gains water from the ground-
water reservoir.

Within the area there are no perennial streams tributary to the Gila
River, but numerous washes, which normally have no flow, enter
the river from both sides. These washes at times carry large flows of
water for short periods as a result of heavy rainstorms on the mesas
or in the mountains bordering the valley.

GROUND WATER

Ground water occurs at shallow depths in the sand and gravel beds
of the alluvial fill of the inner valley of Gila River. These beds are
the source of water for nearly all the irrigation wells in the valley;
The water-bearing beds are not continuous, however, so that a given
bed of gravel may be 10 feet thick at one point, and a few hundred feet
away it may be only 2 feet thick or may have pinched out entirely. The
depth to the water table in the bottom land ranges from about 1 to
about 12 feet and in nearly all the farmed area from about 8 feet to
about 50 feet. Locally there may be small areas in which the ground
water in the alluvial fill of the inner valley is under a slight artesian head,
but generally the ground water is not confined.

The ground water of the inner valley is derived primarily from four
sources: (1) Spring flow and upward seepage from the older alluvial
fill, (2) underflow of Gila River and tributary washes, (3) recharge
from the Gila River when the water table is below the level of the
river, and (4) infiltration from rainfall and from irrigation water in
canals and on fields. The ground water is discharged by pumping and
by natural means. Natural discharge occurs through transpiration and
evaporation in the area occupied by phreatophytes, as evaporation from
bare wet land surfaces in the bottom land, as underflow out of the valley
along Gila River, and as seepage from the ground-water reservoir into
the river.

QUALITY OF WATER

" At low stages water of the Gila River in lower Safford Valley is in
general rather highly mineralized. At high stages, the water of the
river because of dilution contains only small to moderate amounts of
dissolved mineral matter.
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Most of the ground waters of lower Safford Valley are rather highly
mineralized. In a few places, however, they are composed of wash
underflow that contains only moderate amounts of dissolved matter.

In general, the principal constituents of the highly mineralized waters
in the valley are sodium and chloride; the principal constituents of
the waters of low mineral content are bicarbonate and calcium or
sodium.

METHODS OF DETERMINING USE OF WATER

Several different methods of measuring the use of water by bottom-
land vegetation were proposed before the investigation was begun and
during its course. Some of these methods involved clearing of large
areas occupied by phreatophytes and measuring the difference between -
the amount of water available before clearing and the amount available
after clearing. The methods dependent on clearing were of necessity
abandoned in November 1943, when clearing of growth was no longer
contemplated.

In making computations of water use by the several different methods
it was desirable to express the results on a comparable basis. Particularly
it was necessary that the figures for use of water computed by the differ-
ent methods should include or exclude the same components. The term
“use of water”’ was analyzed into its basic parts, therefore, and all the
results by the methods applied are expressed according to the defini-
tion that follows.

DEFINITION OF USE OF WATER

Young and Blaney ! define use of water as follows:

“Use of water,”” * * * gsometimes called ‘“evapotranspiration,” is the sum of

the volumes of water used by the vegetative growth of a given area in transpiration
or building of plant tissue and that evaporated from adjacent soil, snow, or intercepted
precipitation on the area in any specified time.

That definition has been adopted for this report.
APPLICATION TO LOWER SAFFORD VALLEY

As the determination of use of water by bottom-land vegetation was
the objective of the investigation, the use as computed in this report
includes only transpiration and evaporation in the phreatophyte-cov-
ered part of the bottom-land area. Use of water was determined in terms
of two components: use of ground water, sometimes called draft on
ground water, and use of precipitation. Computations by each of the
methods give results in terms of use of ground water. It was assumed
that all precipitation in the phreatophyte-covered area was used by

1 Young, A. A., and Blaney, H. F., Use of water by native vegetation: California Dept. Public Works,
Div. Water Resources Bull. 50, p. 2, 1942,

837968—50-—3
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transpiration and evaporation. Therefore, the total precipitation on
the phreatophyte-covered area during the year was added to the use of
ground water for the year as computed by each method. The sum of
use of ground water and precipitation is termed ‘‘total use of water”
in this report.

Water transpired by phreatophytes or evaporated from the bottom
land of lower Safford Valley may come from any of three zones: zone of
saturation, zone of soil moisture, and water at the land surface. Within
- the phreatophyte-covered area the main source of water at the land
surface and of soil moisture above the capillary fringe was considered
to be the precipitation on that area. Minor amounts of surface water
and soil moisture supplied by irrigation wastes and floods in the Gila
River were considered negligible, except for the period between the
large flood of September 25, 1944, and the end of the 1944 growing sea-
son. As the soil-moisture changes were not determined during the
investigation, and as soil moisture was high during the period from
September 25, 1944, to the end of the 1944 growing season, the com-
puted water use was unreasonably low for that period.

A relatively small amount of water is evaporated from the surface
of Gila River and from wet sand bars bordering the river. Although
these small losses have been computed, they have not been included in
any of the figures for total use of water in this report, because they are
not directly related to use of water by bottom-land vegetation.

DESCRIPTION OF METHODS USED

The six methods used during the investigation to determine use
of water by bottom-land vegetation were:
Tank method.
Transpiration-well method.
Seepage-run method.
Inflow-outflow method.
Chloride-increase method.
Slope-seepage method.
Computatlons by these methods are discussed in detail in part 3.
Results by all the methods are expressed in terms of use of ground
water for a year in acre-feet. Precipitation on the gross phreatophyte-
covered bottom-land area (not including wet sand bars and river sur-
face) was computed in acre-feet and added to the use of ground water
obtained by each method to determine total use of water.

Al S
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DENSITY OF BOTTOM-LAND VEGETATION

DEVELOPMENT OF VOLUME-DENSITY METHOD

It was recognized that the total amount of water transpired from any
area would be related to the density of vegetation in that area. Previous
studies 2 have indicated that the amount of water transpired is propor-
tional to the weight of the transpiring material. The problem for this
investigation was to develop a method of estimating the relative weights
of transpiring material in any given areas. This was done by means of
the volume-density method—a method of estimating the volume and
density of growth of a given species of plant in relation to a standard
for that plant, which for convenience was taken as the assumed maxi-
mum possible density for that plant. The method was developed from
a suggestion by H. R. Brisley, botanist for the Department of Agri-
cultural Investigation, Phelps Dodge Corp. Two of the methods applied
in the quantitative determination of use of water require for their
application to field conditions a knowledge of the volume density of
phreatophyte growth.

CLASSIFICATION OF BOTTOM-LAND VEGETATION

In the application of the volume-density method the first elements to
be considered were the types of plants and the areal extent of each type.
During the early spring of 1943, J. C. Dunne, engineer for the Phelps
Dodge Corp., made a preliminary survey of the amount, kind, and den-
sity of the bottom-land vegetation from Thatcher to Calva. In the sum-
mer of 1943, H. R. Brisley made a detailed survey of the bottom-land
vegetation from Thatcher to the boundary of the San Carlos Indian
Reservation. This survey was independently checked by C. R. Davis,
botanist, also of the Phelps Dodge Corp. The results of the surveys by
Brisley and Davis and that part of the preliminary survey by Dunne
from the boundary of the Indian reservation northwest to Calva were
used in determining the area and density of bottom-land growth. In
the summer of 1944 a small amount of supplemental work was done by
the Geological Survey to complete the mapping of bottom-land vege-
tation.

During their investigations Brisley and Davis collected and identi-
fied specimens of most of the plant life growing in the bottom land. The
identifications were confirmed by Dr. Lyman Benson of the Depart-
ment of Botany, University of Arizona. Table 5 lists the plants found,
giving both the common name and the scientific name. The plants listed
have been divided into two groups, known phreatophytes and other

2 Raber, Oran, Water utilization by trees, with special reference to the economic forest species of the

North Temperate Zone: U. S. Dept. Agr. Misc. Pub. 257, pp. 75-83, 1937. Horton, R. E., Transpiration
by forest trees: U. S, Weather Bureau, Monthly Weather Rev., vol. 51, No. 11, pp. 571-581, Nov. 1923.
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plants. All but one of the plants listed in the first group have been classi-
fied by Meinzer '* as phreatophytes; the spiny aster was not included
in his list. The plants listed in the second group form only a small part
of the bottom-land growth.

The most common phreatophytes in lower Safford Valley are salt-
cedar, baccharis, cottonwood, willow, and mesquite. In the field sur-
vey the areas of bottom-land vegetation were classified as follows:
saltcedar, baccharis, cottonwood and willow, mesquite, brush, barren
land, and sand bars. Plates 2 and 3 show the general areal distribution
by predominant species.

MEASUREMENT OF VOLUME DENSITY

As the field of study of use of water by phreatophytes is relatively
new, a method had to be evolved to allow for variations in density of
growth of the plants. In some areas the plants were widely scattered,
and in other areas they grew in dense thickets. Field studies indicated
that there were two variables with respect to density of growth—areal
density and vertical density—and their product was termed ‘“volume
.density.” Both of these variables, therefore, had to be evaluated in
terms of the “maximum possible.”

Areal density is a term used to describe the ratio of the area occupied
by a given species of phreatophyte in a parcel of land to the total area
of the parcel. The maximum possible (100 percent) areal density was
chosen as an area in which the plants are growing as close together as
nature will permit; thus the addition of one plant to the area would
presumably cause the choking out of a plant of equal size. Vertical
density is a term used to describe the ratio of vertical depth of fronds
or leaves on the phreatophytes in a parcel of land to the maximum
possible vertical depth of fronds or leaves permitted by nature on that
particular species of plant. A thicket of optimum (100 percent) vertical
density would be one in which the addition of new growth at the top
of the thicket would result in a choking out of an equivalent amount
of growth on the lower branches. The investigation showed that the
depth of frondage was generally less than the over-all heights of the
plants, as the lower parts of the plants were so well shaded that frondage
growth did not oceur. For saltcedar the average depth of frondage was
13 feet for plants 13 feet or more high, and equal to the height of the
plant for plants less than 13 feet high. For baccharis the average depth
of frondage was 5.5 feet for plants 5.5 feet or more high, and equal to
the height of the plant for plants less than 5.5 feet high. The average
depth of frondage for cottonwood was not determined accurately dur-
ing the investigation, although preliminary data indicate that frondage

3 Meinzer, O. E., Plants as indicators of ground water: U. 8, Geol. Survey Water-Supply Paper 577,
95 pp., 1927.
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The net acreages at 100-percent volume density of all the parcels
were then totaled to determine the area of each type of vegetation at
100-percent volume density.

Table 7 shows the average areal density, vertical density, and
volume density of phreatophytes, by reaches. Table 8 shows the gross
area of each type of plant and the area adjusted to 100-percent volume
density, by reaches. The information given in table 8 shows that
saltcedar is by far the most abundant phreatophyte in the bottom
land. Although saltcedar occupies only about 50 percent of the gross
area, it grows more luxuriantly than the other plants and represents
about 60 percent of the total growth when converted to the area at
100-percent volume density.

GAGING-STATION RECORDS OF STREAM FLOW

Gaging-station records of stream flow were collected partly to deter-
mine the relations between the ground-water reservoir and the flow
of the river, but in addition the quantitative data collected in these
surface-water studies were used directly in the inflow-outflow method,
and the gaging stations on the river provided control points, which aided
immeasurably in obtaining accuracy in the seepage-run measurements.

Surface water enters lower Safford Valley by Gila River, by irri-
gation canals diverting from Gila River above Thatcher, and by washes
that drain the bordering mountains. Sometimes the river has no flow
in short reaches in the spring and summer. Most of the canals carry
water all year except for short periods when they are shut down for
cleaning or repairs and for periods when diversion is not permitted
under the Gila River decree  or when the river is dry. The washes
have no appreciable surface-water flow most of the time, but in their
lowermost reaches some of the larger washes often carry low flows
derived principally from ground-water seepage and from waste or re-
turn irrigation water. The washes usually carry flood flows for a few
hours during or following rainstorms in their drainage areas. The area
drained by the washes tributary to Gila River between Thatcher and
Calva is about 1,000 square miles.

For convenience of study, lower Safford Valley was divided by gag-
ing stations into four reaches, as follows: (1) From Thatcher to near
Glenbar, 10.6 miles; (2) from near Glenbar to Fort Thomas, 11.1 miles;
(3) from Fort Thomas to Black Point, 9.9 miles; and (4) from Black
Point to Calva, 14.2 miles. The distances were measured along the river.
Gaging stations were also established on the canals at the ends of each
reach. The end of each reach was an irregular line across the valley
passing through a river gaging station and its associated canal gaging

+ The District Court of the United States, in and for the District of Arizona, No. E-59-Globe, 1935.
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stations (see pls. 2 and 3). In addition, a gaging station was operated
on the river within each reach. As a result of this arrangement, daily
discharge records are available for the gaging stations and the periods
listed below. The stations are listed in downstream order, first for the
river, then for the canals.

Gila River near Thatcher, June 1943 to February 1944.

Gila River at Pima, June 1943 to February 1944.

Gila River near Glenbar, June 1943 to October 1944.

Gila River near Ashurst, June 1943 to September 1944.

Gila River at Fort Thomas, June 1943 to October 1944.

Gila River near Geronimo, June 1943 to October 1944,

Gila River at Black Point, near Geronimo, June 1943 to September 1945.
Gila River at Bylas, June 1943 to March 1944,

Gila River at Calva, October 1929 to —.18

Graham Canal near Thatcher, July 1943 to February 1944.
Smithville Canal near Thatcher, July 1943 to February 1944.

Smithville Canal waste near Thatcher, July 1943 to February 1944.
Union Canal near Thatcher, July 1943 to February 1944.

Union Canal diversion along Ray Lane, near Thatcher, July 1943 to

February 1944.

Curtis Canal near Glenbar, July 1943 to September 1944.
Fort Thomas Consolidated Canal near Glenbar, July 1943 to October 1944.
Fort Thomas Consolidated Canal at Fort Thomas, July 1943 to December 1944,
Dodge-Nevada Canal near Glenbar, July 1943 to September 1944.
Colvin-Jones Canal near Fort Thomas, July 1943 to December 1944,

Except for the gaging station at Calva, which was equipped with a
continuous water-stage recorder, each gaging station had a Stevens
type F weekly water-stage recorder housed in a small shelter mounted
on a gage well. Most of the wells consisted of 18-inch culvert pipe, but
a few were of wood-frame construction. Most of the gage wells on
Gila River were held in place by lengths of railroad rail driven into the
stream bank, one length on the upstream side of the well and one on the
downstream side.

For the purposes of the investigation, records of high discharge were
not necessary. Therefore, daily discharge was not computed for those
days on which the peak discharge exceeded 1,000 second-feet for sta-
tions on Gila River near Thatcher, near Glenbar, at Fort Thomas,
at Black Point for the water year 1944, and at Bylas, nor for those
days on which the peak discharge exceeded 200 second-feet for stations
on the Gila River at Pima, near Ashurst, near Geronimo, and at Black
Point prior to October 1, 1943.

No discharge records were computed for any wash, but gage-height
records for the few medium and high flows were obtained from August
1943 to October 1944 on the five largest washes in lower Safford Valley

% Station was still being maintained in 1949.
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—Cottonwood, Markham, Matthews, Black Rock, and Goodwin
Washes.

The following daily discharge records collected for the investigation
in 1943-44 have been published: ® Combined flow of Gila River and
canals across valley sections near Thatcher, near Glenbar, and at Fort
Thomas; Gila River at Black Point; and, for the water year 1944 only,
Gila River at Calva. Records for the Gila River at Calva for the water
year 1943 were published in Water-Supply Paper 979. Records collected
for the investigation which have not been published, but which are re-
ferred to and used in this report, are in the open files of the Geological
Survey.

The relation between gage height and discharge at most of the gaging
stations shifted frequently, sometimes by large amounts. At stations
where this relation was unstable, discharge could not be computed
accurately unless current-meter measurements were made frequently.
Accordingly, the general practice was to make discharge measurements
at each station twice a week. Additional measurements were made,
especially during the summer of 1944, during periods of rapidly fluctuat-
ing discharge. Records of river discharge used in the investigation are
based on more than 1,000 current-meter measurements. Records of
canal discharge are based on more than 700 current-meter measure-
ments.

The daily discharge records are, in general, accurate within 10
percent, except for short periods of missing gage-height record or
periods when the discharge was less than 2 second-feet. Records of
discharge of less than 2 second-feet may not be accurate within 10
percent and yet may be entirely satisfactory for practical application.
The records for periods of a month or more are, in general, more ac-
curate than those of daily discharge.

OBSERVATION WELLS

A comprehensive network of observation wells was constructed by
the Phelps Dodge Corp. from Thatcher to the San Carlos reserva-
tion line in order to measure changes in storage in the ground-water
reservoir of the bottom-land area, to determine the quantity and direc-
tion of movement of ground water, and to determine the chemical quali-
ty of the ground water. Each well was 114 inches in diameter, with
a 60-gage, 3-foot sand point at the bottom. The wells were driven
between March and June 1943. All of them penetrated the water table
about 10 feet. The wells were spaced approximately 600 feet apart in
the bottom land and at somewhat greater distances on cultivated lands.

16 Surface water supply of the United States, 1944, part 9, Colorado River Basin: U. 8. Geol. Survey
Water-Supply Paper 1009, pp. 297-302, 1945,
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In the summer of 1943, shortly after the wells were driven, all of them
were pumped with a hand-operated pump until the water became clear.
This was done in order to insure free circulation of water into the wells
and to obtain representative water samples for analysis. The process
was repeated in April and May 1944 for the wells being observed at
that time.

The wells were grouped in 22 zones and numbered within each zone.
For zones 1-10, each zone was a mile wide and consisted of a tier of
sections extending from south to north across the river. Zones 9 and 10
were terminated by the line between Tps. 5 and 6 N. For zones 11-22,
each zone was a mile wide and consisted of a tier of sections north of
the line between Tps. 5 and 6 N., extending from east to west across
the river. Only a small corner of zone 10 lay within the bottom land,
and there were only two wells in the zone. The numbers within each
zone were assigned in the order in which the wells were driven. A typical
well number, 3-8 for example, represents the eighth well put down in
zone 3.

A total of 1,331 wells were driven for the investigation, and observa-
tions were made in 95 other wells, of which 10 were in the San Carlos
reservation. Some of these other wells were installed by the Geological
Survey in 1940,'7 and some were privately owned. Thus, 1,426 wells
were available for measurement of water level during this investigation.
However, not all the wells were in use for observation at any one time.
Many of them had to be abandoned for one reason or another. Some did
not function properly because they became filled up or the screen be-
came clogged, and others were buried, destroyed, or removed because
they interfered with farming operations or the clearing of new land.

The altitude of the measuring point of each well, which in nearly
all cases was the top of the pipe, was determined by instrumental
leveling. The distance of the measuring point above the land surface
was also determined. Thus, for any well it was possible to compute the
elevation of the water table above sea level or the depth to the water
table below the land surface. The location and distribution of the
observation wells are shown on plates 2-5. There were so many wells
in the bottom land that numbers for all could not be shown on the
maps, and the only wells so numbered are those discussed in the report
or for which tables or graphs have been prepared.

FREQUENCY OF MEASUREMENTS

From March 1943 to about September of that year measurements of
water levels in all observation wells were made at weekly intervals.
During September a group of about 80 key wells, which were to be
measured weekly, and another group of about 20 wells, which were to be

17 Turner, 8. F., and others, Water resources of Safford and Duncan-Virden Valleys, Ariz, and N. Mex.,
p. 13, U. 8. Geol. Survey, 1941. (See list of studies, p. 5.)

837968—50—4
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measured twice a month, were selected. The remaining wells were meas-
ured once a month. This program of water-level measurements was
continued until March 1944. After March 1944 measurements were dis-
continued in all wells in the reach from Thatcher to Glenbar except
those observed weekly and semimonthly. Measurements of water
levels in all observation wells were discontinued on October 28, 1944,
except for monthly measurements in those observation wells which
had been measured regularly since 1939-10. During the investigation
about 41,200 measurements of water level were made in the observa-
tion wells.
TRANSPIRATION WELLS

Records of the daily fluctuations of the water table in the phreato-
phyte-covered parts of the bottom land were needed for computations
by the transpiration-well method. For this purpose 29 shallow wells
were bored in 1943 and 5 in 1944. Not all of them produced usable
records. Some went dry and could not be deepened because of large
rocks. Others were affected to such an extent by waste water from irri-
gation or by fluctuations in flow of the Gila River that the records were
not representative of the daily fluctuations of the water table and there-
fore could not be used. The wells were designated with the prefix “T”
(T-4, for example). Records from 18 of them were used in compiling this
report; the location of these wells is shown on plates 2, 4, and 5, and
their location, the range of water-level fluctuation, and the type and
volume density of the vegetation surrounding each well are given in
table 31.

The wells were bored by hand with an 8-inch auger and penetrated
the water table about 2 feet. It was planned to bore the wells deep
enough so that they would not go dry during the growing season.
However, the water table declined below the expected level, and it
became necessary to deepen some of them.

Samples of the materials encountered in each well were collected,
one sample for each foot of depth. The physical properties of the
samples from the zone of fluctuation of the water table were determined
later in the laboratory.

Each well was cased with medium-weight galvanized-iron casing,
which extended from the bottom of the well to about 1 foot above the
land surface. The bottom 114 feet of the casing was perforated with
nail boles on 214-inch centers. Heavy screen wire was stretched over the
tops of the casings to prevent small animals from falling into the wells.
A Stevens type F weekly recorder, protected with a metal cover, was
installed over each well on a rectangular wooden stand about 214 feet
high, with sides and top enclosed. Each recorder was so geared that the
water-level fluctuations on the recorder chart were reproduced on a
natural scale (1:1 ratio).
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Safford evaporation station.................. . ... . ... ... 1

Pima bridge (incomplete record). . ....... ... ... 0

Glenbar experiment station, weather-station gage.............. 1
Glenbar-Fort Thomas reach:

Glenbar experiment station, weather-station gage. ............. 1

Fort Thomas. . ... i i i e 1
Fort Thomas-Black Point reach:

Fort Thomas. ... ... ... . . . . . i 2

Geronimo gaging station. . ... ............ .. ..ttt 4

Bylas. ... 1
Black Point-Calva reach:

Geronimo gaging station.............. ... ... ... .. 1

Bylas. ... e 3

Calva. . e 2

Table 9 gives mean precipitation for each of the four reaches, by
months and by fractions of some months.
Table 10 shows the precipitation, in inches and in acre-feet, for the

TABLE 9.—Mean precipitation, in inches, in lower Safford Valley, 1943-44

Reaches
Period ‘ .
Thatcher- Glenbar-Fort | Fort Thomas- | Black Point-
Glenbar Thomas Black Point Calva
1943 |
July. ..o 1.79 2.15 11.50 10.40
AUgust. .o 2.56 2.86 2.43 2.56
September........... ... ... 2.02 2.21 1.82 1.39
October. ........oooiiuininnnn.. .20 .10 .07 .39
November....................... 0 0 .03 .10
December....................... - 94 1.06 1.00 1.10
August 18-23.................... 0 0 .09
September 1-25. . . ... ... .. ... .48 .39 .44 .19
1944

January ... ... e .36 .30 .26 .42
February...........cocvviieen... .40 .56 .51 .60
March.......................... .65 .55 .46 .61
April.. ..o .12 .22 .46 .61
May...oiiiiiiii i .16 .18 .32 .40
June. ...l .08 0 .02 .06
July...ooii 2.05 1.45 1.65 1.84
August. . oo vee it e 1.12 1.05 1.58 1.52
September................. ..., 4.42 1.51 2.88 2.08
August 1-15. ..o ooviiin e, .84 .88 .90 .72
August 22-31. . ..., .05 .04 .44 .12
September 1-22.................. .54 .28 .40 .49

1 Estimated.

Tasre 10.—Total precipitation on phreatophyte-covered part of the bottom land by reaches,
October 1, 1943, to September 22, 1944

Gross area Precipitation Precipitation
Reach (acres) (inches) (acre-feet)
Thatcher to Glenbar 2,159 6.62 1,190
Glenbar to Fort Thomas. . 2,011 5.75 964
Fort Thomas to Black Poin 1,818 6.76 1,020
Black Point to Calva. . 3,315 8.04 2,220
Thatcher to Calva.......ccvvveviviinnnn. 9,303  liiiiiiiiiiiann. 5,390
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phreatophyte-covered part of each reach for the period October 1,
1943, to September 22, 1944. Nearly all the precipitation on the phreato-
phyte-covered part of the bottom land was evaporated or transpired,
and little or none infiltrated to the ground-water reservoir or left the
area as surface runoff during the investigation. For this reason the fig-
ures for precipitation in acre-feet must be added to the figures for draft
on ground water, as computed by each of the six methods, to obtain
total use of water. The unusually heavy rainfall during the period Sep-
tember 22-30, 1944, was not included, because the precipitation during
that period could not possibly have been transpired or evaporated by
September 30, the date that marked the close of the 12-month period for
which use of water was computed by most of the methods.

Table 10 does not include the precipitation on the river surface and
on wet sand bars, as this precipitation is not a part of the use of water
by bottom-land vegetation. However, this precipitation was needed in
the computation of use of water by the inflow-outflow method. On the
basis of areas for river surface and sand bars computed as described im-
mediately following, figures of precipitation from October 1, 1943, to
September 22, 1944, on the river surface and on wet sand bars were:
Glenbar-Fort Thomas reach, 62 acre-feet; Fort Thomas-Black Point
reach, 90 acre-feet; Black Point-Calva reach, 118 acre-feet. Figures
for the Thatcher-Glenbar reach were not computed as the inflow-
outflow method was not applied to that reach.

EVAPORATION

Records from four evaporation pans used during the investigation
are given in table 3. The pans were of the standard Weather Bureau
class A type. The total evaporation for each reach was based on the
rate of evaporation from the weather-station pan at the Glenbar
experiment station and on the computed area for which evaporation was
to be determined. Coefficients were applied to the pan figures so
that they would represent evaporation from the river surface or from
wet sand bars. Figures for this evaporation were needed in order to
correlate discharge of the river with inflow to the river from the ground-
water reservoir.

RIVER SURFACE

The area of the river surface for any stage was computed by pre-
paring curves of discharge versus river-surface area, a curve for each
reach. The discharge was known for December 10, 1942, the day that
the aerial photographs were taken, and the area of the river surface
was measured on the photographs. As the discharge was high on that
day, this gave a point for each reach that defined the upper end of the
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curve for shat reach. A second point on each curve was determined by
estimating, on the basis of field observations, the area of river surface
at a discharge of 25 second-feet. The curves also were extended below
25 second-feet by estimating areas. An estimate of the area of river
surface could be determined from the finished curves for any dis-
charge within the range of the eurves.

The coefficient applied to figures of evaporation from the pan to deter-
mine evaporation from the river surface was the product of two ad-
justments. The first adjustment, to convert the class-A pan record to
apply to the open-water surface of a reservoir was 0.70, based on the
work of Sleight.’® Sleight noted further!® that evaporation from a
flowing stream was 1.075 times the evaporation from the open-water
surface of a reservoir. Therefore, the coefficient used in this report to
convert evaporation from the weather-station pan to evaporation from
the river surface was 0.70 times 1.075, or 0.75.

WET SAND BARS

The area of wet sand bars in each reach was computed as 85, 81, 100,
and 110 acres, respectively, for the four reaches in downstream order.
The wet sand bars were assumed to be strips of uniform width on each
side of the river for the length of each reach. ’

The coefficient to be applied to evaporation from the weather-station
pan to convert to total evaporation from wet sand bars was the arith-
metical product of (1) a coefficient that related evaporation from the
pan to evaporation from the bare soil tanks at the Glenbar experiment
station, and (2) a coefficient that related evaporation from the bare
soil tanks to the evaporation from wet sand bars. The average depth
to water in the area occupied by wet sand bars was about 1 foot, and
data from the tank experiments indicated that evaporation for this
depth was 0:83 times the evaporation from the class-A pan at the
weather station.

Selection of the coefficient to convert from tank conditions to field
conditions was based on an analogy: Evaporation from a sunken bare
soil tank was assumed to bear the same relation to evaporation from
wet, sand bars along the river as evaporation of water from a sunken
land pan bears to evaporation from a reservoir. This analogy was
employed because no data are known that give the relation between
evaporation from bare soil tanks and evaporation from wet sand bars.
The coefficient chosen was 0.86, based on experiments to determine the
relation between evaporation from a sunken land pan and a reservoir.
The experiments were performed at Denver and Garrett, Colo., and

18 Sleight, R. B., Evaporation from the surface of water and river-bed materials: Jour. Agr. Research,

vol. 10, pp. 209-262, 1917,
9 Idem., p. 229.
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East Park, Calif., as reported by Hall.?? Combining the two coefficients,
evaporation from the wet sand bars was 0.83 times 0.86, or 0.71 times
the evaporation from the class-A pan at the weather station. The
final coefficient was rounded to 0.70 in all the computations of evapora-
tion from wet sand bars.

APPLICATION OF COEFFICIENTS

Two types of figures for evaporation from the river surface and
wet sand bars were needed. The methods based on seepage runs re-
quired figures for rate of evaporation in second-feet at the time of each
seepage run, and the inflow-outflow method required figures for volume
of evaporation in acre-feet for definite periods of time. Table 3 shows the
evaporation from the weather-station pan by months, table 11 shows
evaporation from the weather-station pan by daily rates for selected
days, and table 12 shows evaporation from the weather-station pan
for selected periods. In determining the daily rate of evaporation in
table 11, the rate given is the mean for three days—the day of the
seepage run, the day before, and the day after.

Evaporation in second-feet was compﬁted as follows:

Pan evaporation in feet per day X coefficient X area
in acres

1.983471 (acre-feet per second-foot day)

= evaporation in second-feet

Evaporation in acre-feet was computed as follows:

Pan evaporation during desired

. . . X coefficient X area in acres = acre-feet evaporated
unit of time, in feet

TaBLE 12.—Evaporation from weather-station pan during selected periods, Glenbar
experiment station, 1943-44

Evaporation

Period (¢nches)
1943:

August 18-23.............. P N 1.509

September 1-25. . ... ... s 6.511
1943-44:

December 14-January 13........... ... .o iiiiiinaienn 2.056
1944:

January 14-February 15.................... .. ........ 3.089

February 16-March 15........ ... ... .. ... i ... 4.152

August 1-15. .......... et et e e 5.145

August 22-31. ... e 3.475

September 1-22. . .. ... .. . e 5.936

2 Hall, L. 8., discussion in Rohwer, Carl, Evaporation from different types of pans: Am. Soc. Civil
Eng. Trans., vol. 99, table 16, p. 729, 1934.
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As evaporation from the phreatophyte-covered part of the bottom
land is closely related to transpiration, figures for evaporation in
this part of the bottom land were not computed separately. However,
evaporation from the river surface and wet sand bars is a factor that
must be considered in the inflow-outflow method. Figures of evapora-
tion have been computed for the 352-day period October 1, 1943, to
August 15, 1944, and August 22 to September 22, 1944, for the three
lower reaches as follows: Glenbar-Fort Thomas, 550 acre-feet; Fort
Thomas-Black Point, 692 acre-feet; Black Point-Calva, 807 acre-feet.

GROUND-WATER RESERVOIR

The measurements of water levels that were made in the observation
wells provided data from which the general configuration of the water
table could be determined. From this, conclusions can be drawn regard-
ing the source, movement, and discharge of the ground water.

EXTENT

There are two distincet ground-water reservoirs in the Safford Basin.
The larger of these is in the older alluvial fill that forms the bulk of the
deposits in the basin. The smaller ground-water reservoir is in the allu-
vial fill of the inner valley of Gila River, and it is this reservoir to which
reference is made hereafter unless the larger reservoir in the older alluvi-
al fill is specifically mentioned. The boundaries of the ground-water
reservoir of the inner valley were determined during the investigation of
1939-41 2 by geologic field mapping from aerial photographs. In 1943-44
these boundaries were checked by use of the large-scale maps prepared
during the investigation, the aerial photographs, well logs, water
analyses, and field studies. The areal extent of the ground-water
reservoir of the inner valley was determined for lower Safford Valley
by plotting the boundaries on a large-scale map (1:7,200) and measur-
ing the area with a planimeter. The areal extent by reaches, both for
the bottom land and for the entire ground-water reservoir, is given in
the following table:

TABLE 13.—Areal extent, in acres, of bottom land and of ground-water reservoir in lower
Safford Valley, Ariz.

Bottom-land— Total area of
Reach phreatophyte-covered ground-water
area, river channel, and bars reservoir

Thatcher-Glenbar. ..................... 2,626 13,850
Glenbar-Fort Thomas. ................. 2,265 10,550
Fort Thomas-Black Point............... 2,218 6,050
Black Point-Calva...................... 7,700 7,700
Total.......... oo, 14,809 38,150

2t Turner, 8. F., and others, Water resources of Safford and Duncan-Virden Valleys, Ariz. and N. Mex,,
p. 23, U. 8. Geol. Survey, 1941. (See list of studies, p. 5.)
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GENERAL CONFIGURATION OF THE WATER TABLE

The following discussion is based on contours that depict the shape of
the water table on February 16, 1944, which was approximately the
date of the highest stage of the water table during the winter of 1943-44.
Plate 4 shows these contours and also a set of contours that depict the
shape of the water table on June 22, 1944, during the period of lowest
water levels in that year. For wells that were not measured on February
16 and June 22, the water levels were determined by interpolation from
measurements made before and after those dates.

In general, the water table slopes toward the river and downstream.
It slopes much less steeply toward the river than does the land sur-
face. The depth to water below the land surface ranges from about
50 feet near the edges of the valley to 1 foot or less at places along
the river channel. Upstream from localities where the valley fill be-
comes narrow, part of the underflow 2 is forced to enter the river, and
the slope of the water table toward the river increases. Where the valley
fill is narrow, the slope of the water table is downstream, parallel to
the general course of the river. Where the valley widens, water from
the river recharges the widening valley fill, and the water table slopes
away from the river. Farther downstream in these wider reaches the
water table generally slopes toward the river, except during periods of
high flow in the river. The general slope of the water table is also
influenced by the permeability of the aquifer and by irrigation and
canal seepage, underflow from the various washes, upward percolation
of deep-seated artesian water, pumping from wells, and the draft of
bottom-land vegetation.

In addition to the evidence afforded by the water-level contours,
the results of seepage investigations during 1943 and 1944 provide
indications of the direction of movement and rate of flow of ground
water. In the reaches from Thatcher to Glenbar and from Fort Thomas
to Black Point the Gila River is always a gaining stream. In the
reach from Glenbar to Fort Thomas the river is a losing stream during
June, July, and August and a gaining stream the rest of the year. In
the reach from Black Point to Calva the river is a losing stream from
. May to November, inclusive, and a gaining stream the rest of the time.
These varying gains and losses are the result of a combination of the
factors that influence the water table in such a manner that at times
the slope of the water table may be toward the river and at other times
away from it. Similarly, these factors may operate to flatten or steepen
a slope that is always toward or always away from the river.

A more detailed discussion by reaches of the configuration of the
water table on February 16, 1944, follows.

22 Meinzer, O. E., Outline of ground-water hydrology, with definitions: U. 8. Geol. Survey Water-Supply
Paper 494, pp. 43-44, 1923.

837968—50—5
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REACH FROM THATCHER TO GLENBAR

South side of river.—In the reach from Thatcher to Glenbar the water
table always slopes toward the river, generally at a gradient of 10 to
20 feet per mile. Northwest of Thatcher near the river the water table
is very close to the land surface, and drains have been installed. These
drains, together with pumping from irrigation wells, are necessary to
depress the water table so that land can be farmed in that area. Near
Pima the slope of the water table toward the river is very steep. This
steep slope results from the large amount of underflow entering the
valley from Ash Creek and Cottonwood Wash and from the lower
permeability of the poorly sorted alluvium that has been brought into
the valley by these washes. The slope of the water table becomes
parallel with the course of the river at the point where the valley
fill becomes extremely narrow at the mouths of Matthews and Mark-
ham Washes. A part of the underflow is forced to the surface above
these narrows. Below the narrows the slope of the water table is away
from the river, as the valley widens and the flow in the river recharges
the increased volume of alluvium.

North side of river.—On the north side of Gila River, from the vicinity
of Thateher to the vicinity of Central, the slope of the water table is
parallel to or away from the general course of the river, because the
valley fill widens and the river loses some flow to recharge this fill.
From north of Central to the narrows at the mouths of Matthews and
Markham Washes the water table slopes toward the river as a result of
underflow entering the valley from several large washes. Deep-seated
artesian water also may enter the alluvial fill of the inner valley in this
area through seepage along fault zones. Through the narrows the grad-
ient of the water table becomes parallel to the general course of the
river, and further downstream the gradient is away from the river,
as the valley fill widens.

REACH FROM GLENBAR TO FORT THOMAS

South side of river.—At the upper end of the reach the slope of the
water table is away from the river. Farther downstream the slope of the
water table is in a downstream direction, neither toward nor away
from the river, with an average gradient of about 6 feet per mile. In
the lower third of the reach the water table begins to slope toward the
river, mainly because a part of the underflow of Black Rock Wash
enters the valley in this vicinity. The narrowing of the valley, which
forces a part of the valley underflow to the surface, is also a con-
tributing factor.

North side of river—About 1 mile south and west of Eden, there is a
large downstream bulge or ridge in the water table, probably caused by
artesian water entering the valley fill along a fault in the older alluvial
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fill. The increased total mineral content of the ground water in this area
also suggests the possibility of artesian inflow. Downstream from this
ridge the slope of the water table is neither toward nor away from the
river to about the middle of the reach. In the lower part of the reach
the water table slopes toward the river as a result of upward seepage
of artesian water along the edges of the inner valley from faults in the
older alluvial fill. The location of most of the seepage areas is hidden
by the valley alluvium.

REACH FROM FORT THOMAS TO BLACK POINT

South side of river.—In the upper part of the reach the water table
slopes moderately toward the river as a result of underflow from Black
Rock Wagh. The underflow of Black Rock Wash apparently divides
south of the river valley, and part of it enters the valley southeast of
Fort Thomas and part northwest of Fort Thomas. The underflow from
Goodwin Wash causes a very steep gradient toward the river, almost a
ground-water cascade, at Geronimo. West of Geronimo the slope of
the water table is parallel to the general course of the river.

North side of river.—At the Fort Thomas gage the slope of the water

table is away from the river. From a quarter of a mile below the Fort
Thomas gage to a quarter of a mile below the mouth of Goodwin Wash
the water table slopes toward the river. This reversal of the gradient is
caused by seepage inflow from faults, similar to that in the reach up-
stream. The faults are well exposed in the Fort Thomas-Black Point
reach. Below Goodwin Wash the present channel of the river is against
the north edge of the valley. The river channel bends back toward the
center of the valley west of Geronimo, the slope of the water table is
away from the river, and water from the river recharges the valley fill.
At the lower end of the reach the slope of the water table becomes paral-
lel to the general course of the river.

REACH FROM BLACK POINT TO CALVA

A detailed study of the water table in this reach is not possible
because the network of observation wells was not extended into the
San Carlos Indian Reservation and because there were few existing
wells. However, some conclusions may be drawn from the results of the
seepage investigations along the river and from the shape of the water
table west of Geronimo. There is very little irrigation or pumping in
this reach, and there are no canals to provide recharge. A few springs
occur along the north side of the river, and the presence of faults indi-
cates some seepage inflow that is not visible at the surface. On the basis
of these facts it is believed that the general slope of the water table
in the reach is parallel to, or slightly toward, the general course of the
river in the wintertime when there is no transpiration and is parallel
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to, or away from, the river in the summertime when the transpiration
may exceed the local recharge.

FACTORS CAUSING FLUCTUATIONS OF THE WATER TABLE

The major fluctuations of the water table are caused by pumping
from the ground-water reservoir, the use of ground water by phreato-
phytes, changes in the flow of the river, changes in the surface flow and
underflow from the side washes, and infiltration from irrigation.

PUMPING

A cone of depression in the ground-water surface is formed by pump-
ing from a well. When a number of wells are being pumped, these
cones coalesce and effect a general lowering of the water table in the
area. This lowering lessens the general gradient of the water table
toward the river and in extreme cases may reverse the gradient.

The effect of pumping on the water table is clearly shown by the
graph of well 22-31, figure 18. In 1943 no pump was operated near this
well, and the graph shows only a small seasonal lowering, with recovery
during the winter. However, beginning in the spring of 1944 a single
irrigation well nearby was operated intermittently, and the effect of
each period of operation was quickly reflected in the position of the
water table at well 22-31.

The graph of well 282, figure 18, shows the regional effect of pumping.
In 1943 and 1944 the highest water level in this particular well occurred
in April, followed by a gradual decline until about September. The
graph shows the effect of heavy pumping, which normally starts in
April or May and lasts until September. In the fall of 1944 pumping
was decreased because of heavy rains, and consequently less irrigation
water was needed. This decrease is also reflected in the graph.

USE OF WATER BY PHREATOPHYTES

The phreatophytes growing on the bottom land withdraw large
amounts of water from the ground-water reservoir and thus lower the
water table. This lowering increases the movement of ground water
from the nearby cultivated land and decreases or entirely prevents the
movement of ground water into the river. This effect is seasonal, as
indicated on the graphs showing the fluctuations in water level in wells
6-16 and 15-17, figure 18. The graphs of these wells are of the same
general shape a8 the graph of well 282, which shows the regional effect
of pumping. However, the water level in the wells in the phreato-
phyte area is drawn down early in the spring, before heavy pumping
has started, indicating that the lowering is principaliy the result of
the use of water by phreatophytes. This use starts in late March or
early April and increases through June, remains practically constant
through July and August, and gradually decreases until frost, when the
use becomes negligible.



GROUND-WATER RESERVOIR 55

J3A371 v3S 3A08V ‘1334 NI ‘30v4YNS H3LVYM 40 NOILVAII3

< N N = ~ w9
o o O O [ 23 ) B+ )
[T ST U © © v o
NN NN NN NN
\I s
[=]
( 3
P4
L\ P \’ 3
> \ 1 a
] I P |3
T ~— | o
= 3 < 3
-] / z
[y
4 iRy / 37
>
<] / / g
—T [ |/ RN 4
et E=4
] / / s
\ \ 2
ks
! E
| NER ( ANIE:
\ NEEN )
L/ ) [ 3 3
B SEHB < : 2
,N{ o 19 ) = 3
= _— Ir = ;/ 3
L2 =D ;( C ‘:
( , S / VANEY:
/ / / - 2
%
/ &
=
/ 4 ' 5
<
5
=
2
T .
c
_0’
N NN N N N NN oA o o o

;13A3'I v3S 3A08vV ‘L334 NI ‘30V4HNS ¥ILVM 40 NOILVAIT3

Ficure 18.—TFluctuation of water level in typical wells in lower Safford Valley.

CHANGES IN RIVER FLOW

Changes in flow of the Gila River have an immediate influence
on the water level in wells nearby and a somewhat delayed and lesser
influence at greater distances from the river (see fig. 19). Part of the
effect noted in wells near the river is not caused by water actually
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moving from the river but is the result of the higher water level in the
river, which retards the movement of ground water into the river. A
large part of the water that is fed to the water table during a flood
stage is quickly returned to the river at the following lower stage and
hence is ground water only temporarily. The rise in water level in wells
that are a considerable distance from the river is probably the result
of transmission of pressure from the river through partly confined
water-bearing beds.?® The graph of well 72, figure 18, clearly shows
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during periods of rise in river stage.

the effect of floods in the river. This well is about 175 feet from the
edge of the river, and each of the peaks shown was caused by a flood.
Wells 15-17 and 6-16 are about 1,000 feet from the edge of the river.
Graphs for these wells show very little effect from floods, and the
effects are somewhat delayed.

2 Turner, S. F., and others, Water resources of Safford and Duncan-Virden Valleys, Ariz. and N. Mex.,
p. 14, U. S. Geol. Survey, 1941. (See list of studies, p. 5.)
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SURFACE FLOW AND UNDERFLOW FROM WASHES

During wet seasons cones or ridges are formed in the water table
near the mouths of the washes as a result of flow in the washes. After
a wet season the cones or ridges gradually flatten, but near the major
washes the underflow continues to have an effect for long periods both
on the position of the water table and on the quality of water.

CANAL AND IRRIGATION SEEPAGE

According to a previous investigation * about one-third of the water
diverted from the river is added to the ground-water reservoir through
canal seepage losses. Seepage from the canals forms ridges on the water
table along the canals.® The canal seepage losses are greatest during
the spring months after the canals have been sluiced and cleaned.
This cleaning removes the silt seal that had been deposited during the
previous year and leaves the more permeable natural canal bed exposed.
As the irrigation season,progresses and the silt again partly seals the
canals, seepage losses decrease. However, the canals are a constant
means of recharge and therefore continuously influence the water-
table fluctuations. Sometimes a depression in the water table caused
by pumping is altered locally by recharge from a nearby canal. Irriga-
tion water reaching the ground-water reservoir from cropped lands
temporarily causes local water-table cones or ridges. About one-fourth
of the irrigation water applied to fields in lower Safford Valley passes
downward to the water table.?

About one-half of all water diverted from the river and one-fourth
of all the water pumped reach the water table by infiltration from canals
and irrigated lands.?” This water constitutes a large part of the ground-
water recharge occurring in the valley, especially in years of normal
or subnormal precipitation.

QUALITY-OF-WATER STUDIES

OBJECTIVES

The investigations in lower Safford Valley included a detailed study
of the chemical character of the surface waters and ground waters.
The quality-of-water studies were made to determine the kinds and
amounts of mineral matter carried in solution by the waters in the
area and by waters entering and leaving the area. The chemical analyses
made during the investigation are basic data, and several uses have
been made of them in the preparation of this report. The analyses may
be used to help determine the most economic use of the waters avail-

2 Turner, 8. F., and others, op. cit., 1941, p. 28.

2% Unpublished data in files of the Geological Survey.

2 Turner, S. F., and others, op. cit., 1941, p. 15. -
%7 Turner, 8. F., and others, op. cit., 1941, p. 28,
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able in the valley. Considered with other data gathered during the
study, they indicate the sources of the dissolved matter in the waters
of the valley. Quality-of-water data also serve to indicate changes in
the quality of the water supply as a result of use of water by agriculture
and industry, as well as by natural bottom-land growth. In the prepara-
tion of this report some of the analyses have been used as the basis of
a method to determine the quantities of water used by bottom-land
growth.

ESTABLISHMENT OF LABORATORY

The water samples collected in the early stages of the investigation
were analyzed in the Geological Survey laboratory in Roswell, N. Mex.
In June 1943 a laboratory was established in Safford and was operated
continuously until the end of the investigation. The Safford laboratory
was equipped for making complete analyses of water.

COLLECTION OF SAMPLES
SURFACE WATER

In order to obtain basic general information, daily sampling was
carried on throughout the investigation at or near the following four
stream-gaging stations: San Francisco River at Clifton, Gila River
near Solomonsville, Gila River at Safford, and Gila River at Bylas.
Water analyses for the Bylas station were considered applicable to
the Calva gaging station 10 miles downstream, as field studies showed
no appreciable change in chemical character and concentration of the
river water between these two points. Samples were also collected
daily for about 9 months, beginning in July 1943, from Eagle Creek
at the Phelps Dodge Corp. pumping plant west of Morenci. Discharge
records were not obtained at this point by the Geological Survey.

More detailed information concerning the quality of surface waters
within lower Safford Valley was obtained by collecting a water sample
each time a stream-flow measurement was made. In addition, samples
were taken at each measuring point during seepage runs, and of all
" inflows found during seepage runs. Also, in connection with special
studies, such as that on the diurnal fluctuations of chloride content of
Gila River, additional samples were obtained.

GROUND WATER

The large number of observation wells in the bottom land afforded
an unusual opportunity for a detailed study of the quality of the ground
water. Many of these wells were sampled when they were installed in
the spring of 1943, and all were sampled during the summer of that year.
Many were resampled in the spring of 1944. A group of 80 selected wells
were sampled at bimonthly intervals to determine changes in quality
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of the water. The chemical character of ground waters outside the bot-
tom land was determined by sampling all springs and privately owned
wells in lower Safford Valley. Before sampling, particular care was taken
to pump enough water from each well to insure that the sample was
actually representative of the ground water in the aquifer supplying
the well.

METHODS OF ANALYSIS

Analyses made during the investigation were of three general types—
complete analyses, partial analyses, and tests. Complete analyses
included determinations of specific conductance, total dissolved solids,
loss on ignition, silica, iron, calecium, magnesium, sodium, potassium,
carbonate, bicarbonate, sulfate, chloride, fluoride, nitrate, and borate.
From these determined values total and noncarbonate hardness, per-
cent of sodium, and sum of dissolved constituents were calculated.
Partial analyses included determinations of specific conductance,
calcium, magnesium, carbonate, bicarbonate, sulfate, chloride, fluoride,
and nitrate. From these data sodium and potassium, hardness, percent
of sodium, and sum of dissolved constituents were calculated. For the
tests, specific conductance and one or more of the principal anions, such
as chloride, bicarbonate, or sulfate, were all that were determined.

Complete analyses were made only for samples considered most
important for the investigation as a whole. The chemical character of
waters in lower Safford Valley was determined by means of a few com-
plete and many partial analyses. The tests were used to show changes
in concentration of dissolved matter from place to place or from time to
time. The analytical methods used were those commonly employed
by the Geological Survey.?®

Daily river samples were made up into composite samples, usually
for a 10-day period, according to procedures generally used by the
Geological Survey for streams subject to sudden large changes in
chemical character. For daily samples taken at times when discharge
and concentration were fluctuating the procedure was to make com-
posite samples covering shorter-than-normal periods, so that the
composite samples contained only daily samples of similar concentra-
tion. Generally, river and canal samples taken at less frequent intervals
were made up into composite samples covering a period of a month.
Complete analyses were made of most of the composites of daily
samples. Partial analyses were usually made of other composites of
surface-water samples and of samples from washes and those taken
during seepage runs.

28 Collins, W. D., Notes on practical water analysis: U. S. Geol., Survey Water-Supply Paper 596, pp.
235-266, 1928.
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For ground-water samples a sufficient number of complete and partial
analyses were made to show the chemical character of ground waters
in all parts of lower Safford Valley. However, for many samples of
ground water only a few anions and cations were determined, to show
variations in concentration of dissolved matter from place to place and
from time to time.

EXPRESSION OF RESULTS

TERMS AND UNITS

Most of the analyses in the tables of this report are expressed in
terms of parts by weight of dissolved matter per million parts of
water. Conductance values are expressed as mhos (reciprocal ohms)
multiplied by 10 to the 5th power. Dissolved solids for some analyses
are reported in tons per acre-foot of water. Parts per million are con-
verted to tons per acre-foot by multiplying the figures in parts per
million by the factor 0.00136. For surface waters the dissolved solids
are, in some instances, expressed in tons per day, as computed from the
total dissolved solids of the water and the daily mean discharge. By
similar computations, the tonnage of dissolved solids passing a gaging
station during any period for which records are available can be deter-
mined. In figure 21, where analyses are shown in graphic form, constit-
uents are expressed in equivalents per million. Equivalents per million
are obtained by dividing the figure in parts per million by the combin-
ing weight of the corresponding anion or cation.

The significance of terms used in water analyses is discussed briefly
in a recent report by Halpenny, Hem, and Jones.?® With particular
reference to conductance this paper states:

The specific conductance is the reciprocal of the resistance of the water sample to
an electric current measured under definite conditions. In general, the greater the
dissolved solids concentration of a water, the greater is its conductance, but the
conductance determination does not indicate the chemical nature of the materials in
solution.

PUBLICATION OF ANALYSES

More than 5,000 water analyses were made during the investigation.
Most of the surface-water analyses were included in the series of annual
reports on quality of water.®® A compilation-of all available analyses
of surface waters and ground waters in Safford Valley is contained
in a report by Hem,* together with a discussion of the quality of water
in this and adjoining areas in the Gila River Basin. Only a compara-

29 Halpenny, L. C., Hem, J. D., and Jones, 1. 1., Definitions of geologic, hydrologic, and chemical terms
used in reports on the ground-water resources and problems of Arizona, 29 pp., U. 8. Geol. Survey, 1947.
{Mimeographed.]

30 Quality of surface waters of the United States, 1943-45: U. 8. Geol. Survey Water-Supply Papers
970, pp. 117-119, 131-141, 148-157, 1945; 1022, pp. 227-241, 249-275, 278-305, 1947; and 1030—(in
preparation).

3t Hem, J. D., Quality of water of the Gila River Basin above Coolidge Dam, Ariz.: U. 8. Geol. Survey
Water-Supply Paper 1104 (in preparation).
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tively small number of typical analyses are tabulated in the present
report.

CHEMICAL CHARACTER OF SURFACE WATERS

An outstanding characteristic of the Gila River in Safford Valley
is the rapidity with which the concentration of dissolved solids in the
water may change during periods when the discharge is fluctuating
rapidly. Figure 20 shows the effect of changes in discharge on the chloride
content of the river water at Safford during September 1944. In this
illustration daily mean discharge is plotted with daily chloride con-
centration of the water. The graph shows that low-flow waters are
higher in chloride than flood waters. This trend is typical of all the
river sampling stations in the Safford Valley. However, in the lower
part of the valley concentrations of dissolved matter in the low-flow
waters of the river are considerably higher than they are at Safford.
The chloride at Safford ranged from 20 to slightly more than 400 parts
per million during the month. During the same month the chloride
concentration at Bylas ranged from about 30 to more than 1,000 parts
per million. The wide range in concentration of water of Gila River
and the tendency for concentrations to change suddenly require that
samples be taken frequently to obtain a dependable record of the
quality of water of the stream.

Table 14 contains a summary of the quality of river water at four
Jaily sampling stations for which there were complete records for the
year ending September 30, 1944. The summary includes the analyses of
the composite samples of minimum and maximum concentration, and
the weighted average analysis for the year, for each of the four daily
sampling stations. The weighted average analyses were computed by
multiplying the determined quantity of each constituent of each com-
posite sample by the discharge of the stream in second-foot days for
the period of the composite, and dividing the sum of these products
for the year by the total discharge in second-foot days for the year.
The weighted average analysis represents about the concentration
that the water passing a sampling point during the year would have,
if it were all collected in a large reservoir and thoroughly mixed.

The analyses in the table show that the average concentration of
dissolved solids of the river water during the year at Bylas was about
double the concentration at the gaging station near Solomonsville, and
that the concentration of the water of San Francisco River at Clifton
was appreciably higher than the concentration of the water of Gila
River near Solomonsville. The quality of the water of San Francisco
River is affected by inflows from salt springs at Clifton. The quantity
and significance of these inflows is discussed in detail in another report.?

2 Hem, J D., op. cit.
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The changes that oceur in the quality of water in the river between
Thatcher and Calva, within lower Safford Valley, may be inferred from
the analyses in table 14. The increase in concentration between Safford
and Bylas is larger than the increase for the entire Safford Valley
because the average concentration of the water at Safford is somewhat
lower than the average at the station near Solomonsville. The changes
that occur between the Solomonsville and Safford gaging stations are
the result of large diversions for irrigation and of flood inflows from
tributaries entering the river. These flood inflows dilute the water
remaining in the river and cause a decrease in average concentration
of the river water at Safford.

The increases in concentration in the river water in lower Safford
Valley are due mainly to increases in the amount of sodium, chloride,
and sulfate. These are the principal constituents added by ground-water
inflows in the valley.

From the weighted average analyses and discharge records for the
four gaging stations listed in table 14, the daily mean loads of dis-
solved solids and total loads of dissolved solids carried in the river
past the stations during the year ending September 30, 1944, have
been computed. (See table 15.) The data show that during the year
San Francisco River contributed nearly half the load of dissolved
matter brought into Safford Valley by Gila River. The apparent
loss in load of dissolved solids between the gaging stations near Solo-
monsville and at Safford probably represents the considerable but
unmeasured amount of soluble matter being carried past Safford in
the flow of the three irrigation canals that bypass the gaging station.
Table 15 shows that the river carried 21,000 tons more of dissolved
solids from the valley past Bylas than it brought into the valley near
Solomonsville during the year.

The extent to which the analyses for the water year ending Septem-
ber 30, 1944, may indicate conditions in other years is not -known.
Complete records for all four stations are available only for the water
year 1944, which had subnormal runoff. However, the data indicate

TaBLE 15.—Loads of dissolved solids carried by Gila and San Francisco Rivers during
year ending September 30, 1944

Daily mean
Daily mean load of Total annual
Sampling point discharge dissolved load of dis-
(second-feet) solids solved solids
(tons per day) (tons)
San Francisco River at Clifton, Ariz.......... 70.1 103 37,500
Gila River near Solomonsville, Ariz.......... 188 230 84,100
Gila River at Safford, Ariz......oo00vennn. .. 103 115 42,200
Gila River at Bylas, Ariz.. . ...ovovvveneen. .. 1111 287 105, 000

1 Discharge measured at Calva, Ariz.
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that an increase in the concentration of the river water and in the
load of dissolved matter between Safford and Bylas is normal. The
amount of increase in the load of dissolved solids probably would be
larger in years of normal runoff.

Only a small amount of the dissolved matter reaching the head of
Safford Valley comes from Eagle Creek. Table 14 shows that the water
of Eagle Creek is comparatively low in dissolved matter and does
not vary widely in composition. Minimum and maximum concentra-
tions observed for the water of Eagle Creek during the period of record
are given in the table.

The results of the sampling program at the river gaging stations in
lower Safford Valley and at gaging stations on canals and washes are
summarized in table 16. The table shows minimum and maximum
concentrations of dissolved solids observed at each station during the
period of record. Both discharge data and quality-of-water data are
incomplete for flood periods at these stations; hence, concentrations
lower than the minimum reported may have occurred during large
ungaged floods. No weighted average analyses or figures for loads of
dissolved matter can be computed for these stations, because the dis-
charge records were incomplete and sampling was infrequent. The
tabulated records show, however, about the maximum concentrations
reached at most of the stations during the investigation and indicate
the relative quality of water contributed by washes in Jower Safford
Valley during flood periods. The concentration of dissolved matter
in the canal waters is increased at times by the addition of highly
mineralized ground water to the canals through pumping or artesian
flow, Hence. the water at some of the canal gaging stations may reach
higher concentrations than the river water at the canal headings.

The analyses of samples of water taken from the river during seepage
runs show the changes in chemical character that take place in the
river water as it passes through lower Safford Valley. Figure 21 shows
these analyses graphically for seepage measurements made at three
points in February and June 1944. The graphs show that most of the
change is an increase in sodium and chloride content and that most
of the increase occurs between Glenbar and Geronimo. Also included
in the illustration are graphs of typical analyses of water from bot-
tom-land wells showing the chemical character of the ground water,
which is the source of the dissolved solids that increase the concentra-
tion of the river water. All the analyses of samples taken during seepage
runs and discussions of their significance are included in a report by
Hem.*

# Hem, J. D, op. cit.
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FIGURE 21.—Analyses of water from Gila River and of typical ground waters between Thatcher and

Geronimo, Ariz,
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Analyses of samples taken during seepage runs aid in interpreting
the stream-flow measurements. Between measuring points, significant
changes in total dissolved-solids concentration or in concentrations of
the various constituents are reliable indications of inflow into the river.
In some instances the changes in chemical character of the water are
the only indication of inflow to the reach, hecause there may be both
inflow to the river and compensating outflow from the river to the
ground-water reservoir. In these instances the stream-flow measure-
ments may show no gain and may even show a loss for the reach as a
whole.

DIURNAL FLUCTUATIONS OF CHLORIDE CONTENT

The diurnal fluctuations in river flow observed at extreme low stages
are discussed elsewhere in this report. In order to ascertain whether any
similar fluctuation in dissolved matter was occurring, two temporary
gaging stations were operated on the river between Fort Thomas and
Geronimo while the flow was exhibiting this fluctuation. Samples
were taken hourly at these two points for a period of 36 hours, and the
concentration of chloride was found to fluctuate appreciably at both
points. Figure 22 shows hourly discharge and hourly chloride concen-
trations observed at the upper station, 1.8 miles below Fort Thomas.
The curves are similar in shape, and the daily maximum concentration
of chloride occurs a few hours after the peak daily discharge. Approxi-

g_z,eso l/\/\ /\/—\/\\
% 2640 /N A
22 _\H VA

yal N
\ / N
» \\\ . \
S ~/

JUNE 22,1944 JUNE 23, 1944

Figure 22.—Hourly chloride concentration and hourly discharge of Gila River 1.8 miles below Fort
Thomas, Ariz.
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mately the same fluctuations were noted at the station near Geronimo.
The cause of these fluctuations in chloride content has been discussed
by Hem * and may be a combination of several factors. During the
hours of lowest flow part of the ground water seeping into the river
channel was evaporated from the wetted sands of the channel, leaving
behind its dissolved matter and causing an accumulation of soluble
salts at the ground surface. When the water level rose with increase
in river flow this soluble matter was at least partly redissolved, thus
increasing the concentration of dissolved matter in the water of the
river at the high points of the discharge cycle.

CHEMICAL CHARACTER OF GROUND WATERS

OLDER ALLUVIAL FILL

Analyses of the water from artesian springs and wells, illustrating
the chemical character of ground waters from the older alluvial fill
in lower Safford Valley, are given in table 17. In general, waters from
the older alluvial fill are highly mineralized. They contain sodium
and chloride principally and are high in fluoride. In some places waters
from the older alluvial fill also may contain appreciable amounts
of borate.

Two wells of importance in the older alluvial fill in lower Safford
Valley are the Mack flowing well near Pima (well 301, table 17) and
the Knowles flowing well at Geronimo (well 62, table 17). At several
places within the valley ground water from the older alluvial fill
reach the surface as springs. Probably faulting in these areas has
caused openings through which the water rises under artesian pressure.
The deep-seated origin of the water in these springs is indicated by
the similarity in chemical character of the water from the springs and
the water from the deep Mack well and by the high temperatures of
water from the springs. The principal artesian springs in the area are
the Indian Hot Springs, near Eden. Other, smaller, springs, probably
of similar origin, oceur north and south of Pima, northwest of Fort
Thomas, and northeast of Bylas. In the vicinity of these springs the
artesian water leaks into the shallower aquifers and influences the
chemical character of the shallow ground water and of water in Gila
River.

ALLUVIAL FILL OF THE INNER VALLEY

Practically all the wells in lower Safford Valley derive their water
from aquifers in the alluvial fill of the inner valley. Consequently, near-
ly all the analyses of ground waters made for the investigation are of
waters from these aquifers.

3 Hem, J. D., Fluctuations in concentration of dissolved solids of some southwestern streams: Am,
Geophys, Union Trans., vol. 29, no. 1, pp. 80-83, February 1948.
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Table 18 gives typical analyses showing the chemical character of
ground water in the bottom land. Analyses of samples from three bot-
tom-land wells are shown graphically in figure 21. Analyses of all
samples from bottom-land wells are contained in a report by Hem.3
Typical results of the bimonthly sampling of bottom-land wells are
shown in figure 23, in which specific conductance and elevation of the
water table are plotted against time for seven wells for the period of
record. The seven wells are all near the river within the phreatophyte-
covered area. Wells nearest the river showed the largest fluctuations in
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FiaurE 23.—Specific conductance and water level for seven typical observation wells in the bottom land
of lower Safford Valley, Ariz., in 1943 and 1944.

concentration, and wells farthest from the river showed the least amount
of change. Most of the wells outside the phreatophyte-covered area
showed little change from month to month. Figure 23 indicates little
consistent correlation between changes in water level and changes
in dissolved-solids concentration for the seven wells.

% Hem, J. D., Quality of water of the Gila River Basin above Coolidge Dam, Ariz.: U, S, Geol. Survey
Water-Supply Paper 1104 (in preparation).
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The analyses of samples from the bottom-land wells show that
ground waters differ considerably in concentration from place to place.
In general, the most dilute waters contain mostly sodium or calcium
and bicarbonate, and the more highly mineralized waters contain
mostly sodium and chloride. Many of the waters contain unusually
large amounts of nitrate and fluoride. The most dilute waters occur
near Geronimo, where the underflow of Goodwin Wash enters the
valley. The most highly mineralized waters occur between Ashurst
and Fort Thomas.

Water in some parts of the valley shows the effect of artesian leak-
age from the older fill through fault zones. These inflows occur in the
vicinity of fault springs, such as those near Fort Thomas along the
north edge of the valley. Waters from some wells in this area had
temperatures of 90° F. or more, probably caused by leakage of warm
artesian water. Available data show that temperatures of the water
in wells in the bottom land normally range from 60° to 70° F. Waters
of abnormally high temperature from wells usually are very similar
in chemical character to waters from the fault springs of the valley.
For example, water from well 19-57 (table 18) is similar to water from
spring 111C (table 17). The well is a few hundred yards from the
spring. Artesian leakage occurs in other places along the north side
of the river from Eden to Geronimo, and in some places the leakage
is sufficient to maintain an appreciable and continuous seepage of ground
water into the river.

The chemical character of ground water in the alluvial fill of the inner
valley outside the bottom land was determined largely by sampling
privately owned irrigation and domestic wells. Typical analyses are
given in table 18. Most of the waters outside the bottom land in lower
Safford Valley are rather highly mineralized. The most dilute waters
contain principally calcium and bicarbonate. The most concentrated
waters contain mostly sodium and chloride.

Preparation of map showing quality of water.—All the analyses of
ground water made in 1943-44 for lower Safford Valley were used to
prepare the map showing mineral content of ground water, plate 5.
The map shows the total dissolved-solids content of ground waters in
the alluvial fill of the inner valley from Thatcher to the San Carlos
Indian Reservation.

In preparing this map it was assumed that all aquifers in the alluvial
fill of the inner valley were interconnected, and therefore that waters
at different depths in a well that is entirely in this system of aquifers
would have about the same dissolved-solids content. The finished
map indicated that this assumption was valid for all but a very few
wells. The map was made as follows: A figure for dissolved-solids
content was obtained for each well from the available analytical data;
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this figure was entered temporarily on the map at the location of the
well to which it pertained; and then, by a process similar to that used
in drawing elevation contours, lines were drawn joining the points
where analyses indicated that the ground waters contained the same
concentration of dissolved solids. The interval between lines was chosen
as 1,000 parts per million. Areas where the concentration exceeded
5,000 parts per million were indicated on the map, and no attempt was
made to draw lines for the higher concentrations within such areas.

The quality-of-water map shows the positions of the lines in the
bottom land with considerable accuracy because of the large number
of wells. The positions of the lines in the valley outside the bottom
land are less definitely known because fewer wells exist.

SOURCES OF DISSOLVED MATTER

As stated in the section of this report dealing with geology, during a
part of the time when the older alluvial fill was being deposited Safford
Valley contained a more or less saline lake or playa. Many of the
sediments deposited in this lake-bed zone were impregnated with
soluble salts. Indeed, deep wells in Safford Valley have penetrated beds
containing nearly pure sodium chloride (common salt) or calcium
sulfate in the form of gypsum. The beds are several feet thick. Beds
of fine-grained material in the lake-bed zone contain rather large
amounts of these readily soluble salts.

Since the establishment of exterior drainage of the valley by Gila
River, the deposits of the old lake bed have been partly eroded, both
by mechanical movement of the sediments and by solution of. the
soluble material. The process of erosion by dissolving soluble rocks,
such as salt, gypsum, and limestone, is of considerable importance in
Safford Valley, as shown by the large tonnage of soluble material
carried annually by Gila River past the gaging station at Bylas. Be-
cause of the large quantities of soluble matter in the lake beds, Gila
River will probably long continue to carry much mineral matter in
solution.

The salts dissolved from the lake beds may reach the river in sur-
face runoff. Some of the tributaries of the river, such as Matthews
Wash, drain large areas where finely grained lake-bed sediments are
exposed. Rain falling on these areas leaches some of the soluble salts
from the deposits, and running water removes some of the insoluble
matter, exposing fresh beds for later rains to leach out. Analyses
indicate that flood waters from Matthews Wash contain appreciable
amounts of sodium, bicarbonate, sulfate, and chloride. (See table 16.)
These flood waters are not highly mineralized, but they are nearly
always more concentrated than flood waters from washes that do not
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drain lake-bed areas and are considerably more concentrated than flood
waters originating in areas of hard rock.

In addition to the salts washed into the river by surface drainage
from lake-bed deposits, amounts of perhaps greater magnitude reach
the river indirectly through inflows of artesian water from the lake
beds. Little, if any, ground water enters the river directly by seepage
from the lake beds, but large amounts enter indirectly after passing
through the alluvial fill of the inner valley. If none of the mineral mat-
ter in the artesian water accumulated in the soil or alluvium of the inner
valley, this accretion would show up as a gain in the salt load of the
river.

EFFECT OF DISSOLVED-SOLIDS CONCENTRATION ON RATE OF
WATER USE

Data obtained during the investigation indicate that the concentra-
tion of dissolved solids in the ground water of the bottom land has
an effect on the rate of use of water by the bottom-land vegetation.
In general, plants tend to use less water and grow less as the dissolved-
solids concentration of the water increases. Extremely high concentra-

EXPLANATION
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Ficure 24.—Relation of concentration of dissolved mineral matter in ground water to annual rate of
transpiration of ground water by baccharis.

tions of dissolved matter may be capable of killing some species of vege-
tation, thus permitting no water use by these species at such concentra-
tions.

Figure 24 illustrates the relation between concentration of dis-
solved solids in ground water and the rate of water use by baccharis.
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In preparing this illustration, water use for the year ending September
30, 1944, was computed on a basis of 100-percent volume density for
each of four transpiration wells located in baccharis thickets. This rate
of use was adjusted to the equivalent rate of use at a depth to the water
table of 6 feet, using the relation between rate of use by baccharis in
tanks and depth to water shown by figure 39. The dissolved-solids
concentration of ground water at the location of each transpiration well
was determined from plate 5.

The graph shows that baccharis apparently uses more water where
dissolved-solids concentrations are low than where dissolved-solids
concentrations are high.

An attempt was made to determine the relation between dissolved-
solids concentrations and rate of water use by saltcedar, using data
obtained from transpiration wells and from tanks at the Glenbar sta-
tion. The data indicated that changes in concentration of dissolved
solids may have an effect on rate of water use by saltcedar, but the
relation was not shown conclusively by the data available. In a very
general way, however, the data indicate that rates of water use are
lower for highly mineralized water than for water of lower mineral
content.

The relation between rates of water use and concentration of dissolved
solids is another factor requiring consideration in determining the
amount of water used by phreatophytes. Additional data need to be
obtained in order to establish the relationship more definitely. In the
present investigation no adjustment was made for this effect in relating
consumption of water in the tanks to use of water in the field, as quanti-
tative data were not available for making such an adjustment. In any
event, the water in the tanks became concentrated by evaporation and
transpiration, and its concentration approached that of the natural
ground water (tables 19 and 25).

EFFECT OF WATER USE ON DISSOLVED-SOLIDS CONCENTRATION

IRRIGATION

Irrigation tends to increase the dissolved-solids concentration
of ground waters in an irrigated area. This effect is the result of evapora-
tion and transpiration, which remove water from the area but leave
behind the soluble matter originally in the water. Under good drain-
age conditions this soluble matter may be carried down to the water
table by irrigation water and eventually into drains or surface streams.
The net effect of irrigation is to increase dissolved-solids concentra-
tions in the drainage waters leaving an area, but with perfect drainage
the total quantities of soluble salts leaving the area during a given
period would be nearly the same after the development of irrigation
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as before. In actual practice ideal conditions do not exist. Usually drain-
age is not complete enough to remove all the soluble matter applied to
the land in the irrigation water; hence, under irrigation the total amount
of soluble salts leaving the area is likely to be reduced. Some of the
soluble matter left behind in the soil may react chemically with the soil,
producing substances that ecannot be dissolved later.

Irrigation in lower Safford Valley is a contributing cause of the
high concentration of dissolved matter in ground waters and in the low-
flow waters of Gila River. The effect of irrigation in lower Safford
Valley on the total salt load of Gila River at Calva cannot be closely
evaluated from the available data. However, ground water entering
the inner valley from the older alluvial fill probably carries enough
soluble matter into lower Safford Valley to account for the increase
in load of dissolved solids of the river between the Solomonsville
gaging station and Calva. It should be noted that this inflow of water
from the older alluvial fill containing soluble matter is not a result of
irrigation. '

NATURAL VEGETATION

Vegetation in the bottom land transpires large quantities of water
in the form of vapor. This large use of water has an appreciable effect
on the quality of ground water in the bottom land and on the quality
of the ground water that enters the river. In some respects the effects
of water use by natural vegetation are similar to the effects of irriga-
tion. Assuming perfect drainage, both tend to increase the concentra-
tion of dissolved solids in ground water and surface drainage water
without increasing total loads of dissolved matter. The bottom land in
lower Safford Valley approaches conditions of complete drainage
much more closely than does the irrigated land.

The analyses of water samples from wells in the bottom land show
that the ground water tends to increase in concentration as it moves
through the areas covered by vegetation, and this fact was used in
this investigation as a basis for determining the amount of water
transpired. The movement of ground water through the areas of growth
goes on continually, and there probably is no area where the bottom-
land growth permanently prevents ground water and the soluble salts
from reaching the river.

SALTCEDAR

Saltcedar has become the dominant species of plant in the bottom
land in lower Safford Valley. It has several characteristics that are
not shared to any great extent by other plants in the area. The ability
of saltcedar to thrive in localities of highly mineralized ground water
is well known and may be observed in lower Safford Valley, where its
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growth approaches optimum volume density in several areas where
the dissolved-solids concentration of the ground water is more than
8,000 parts per million. Other species, such as baccharis and mesquite,
are found in areas of rather highly mineralized ground water but only
in relatively sparse growths. Saltcedar is able to grow vigorously using
a more saline water supply than most other plants can tolerate, and
hence saltcedar has little competition in areas where the ground water
is highly mineralized.

Probably one of the mechanisms by which saltcedar is able to thrive
in areas of salty water supply is its practice of exuding water, known as
guttation. During the growing season water is exuded on the fronds
of the plants, sometimes in sufficient amounts to weigh down the
plants and cause them to droop noticeably. The water exuded is very
salty, as shown by the analysis (table 19) of a sample shaken from
fronds of saltcedar in a thicket near the Glenbar experiment station.
This sample had a dissolved-solids concentration of 41,000 parts per
million, about 20 times as high as the dissolved-solids concentration of
ground water in the vicinity (table 19). The concentration of the single
sample of exuded water collected may have been affected by evapora-
tion and by salts left behind on the fronds from previous exudations.
Apparently, in the process of guttation, the plant has developed a
mechanism for disposing of excess soluble matter taken up from the
ground water. Possibly it is significant that the percentages of sodium
and chloride in the water exuded are higher than in the ground water
available to the plants. This may indicate that the plants are able to
reject sodium and chloride in the water while using a part of the other
sa'ts in building plant tissue.

A number of observations have been made in the field of the effects
of the circulation of soluble mineral matter in saltcedar plants. Dur-
ing dry periods part of the water exuded is evaporated from the fronds,
leaving small salt crystals. The fronds have a distinctly salty taste,
and the salt crystals can be observed. The salt crystals are washed by
rain or dew from the fronds to the ground beneath the trees, and wind
blows both the crystals and the exuded water to the ground. The net
effect is to increase temporarily the percentage of soluble matter
in the soil in the saltcedar thickets. An effect observed in the field
was the rapid corrosion of the parts of observation-well casings that
protruded above the ground in the thickets.

In the generally sandy and gravelly soils of the bottom land in
lower Safford Valley the salt dropped on the ground by saltcedars
probably is intermittently removed, either as a result of infiltration
from occasional rains heavy enough to recharge the ground-water
reservoir or as a result of leaching by flood waters that occasionally
inundate the areas of growth. Therefore saltcedar probably causes no
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wells in different parts of lower Safford Valley. Each cylinder was
42 inches in length and 14 inches in inside diameter. For each sample, a
pit was excavated and the cylinder was then driven downward into
the bottom of the pit. The pit was deepened outside the cylinder in
order to reduce friction as the driving proceeded (see fig. 25).

After the undisturbed, or only slightly disturbed, column of soil
had been obtained, the material in the bottom 4 inches of the cylinder
was removed. Perforated pipe was inserted through the side of the cylin-
der into this open space and welded into place, and the remaining space
was filled with fine screened gravel. A steel plate was welded to the
bottom of the cylinder so that a watertight tank was formed. A tee
and a stopcock were attached to the outer end of the pipe. Glass tub-
ing was attached vertically to the tee, parallel to and 4 inches from
the wall of the cylinder, so that the position of the water level in the
cylinder could be observed at all times. The cylinders were placed
vertically on a recessed shelf in a pit 5 feet deep at the Glenbar experi-
ment station. The tops of the cylinders were insulated with a 4-inch
layer of rock wool, and the sides and tops of the cylinders were then
covered with a 2-inch to 4-inch layer of earth, held in place with planks.
Thus, all that was visible in the pit was the gage glass and stopcock
for each cylinder. The part of the pit containing the cylinders was
covered with a roof, about 18 inches above the land surface. The cylin-
ders were thus protected from rainfall and from rapid or decided changes
in temperature and relative humidity. The effect of changes in baro-
metric pressure could not be reduced or eliminated, but it was mini-
mized by using only the readings of water level that were made within
a narrow range of barometric pressure.

Holes were bored to the top surface of each of the samples and water
was added, a little at a time, until the water level stood at depths of
about 1, 1.5, and 1.75 feet, respectively, above the bottoms of the three
samples. Water levels in the gage glasses were observed daily and some-
times twice daily for a 15-day period, and barometric pressure was
recorded each time a reading was made. A measured quantity of water
was then withdrawn through the stopcock from each of the samples,
and the resulting changing position of the water level was observed
for about 25 days. The water level in the three samples had ceased to
decline at the end of 9, 10, and 15 days, respectively. The volume of
water withdrawn from each sample was divided by the volume of ma-
terial unwatered and multiplied by 100 to obtain the coefficient of
drainage, in percent, for the period. The results are given in table 20.
The computation of drainage coefficient was based on the difference
between the mean of a group of measurements obtained within a narrow
range of barometric pressures during the 15-day period of equilibrium
before draining and the mean of a group of measurements obtained at

837968—50—7
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similar barometric pressures during the period of equilibrium in the
last 15 days after draining,.

TaBLe 20.—Coefficients of drainage as determined by cylinder method

Mean depth of
‘Well at which sample (feet Length of Coefficient of
sample was taken below measuring | drainage period drainage
point of well) days)! (percent)
e 5.6 9 16.6
e PPt 6.7 10 21.4
B P 5.5 5 12.4

1 Limited to periods of approximately uniform barometric pressure.

TANK METHOD

The tanks at the Glenbar experiment station were well suited for the
determination of drainage and saturation coefficients. Their diameter
was sufficient to accommodate samples that were very large in com-
parison with those in the long cylinders, and their depth was sufficient
to include a water table, a capillary fringe, and, in the tanks containing
sand and gravel, a zone of intermediate vadose water.’” The bare soil
tanks were especially adaptable for the determinations, as there was no
vegetation in them to draw on the water supply.

Determinations of coefficients of drainage and saturation were
made for bare soil tanks 29, 30, 37, 38, and 39 in the period from March
1 to July 1, 1944. Most of the determinations were completed dur-
ing the month of May. The determinations were planned and executed
with particular reference to reduction or elimination of errors intro-
duced by changes in temperature, barometric pressure, relative humi-
dity, and soil moisture. A second recharge well was installed in each
tank so that the water level could be observed at two points, in order
to be sure that there was a uniform water level across the tank.

Each tank was first covered with a layer of tar paper to prevent
evaporation from the soil surface. This cover was not sufficiently air-
tight to prevent movement of air into and out of the unsaturated ma-
terial as the water table declined and rose, respectively. A 4-inch layer
of rock wool was placed on top of the tar paper to reduce the effect of
rapid changes in air temperature. A canvas cover with a center pole was
placed over the rock wool, producing a tentlike shelter against wind and
rain. A water-stage recorder was installed over the recharge well of
each tank in order to obtain continuous records of changes in water
level. The thermocouples of the soil thermograph were installed in
tank 30, with one thermocouple 12 inches below the surface, another
4 inches below the surface, and the third on the surface of the soil
beneath the insulation.

37 Meinzer, O. E., Outline of ground-water hydrology, with definitions: U. 8. Geol. Survey Water-
Supply Paper 494, p. 26, 1023,
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With the apparatus level, de-aerated water was added until the
apparatus was completely full. Care was taken to be sure that no air was
trapped below the wire screen. A round rod was then placed across the
top of the percolation eylinder to break the meniscus, so that the water
surface would be level with the top rim of the cylinder. The zero of
the celluloid scale was set at the bottom of the meniscus in the manome-

Scale

\ —
Reservoir
pipe \\
_«— Manometer
Percolation
cylinder \\
Wire screen
V%
Air vent / Valve

beneath screen -~

I

I

| Base

T16URrE 27.—Diagrammatic sketch of variable-head permeameter. Hatched area represents volume of
“blank.”

ter. The drain cock was then opened and all the water was drained into
a graduated cylinder and the amount recorded. The volume of water
drained represented the gross volume of the permeameter below zero
on the manometer and above the drain-cock level. The net volume of
the percolation cylinder above the screen was subtracted from this
measured gross volume, and the remainder was termed the ‘“blank.”
(See fig. 27.)
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De-aerated water was then added to the apparatus until the perco-
lation cylinder was one-third full. The sample material was poured
evenly into the cylinder with a small scoop, each scoopful being added
from a different direction after all bubbling from the previous addi-
tion had stopped. Water was added occasionally to keep the water
surface above the top of the sample material at all times. When the
percolation cylinder was about one-third filled with the sample, the
material was tamped vertically 25 times with a wire rod about a tenth
of an inch in diameter. The tamping process was repeated when the
cylinder was two-thirds filled and again when completely full. After
the last tamping, material was coned above the top of the cylinder, and
the side was tapped 25 times with a hard rubber tube. The material on
top of the percolation cylinder was then leveled with a round rod, and
all adhering material was wiped from the outside of the cylinder. The
round rod was then laid across the top of the cylinder to break the
meniscus so that the water surface was again level with the zero of
the manometer scale.

Water was then drained out of the sample by opening the drain cock.
As soon as the water level had declined to the level of the wire screen
the ¥-inch hole at the base of the percolation cylinder was opened
to allow air to enter below the screen. The water removed during this
preliminary drainage period of 5 to 15 minutes was measured and re-
corded. The volume of the blank was subtracted from the volume
drained at this stage; the remainder represented water drained from the
sample. This completed the first step in obtaining data for the deter-
mination of the coefficient of drainage.

The percolation cylinder was next removed from the permeameter
and prepared for further draining. A paraffin-paper cap, held in place
by rubber bands or string, was placed over the top to prevent evapora-
tion from the sample. A wick of turkish toweling was then forced
through the bottom of the permeameter, through the 14-inch hole in
the screen, and up into the sample about 5 inches. The wick was about
18 inches long and 114 inches wide, except for the part forced into the
sample, which was cut to l4-inch width. The wick provided a rapid
means of removing much of the remaining water from the sample and
disposing of this water by dripping and by evaporation. Paper towel-
ing was packed around the wick in the space below the wire screen.
The 3fg-inch hole in the side of the permeameter was plugged. The paper
cap, paper toweling, and plug prevented air from reaching the sample
freely, but it is not believed that the cylinder was sufficiently airtight
to prevent air from entering to replace the water withdrawn by the
wick, which would have impeded draining and introduced an error.
The application of the paper cap and the toweling was done rapidly,
and care was taken to see that no water was lost.



DETERMINATION OF SPECIFIC YIELD 89

The percolation eylinder was then weighed and placed on a draining
rack with the free part of the wick exposed to the air. During develop-
ment of the method the samples were left to drain on the rack for 192
hours and were weighed twice a day. Results indicated that draining
for 48 hours was all that was necessary, but to insure sufficient time for
drainage a 72-hour period of draining was adopted.

The wick probably removed some water that would not have drained
by gravity in the periods of the tests. However, the error introduced
by this factor is believed to be small. Sediments of the kind tested
characteristically yield small amounts of water by gravity for long
periods after the major part of the water has drained out.® This would
tend to compensate for errors introduced by use of the wick where the
results of the laboratory tests are applied to declines of the water table
in the field that persist over several months, even where an adjustment
such as that in figure 28 is not made (see below).

COMPUTATION AND EVALUATION OF RESULTS

A graph showing rate of drainage was prepared by plotting the
gross weight of the percolation cylinder and sample, in grams, versus
elapsed time. The loss of weight in grams by draining on the rack for
any period was the difference between the ordinates at the beginning
and end of the period, and this was considered equal to the loss of
water in cubic centimeters during the period. The total loss by draining
was equal to the volume of water lost during the preliminary draining
period, before the percolation cylinder was removed from the per-
meameter, plus the volume of water lost during the period that the
sample was drained on the rack. The percentage of loss by draining
was the total loss divided by the volume of the sample (previously de-
termined volume of percolation eylinder), times 100.

In relating the percentage of loss by draining of a laboratory sample
to the coefficient of drainage, several periods of drainage (24, 48, 72,
and 96 hours) were considered. The 48-hour period was finally adopted
because it was the shortest period that gave a consistent relation be-
tween the percentage of loss by draining and the coefficient of drainage.

The coefficient of drainage was obtained indirectly. Coefficients
were determined in long c¢ylinders and in tanks as previously deseribed.
Samples from these cylinders and tanks were then tested in the labora-
tory for percentage of loss by draining. A curve for sand and gravel was
prepared by plotting the drainage coefficient determined from the long
cylinders and tanks versus the loss by draining determined by the labor-
atory method. (See fig. 28.) The approximate coefficient of drainage
could then be determined for any sample of similar composition by

38 Meinzer, O. E., The occurrence of ground water in the United States, with a discussion of principles:
U. 8. Geol. Survey Water-Supply Paper 489, p. 65, 1923.
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applying the laboratory results to the curve. A different curve would
be obtained for clay.
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Fraure 28.—Relation between 48-hour drainage of laboratory sample and coefficient of drainage as
determined from cylinders and tanks for sand and gravel.

The percentage of loss by draining, as determined by the laboratory
method, provides an index for correlating the water-yielding capacity
of samples of water-bearing materials. The percentage of loss by drain-
ing cannot be applied to the field directly, however, as the results by
draining 48 hours are low and must be adjusted according to a curve
similar to figure 28,
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An inherent weakness of the laboratory method lies in the possibility
of variation in the rate of disposal of water from the wick while the
sample is on the draining rack. The rate of evaporation, and hence the
amount lost, varies with the humidity, being low when the humidity
is high. In Safford, where the humidity is low most of the time, this did
not present a serious problem.

The ideal method of determining in the laboratory the coefficient
of drainage from a sample would be to work with a percolation cylin-
der of sufficient length to include a water table, a capillary fringe, and a
zone of vadose water. However, as it is not feasible to make large num-
bers of determinations at reasonable cost using long cylinders or tanks,
the laboratory method described, correlated with the data obtained
from the cylinders and tanks, was of necessity adopted for most of the
work on yield. The materials underlying the bottom land are extremely
heterogeneous. The errors that may result from applying to a large
area the coefficient as determined from about 10 long cylinders will
be as great as the errors that may result by determining the coefficient
in 3 long cylinders and in about 200 laboratory samples.

Samples of water-bearing materials were collected from each foot
of depth in all the tanks and transpiration wells. In addition, samples
of water-bearing materials were collected from many of the large irri-
gation wells that were drilled in the valley during the investigation.
As the number of samples collected exceeded 500, determinations of
coefficient of drainage wete made only for the range through which the
water table fluctuated during the investigation. A total of 233 samples
of water-bearing materials was tested for coeflicient of drainage in the
Safford hydrologic laboratory during 1943 and 1944.

MINIATURE PUMPING TESTS

One of the methods of determining the coefficient of drainage or
saturation for an aquifer is by making pumping tests on a well that
penetrates the aquifer. The general method has several modifications,3®
such as measuring the drawdown in nearby observation wells as pump-
ing proceeds or measuring the recovery of the water level in the pumped
well and the observation wells after pumping has ceased.

The coefficients of drainage and saturation desired for lower Safford
Valley during the investigation were those of the relatively narrow
range of materials through which the water table fluctuated. As most
pumping tests result in coefficients that apply to the entire saturated
thickness of the aquifer, standard procedures could not be applied.
An attempt was made to determine the water-bearing characteristics

32 Wenzel, L. K., Methods for determining permeability of water-bearing materials, with special
reference to discharging-well methods: U. 8. Geol. Survey Water-Supply Paper 887, 192 pp., 1942,
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of this zone by means of a pumping test that would affect only a few
feet in the upper part of the saturated zone.

One of the miniature pumping tests attempted was in an 8-inch bored
well that penetrated only 2 feet of saturated material. The well was
located in the bottom land near Pima in a clearing among thickets of
saltcedar. One-inch sand-point observation wells were driven to about
3 feet below the water table. Four of the wells were in a line with the
pumped well, spaced about 3 feet apart, two to the north and two to
the south. Two more observation wells were installed about 100 feet
from the pumped well, one to the north and one to the south. The four
observation wells near the pumped well were used for determining the
cone of depression, and the two distant wells were used for determin-
ing the general upward or downward trend of the water table during
the test.

The pump was a small rotary type, powered with a gasoline engine.
One of the tests covered a period of 7 hours 45 minutes on December 28,
1943. The average discharge of the pump was 0.783 gallon a minute.
The maximum drawdown in the pumped well was 1.55 feet. The mean
transmissibility  of the material for a zone of unknown thickness,
was computed to be about 5,000 gallons a day per foot, but the com-
puted coefficients both of transmissibility and storage were erroneous
because existing formulas assume flow through the entire thickness of
the aquifer.

The conclusion reached as a result of the tests was that the method
has promise but must be developed further before it can be successfully
used in field determinations of the coefficients of drainage and satura-
tion in a narrow zone.

COMPUTATION OF MEAN COEFFICIENTS

For each transpiration well the coefficient of drainage was deter-
mined as the mean of all tests on samples from that well. For the
tanks, tables were prepared showing the mean coefficient of drainage
and saturation for each foot of depth, and where available, for each 6
inches of depth. The tables were applied in making computations of
water use by the tank method.

The mean coefficient for lower Safford Valley was computed from
the results for the three long cylinders, all of the tanks, and the 233
samples tested in the laboratory. This figure was 16 percent and has
been used in all the computations involving a change in ground-water
storage in the valley. .

40 The transmissibility may be expressed as the amount of water, in gallons a day, that Wwill percolate,

under prevailing conditions of temperature, through a section of the aquiter 1 foot wide under a hydraulic
gradient of 1 foot per foot, or through a section 1 mile wide under a hydraulic gradient of 1 foot per mile.
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CHANGES IN GROUND-WATER STORAGE

Quantitative information was needed regarding changes in ground-
water storage for computations of water use by four of the methods.
Computations by the inflow-outflow method required that the changes
be expressed as a volume; that is, that the changes for a given area
in a given period be expressed in acre-feet. Computations of net under-
ground inflow by the seepage-run method required that the changes
be expressed as a rate, in second-feet or in acre-feet per day, for a
period of about a week preceding each seepage run. Figure 29 illustrates
graphically the difference between volume of change and rate of change.
The example given shows that, although the net amount of change
in position of the water table between the two dates is zero, the rates
of change for the week preceding the two dates are about +0.05 foot
per day.

VOLUME OF CHANGE

In the computations by the inflow-outflow method, information was
needed on the volume of water involved in changes in the position of
the water table during specified periods. For example, it was necessary
to know how much water was involved in a rise or fall of the water
table underlying the bottom land during a specified period, such as a
calendar month.

The first step in the method used to evaluate these changes was
to determine the algebraic difference between the mean elevation of the
water table in a reach at the beginning of the period and at the end
of the period. The resulting mean change in water level, in feet, was
then multiplied by the area of the reach, in acres, and by the mean
coefficient of drainage and saturation, in percent, to obtain the amount
of water in acre-feet.

Mean elevation of water table in reach
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Ficure 29.—Idealized graph of mean elevation of water table in reach, illustrating difference between
volume of change in ground-water storage and rate of change of ground-water storage. Letters a and
b indicate dates between which volume of change is desired and for which rate of change is desired.
Change in storage between @ and & is zero, although the rates of change shown at @ and b are about
+0.05 foot per day for the week preceding the dates.
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The mean elevation of the water table for any date for the upper
three reaches was determined by plotting contours of the water table
as of that date and measuring with a planimeter the area between
successive 4-foot contours. Each area between contours was multiplied
by the mean elevation of the water table in that area, and the sum of
these products was divided by the total area of the reach, to determine
the mean elevation of the water table in the reach. For the Black
Point-Calva reach the mean elevation of the water table for any date
was estimated from the position of the water table at the three lines
of. observation wells. "

RATE OF CHANGE

Information on the rate of change in the contents of the ground-
water reservoir beneath the bottom-land area was needed in order that
the net amount of underground inflow might be determined from the
seepage-run results. The rate of change in contents of the ground-
water reservoir in a given area was computed from the equation

Rate of change in contents (in second-feet) =

0.16 % area (i res) X rate of change of elevation of
Pp——— rea (in ac .
1.983471 ea ACTES) 7 Water table (in feet per day).

The figure 0.16 is the mean coefficient of saturation and drainage for
the entire bottom land. The figure 1.983471 is a factor to convert from
acre-feet per day to second-feet.

All graphs of water-table fluctuations available for a given area
were used to compute rate of change in elevation of the water table
for that area. These graphs were of two kinds: Those from water-
stage recorders operated on transpiration wells and those plotted for
observation wells on which weekly readings were made. The rate of
change that was used was the average, in feet per day, for about a week
preceding the date of the seepage run. Usually it made little difference
whether the rate of change for a week or for a few days was used, be-
cause the seepage runs were always made after a period free from storms
or fluctuations in the river discharge, that is, during a period when the
rate of change of ground-water storage was fairly uniform.

The number of wells on which the rate of change in elevation of the
water table was based was about 30, 14, 17, and 16, respectively,
for the four reaches in downstream order between Thatcher and Calva.
In the three upstream reaches, the rate of change of elevation of the
water table was computed as the mean of the change for all wells in the
reach, as the geographic distribution of the wells was almost uniform.
In the reach from Black Point to Calva, the mean rate was computed by
weighting the results from two lines of wells in the reach (see pl. 3)
and a line of wells just upstream from the reach.



USE OF WATER BY BOTTOM-LAND VEGETATION 95
SEEPAGE RUNS

Gains and losses by seepage through the sides and bottom of a river
channel are an index to hydrologic changes in the valley of a river
flowing over a permeable bed. The general plan for determining these
gains and losses in lower Safford Valley was to make a series of river-
discharge measurements about once a month between the gaging sta-
tion near Thatcher and the station at Calva and to compute gains and
losses in flow between each two consecutive points at which the river
discharge was measured. Each series of measurements was called a seep-
age run.

Seepage runs were made when the flow of Gila River was low and
approximately steady. Small differences between the discharge at the
beginning and at the end of a reach could be determined more accurately
from measurements of low flow than from measurements of high flow.
When the flow of the stream was fairly steady, failure to calculate the
correct amount of time required for water to travel between successive
measuring points did not cause appreciable errors in the computed
gains and losses. Determined gains and losses were considered represen-
tative of periods of several weeks, because the flow of the river had
been reasonably stable for some time before seepage runs were made.

FIELD MEASUREMENTS

The first seepage run for the investigation was made in June 1943.
The flow of the river was measured at 14 points between the gaging
stations near Thatcher and at Calva. Diversions into canals were
measured. Known surface inflows to the river were measured, but no
special effort was made to locate all inflows. However, as the flow of
the irrigation canals was very low, probably no large inflows we e
missed. No additional seepage runs were made until September because
of fluctuating river discharge. In the September run and in the next
two, made during November, measurements of river discharge were
made at the same 14 points as in the first run. In runs made after No-
vember two additional measuring points were included in the Fort
Thomas-Black Point reach. For all except the first seepage run an
engineer walked downstream along the river as far as the gaging sta-
tion at Black Point to measure any inflow that otherwise might have
been missed. Inspection for inflow from Black Point to Calva was
considered unnecessary because little water was used for irrigation in
that reach, and probably none was wasted to the river.

Interpretation of the results of the seepage runs was aided by the
fact that nine of the points at which measurements of the river were
regularly made during the runs were gaging stations equipped with
water-stage recorders. At the other measuring points a maximum of
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six water-stage recorders were operated in temporary wells and shelters
for the period of each seepage run.

In all, 15 seepage runs were made, 13 of which were completed from
the gaging station near Thatcher to the station at Calva. Two seepage
runs were made from the station near Glenbar to the station at Calva
in July and August 1944, despite fluctuations in discharge caused by
summer rains. These two runs could not be made in the Thatcher-
Glenbar reach.

COMPUTATION AND ADJUSTMENT

Table 21 shows the measured discharge at points on the river at times
of seepage runs, and the net tributary inflow or net diversion outflow
between consecutive points at which measurements of river discharge
were made. Figures of gain or loss unaccounted for by direct measure-
ment of tributary inflow and diversion outflow are given in table 22.
These figures of gain or loss between successive river-measuring points
have been adjusted to eliminate the effect of changes in stage. They
do not show the true seepage into the river, however, as they are too
small by the amount of evaporation from the river surface and from
wet sand bars. ’

In order to make adjustments for changes in stage, the river in
lower Safford Valley was divided into segments, each segment limited
by two successive points of river measurement. Thus, for each segment
there was a measurement of river discharge at each end and measure-
ments of all surface inflows and diversions occurring within the seg-
ment. One of the measurements of inflow, diversion, or river flow in each
segment was chosen as a base with respect to time. All other dis-
charge measurements in the segment were then adjusted to a time
equivalent to that of the base measurement, and the discharge for
each adjusted measurement was called the ‘“equivalent discharge.”
For a given pair of river measurements the equivalent discharge at the
downstream point was the discharge that would have occurred at that
point if the flow in the segment were unaffected by changes in channel
storage or changes in surface-water inflow or diversion. The differ-
ence between the river discharge at any point and the equivalent river
discharge at the succeeding point, adjusted for equivalent surface in-
flows and diversions, represents the seepage gain or loss without cor-
rection for evaporation from the river surface and wetted sand bars.

The basic information for computing equivalent discharge was the
time of travel of any designated point on the hydrograph as it moved
downstream. That rate of travel is not identical with the rate of travel
of the equivalent discharge as defined, but it is easily computed and
with the procedures used in this investigation is believed to be a suffi-
ciently accurate substitute. Time of travel was determined for the
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100 USE OF WATER BY BOTTOM-LAND VEGETATION

distance between a given pair of successive gaging stations. Peaks,
troughs, and other points that could be identified easily on the recorder
charts of the two stations were listed. The time required for each
identifiable point at the upstream station to reach the downstream sta-
tion was plotted on logarithmic graph paper against the average dis-
charge for the two stations. A curve was drawn through the plotted
points. This curve showed the relation between the average time of
travel and the average discharge. Similarly, time of travel was com-
puted for the distances between all other pairs of successive gaging
stations.

In general, for a given segment of the river, discharge measured
in those seepage runs that were not complicated by diurnal fluctuations
was adjusted according to the following procedure: First, the time of
travel of the equivalent discharge within the segment was determined
from the applicable logarithmic curve on the basis of the average
discharge. Second, the time of measurement of discharge at one of the
points of measurement of river flow, inflow, or diversion was selected
as the base time from which the equivalent discharge was computed.
The time of occurrence of equivalent discharge at any other point
within the segment was then automatically fixed by the time of travel.
Third, the equivalent discharge was computed for each point. Finally,
the gain or loss unaccounted for by tributary inflow or diversion out-
flow was computed from the equivalent discharge. This process was
repeated for each segment of the river. There was not necessarily any
relation among the base times used for successive segments of the river:

Equivalent discharge was computed easily for points where both the
gage-height record and the relation between gage height and discharge
were known. For points where these data were not available, the
difference between the time when the equivalent discharge occurred
and the time when the discharge was measured was made as small as
possible by suitable selection of the base time. Then the equivalent
discharge was either assumed to be equal to the measured discharge,
an assumption usually made for very small inflows, or was computed
from records of gage height or discharge at nearby points.

When the flow of the river was low during the growing season, the
flow fluctuated during each 24-hour period according to a more or less
standardized pattern (see fig. 22). The fluctuations were due to changes
in the rate of evaporation from the river surface and wet sand bars
and changes in the rate of seepage flow to or from the river channel.
The difference between the discharge at successive points of measure-
ment on the river during the growing season depended, therefore,
partly on the time of day when the measurements were made. In
the growing season the difference in river flow between two successive
points was determined by comparing the average flow at one point
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during a 24-hour period with the average flow at the other point during
a 24-hour period. The beginnings and ends of the 24-hour periods were
made to differ by the time of travel between the two points.

The computation of the gains and losses for seepage runs made dur-
ing the growing season thus consisted of four steps. First, time of
travel between all measuring points was computed. Second, the end
of the 24-hour period to be used at each measuring point on the river
or on inflows or diversions was chosen. For a given pair of points, the
24-hour period at the downstream point lagged by the time of travel
behind the end of the period at the upstream point. Third, the mean
equivalent discharge during each 24-hour period was computed. Final-
ly, the gains and losses unaccounted for by tributary inflow or diversion
outflow were computed from the mean equivalent discharge for the 24-
hour periods.

The details of the method of adjusting seepage runs were varied ex-
tensively to fit the basic data available for the different runs.

ACCURACY

The accuracy of the computed gains and losses depends on the ac-
curacy of the discharge measurements and of the computations of
equivalent discharge. Measurements of discharge of more than 30
second-feet could not be used to compute gain or loss accurately to
fractions of a second-foot. Many measurements of discharge greater
than 10 second-feet probably were correct within 2 percent, but some
measurements were less accurate because available measuring sections
were not always satisfactory. Errors may have been introduced because
of rapid change in rate of surface inflows to the river. The rate of in-
flow may have increased or decreased greatly soon after measurement.
Errors of this type probably are compensating. Unless an equivalent
discharge differed greatly from the measured discharge, the equivalent
discharge probably was nearly as accurate as the corresponding meas-
ured discharge. Most figures of gain or loss for periods when the flow of
the river was low probably are accurate to tenths of a second-foot.

NET UNDERGROUND INFLOW
SOURCES OF NET UNDERGROUND INFLOW

An evaluation of net underground inflow was necessary for four of
the methods applied to determine use of water. Net underground in-
flow, as used in this report, is the difference between flow of ground
water into a reach and flow of ground water out of a reach. Such inflow
might remain in the reach as stored ground water or might leave the
reach by seepage to a surface channel or by evaporation or transpira-
tion.
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The principal sources of water that eventually enters a reach as
ground water are: (1) Seepage from artesian sources; (2) seepage from
washes; (3) seepage from canals; (4) seepage from irrigated fields;
(5) the part of the precipitation that percolates to the water table;
and (6) seepage from the river. As the net underground inflow is the
difference between inflow and outflow and was obtained from computa-
tions based on surface flows, the total amount of underground flow was
not important. It was not practicable to make direct quantitative meas-
urements of ground-water movement.

It was not possible to measure all the small surface flows enfering
and leaving each reach. They were mostly irrigation surface wastes and
surface flow of small washes. By the computation procedures adopted,
the net underground inflow is too great by the amount of those inflows
and too small by the amount of those outflows. The net amount of water
from these sources that was not measured during the investigation is
believed to be negligible and is not considered in the computations by
the methods that require figures for net underground inflow.

For the winter, when evaporation and transpiration were zero or
negligible, the net underground inflow was computed as the flow repre-
sented by the difference between surface inflow and outflow after ad-
justing for precipitation and evaporation in the river channel and for
all changes in storage. The annual fluctuation in this inflow is small,
as shown in the discussion that follows; hence, the inflow computed for
the winter months may be assumed to represent, approximately, the
net underground inflow at any time during the year.

PROBABLE RANGE OF ANNUAL FLUCTUATION

In applying the seepage-run method, the inflow-outflow method, and
the chloride-increase method, 1t was necessary to assume that the net
underground inflow was constant throughout the year, or that it varied
within sufficiently narrow limits that it did not introduce large errors
in the computation of water use. Such an assumption appeared reason-
able for the period of the investigation. It might not be a reasonable
assumption for other periods.

Net underground inflow consisted of the net general movement of
ground water across the boundaries of the reach under consideration,
plus the difference of underflow of the river into and out of the reach,
plus underflow of washes into the reach, plus seepage from artesian
sources within the reach. The rate of seepage from artesian sources
changes very slowly and any changes during the year probably can be
neglected. The greater part of the water year October 1943 to Septem-
ber 1944 was exceptionally dry and it is believed that variations in
underflow during that year were small and can be neglected.
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The rate of general ground-water movement across the boundaries
of a reach is controlled mostly by the slope of the water table across
that boundary.® Any appreciable variation in the supply of ground
water from the various sources of net underground inflow listed previ-
ously will tend to change the slope of the water table and thus the rate
of ground-water flow. All the sources of supply are subject to some
monthly and seasonal variation. Water percolating through the beds
of the washes in the highlands and closely adjacent areas during periods
of runoff builds up the water table in those areas and increases the slope
of the water table at the north and south margins of the bottom lands.
This increase is followed by a gradual decline of the water table during
succeeding dry periods, and reduction of the slope at the margin. The
washes had a substantial flow during and immediately after heavy rains
in August 1943, but the discharge from them during the succeeding
11 months was relatively small, being on the order of magnitude of a
few hundred acre-feet. Heavy flows of water occurred again during
August 16-21, 1944. From this it is inferred that the rate of inflow to
the bottom-land areas from wash seepage during the year was greatest
in October 1943 and September 1944, and that from October 1943 to
the middle of August 1944 there was a gradual decline. On this basis
the average inflow during the winter months, in the first half of the
period of decline, probably was somewhat greater than the average
during April to July. The canals carried substantial quantities of water
throughout the year, even during the winter months, and, therefore,
it is likely that inflow from that source did not vary much. In some
localities percolation to the water table from lands that were irrigated
from canals, and resulting increases in the slope of the water table and
inflow at the n-rth and south edges of the bottom lands, probably were
greatest during the summer and least during the winter. In other locali-
ties where pumping from wells for irrigation was heavy the reverse
may have been true. The part of the precipitation that percolated to
the water table doubtless was small except during the periods of heavy
rain on August 16-21, 1944. Moreover, rainfall percolation occurs on
both sides of the boundary of a reach and thus tends to cancel out so
far as the slope of the water table is concerned. Transpiration of plants
during the growing (non-winter) season causes a decline of the water
table in the bottom lands and increases the hydraulic gradient and con-
sequently the inflow at the outer border of those areas.

In considering the effect of variations in the supply of ground water
it should be noted that, in all probability, the average rate of movement
in the bottom lands and adjacent areas is low, perhaps less than 100
feet a year—computations based on figures for apparent transmissi-

4t Wenzel, L. K., Methods for determining permeability of water-bearing materials, with special
reference to discharging-well methods: U. S. Geol. Survey Water-Supply Paper 887, p. 2, 1942,
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bility and slope, given in the section on the slope-seepage method, indi-
cate that such is the case. This slow movement tends to spread out over
a period of months the effect on the inflow of intermittent recharge
from all sources. If the area between these sources and the bottom
lands is wide, variations in inflow might be largely eliminated. The
conclusion was reached, therefore, that the total average net under-
ground inflow to the bottom lands during the winter months, when the
plants were dormant or nearly so, did not vary greatly from the average
during the growing season April to November, and that the rate of in-
flow throughout the year was constant within reasonable Hmits.

RATE OF NET UNDERGROUND INFLOW TO BOTTOM LAND

The rate of net underground inflow to the bottom-land area was
computed by the inflow-outflow method for the three reaches from
Glenbar to Calva only. Computations for all four reaches from Thatcher
to Calva were made as part of the seepage-run method. The two methods
followed independent lines of reasoning and thus two independent sets
of data were provided. Although both methods gave results that were
fairly accurate, the means of the two methods—for the three reaches
where both methods were employed—were used in subsequent computa-
tions as being more accurate.

Computations of net underground inflow are described in part 3; the
figures for the inflow-outflow method are given in tables 47-49. The
results of those computations are summarized below. The means of
the inflow-outflow and seepage-run (see p. 158) methods are also in-
cluded for comparison and because they are part of the base data for
the chloride-increase method.

TaBLE 23.—Net underground inflow, in second-feet, to bottom land

Reach Inflow-outflow Mean of inflow-outflow

method and seepage-run methods
Thatcher-Glenbar........................ 27.8
Glenbar-Fort Thomas................. 17.0 15.5
Fort Thomas-Black Point............. 18.8 18.8
Black Point-Calva.................... 3.2 4.0

Thatcher-Calva. ... ... ..., 66.1



Parr 3. COMPUTATIONS OF USE OF WATER

The use of water by bottom-land vegetation has been computed by
six different methods in this part of the report. The order in which the
methods are given is governed by the type of basic data used. The first
two methods, the tank method and the transpiration-well method,
involve determination of the volume density of bottom-land vegeta-
tion. The next two methods, the seepage-run method and the inflow-
outflow method, are based on the stream-flow data that were collected
during the investigation. The chloride-increase method, which follows
the inflow-outflow method, utilizes figures for inflow of ground water to
the bottom land.derived from the seepage-run and inflow-outflow
methods. The slope-seepage method is given last.

TANK METHOD

The installation of the large tanks for growing plants at the Glen-
bar experiment station has been described in part 2 of this report.
The discussion that follows describes the theory of the method, the
factors that affect the use of water in the tanks or that cause mislead-
ing results, and computations of results.

THEORY

For many years the tank method has been used to determine the
amount of water transpired by different types of vegetation. Plants
of the species for which the rate of transpiration is to be found are
grown in watertight containers, sometimes called potometers, the
size of the containers ranging from small cans to large tanks, depending
on the size of the plants. Conditions of soil, soil moisture, weather, and
general environment are provided that duplicate as nearly as possible
the conditions of similar plants in the field. The amount of water used by
the plants in the tanks is recorded. It is usually reported by months or
growing seasons, in inches, and is computed by dividing the amount
of water added, in cubic inches, by the surface area of the tank, in
square inches. The figures can be converted to field use on the basis of
the relation of density of growth in the tank to the density of growth
in the field. Some investigators object to the tank method of deter-
mining rate of use of water by plants because of the difficulty in con-
verting measured use to field use. During the investigation in lower
Safford Valley the volume-density theory was devised principally to
overcome this difficulty.

105
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OBJECTIONS OF OTHER INVESTIGATORS TO TANK METHOD

Kiesellbach 4 lists the following sources of error in performing
experiments with plants growing in tanks:

A. Character of potometer and contents.
1. Limitation of amount of soil.
a. Through size of potometer.
b. Through number of plants grown in potometer.
. Limitation of fertility of soil.
. Improper distribution of soil moisture.
. Evaporation from surface of soil.
. Entrance of rain water.
. Exposure of potometer and consequent effect on soil temperature.
. Unintentional lack of uniformity in soil.
B. Environment.
1. Testing under unnatural habitat.
C. The plant.
1. Plant individuality.
a. Insufficient number of replications.
b. Digease and injury.
2. Stage of maturity.
a. Insufficient development.
D. Errors due to methods of computation. \
E. The personal element in drawing conclusions.

O Ut W

The following paragraphs describe what was done to overcome or
minimize these possible errors during the investigation.

The large tanks (4 to 10 feet in diameter) used at the Glenbar experi-
ment station minimized the possible error of using tanks that were too
small. The plants were placed near the center of the tank, in order to
allow ample room for root growth. The fertility of the soil used was the
same as that of the soil that supported the phreatophytes growing
naturally in the bottom land, and the depletion of fertility of the soil
in the tanks was comparable to that under natural conditions. With
respect to the possibility of improper distribution of soil moisture,
the water was added to the tanks through the recharge well and was
distributed through the coarse gravel layer at the bottom of each tank.
Thus, conditions in the tanks simulated natural ground-water con-
ditions; there was a zone of saturation, a water table, and a capillary
fringe. Evaporation of moisture from the surface of the tank was con-
sidered a part of the total use, and therefore the determination or
elimination of this factor was not necessary. The entrance of rain
water into the tanks could not be prevented without affecting the rate
of transpiration. Use of ground water was considered to be equivalent
to the amount of water added manually to the tanks, and use of water
from precipitation was added to use of ground water after the re-

42 Kijesellbach, T. A., Transpiration as a factor in crop production: Nebraska Agr. Exper. Sta. Research
Bull. no. 6, 1916.
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The possibility of error owing to methods of computation has been
reduced by the application of the volume-density method.

Two factors reduce the effect of the personal element in drawing con-
clusions with respect to the data collected at the Glenbar experiment
station: The conclusions were checked by many individuals and are
the concensus of a group rather than the opinion of one man, and the
results by the tank method were checked in lower Safford Valley with
results by five other methods for determining use of water.

In addition to the discussion by Kiesellbach,®® a comprehensive
discussion of the value of tanks in determining transpiration rates is
given in a report of the Committee on Transpiration and Evaporation
of the American Geophysical Union.*

FACTORS THAT AFFECT COMPUTED USE OF WATER

The computed results may be affected by variations in natural
phenomena. Some of the variations discussed in this part of the report
actually affect the rate of transpiration, but other variations cause
only an apparent effect on the rate of use of water. For example, fluc-
tuations in relative humidity affect the rate of transpiration, but fluc-
tuations in barometric pressure affect only the position of the water
table in a tank and hence only the apparent rate of transpiration.

TEMPERATURE

Tank experiments may be affected by changes in soil temperature
and air temperature.

SOIL TEMPERATURE

A soil thermograph was available throughout the period that the
Glenbar experiment station was operated. The instrument included a
revolving chart-covered drum operated by an 8-day clock. Three pens
produced graphic records on the chart in response to temperature
changes in three thermocouples. The thermocouples were attached
to the ends of long cables, so that soil temperatures in three different
places could be registered simultaneously on the instrument.

Experiments showed that diurnal fluctuations in temperature were
not apparent 4 feet below the surface. At this depth the soil temperature
was between 65° and 70° F., approximately the same as the tempera-
ture of ground water pumped from large irrigation wells in lower Safford
Valley. The diurnal fluctuation in temperature was apparent, however,
at a depth of 1 foot. The following table shows maximum and minimum
temperatures on August 21, 1944.

4 Kiesellbach, op. cit.

4 Kittredge, Joseph, Report of Committee on Transpiration and Evaporation: Am. Geophys. Union
Trans., 1941, pp. 906-915.



112 USE OF WATER BY BOTTOM-LAND VEGETATION

TaABLE 24.—Maximum and minimum temperatures on August 21, 1944, at Glenbar
experiment station

Point of observation Mazximum (°F.) Minimum (°F.)
Air temperature (shaded)................. 103 61
Soil temperature at surface (unshaded). . ... 110 70
Soil temperature 4 inches below surface. .. .. 96 76
Soil temperature 12 inches below surface. .. ... 90 83

Generally, changes in soil temperature in the capillary fringe were
small and occurred slowly, so that the effect of these changes on the
water table was small.

AIR TEMPERATURE
EFFECT ON WATER LEVEL

The effect on the tanks of rapid changes in air temperature was shown
by a sudden drop in temperature that occurred on April 9, 1944 A
cold front passed the experiment station at 5:45 a.m., and the tempera-
ture dropped 19° in 20 minutes. The water levels declined sharply in
all the tanks and wells on which recorders were operating. The decline
was so rapid that it apparently occurred before any change could
occur in the soil temperature, as evidenced by the experiment described
below. Unfortunately the clock on the soil thermograph was stopped
during this period. Figure 33 contains graphs of barometric pressure,
air temperature, and humidity, and of water-level fluctuations in
five tanks and one well for the period April 7-10, 1944.

Although there was a small increase in barometric pressure during the
time that the temperature fell rapidly, the barometric-pressure change
was insufficient to account for the rapidity with which the water levels
declined. It is interesting to note that tanks containing coarse materials
(30 and 31) reflected a smaller change in water level than did the tanks
containing fine materials.

To study further the effect of sudden changes in air temperature
upon the water table, artificial heat was applied to one of the soil
tanks under controlled conditions. Tank 30 was insulated with building
paper, glass wool, and canvas in order to eliminate the effects of eva-
poration, humidity, and uncontrolled outside air temperatures. During
the experiment records were made of the water level in the tank,
soil temperature at 4 inches and 12 inches below the surface, barometric
pressure, and air temperature. Large flat rocks were heated over an
open fire and inserted on the soil surface of the tank beneath the
insulating blanket. The tests were made between 9 p. m. and midnight,
because at that time air temperature and barometric pressure were
approximately at the mean for the day, and their rate of change was
small. Figure 34 shows the results of the experiment. The water level
in the tank rose at the times that hot rocks were applied (9 p. m.
May 23 and 9 p. m. May 25), although there was no significant change in
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barometric pressure. The water level in the tank rose for about 1 hour
before the temperature of the soil at a depth of 4 inches began to rise
appreciably. This experiment indicated that the effect of sudden changes
of air temperature at the surface of the tank was reflected rapidly in the
level of the water table.
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EFFECT ON RATE OF TRANSPIRATION

Figure 35 shows monthly means of daily maximum air temperature,
monthly means of transpiration in the seven tanks 6 feet in diameter
that contained saltcedar, monthly evaporation from tank 28 (bare
soil), and monthly evaporation from the weather station evaporation
pan, for the period September 1, 1943, to October 1, 1944. This graph
shows that practically all transpiration by saltcedar ceased in the fall
of 1943 when the monthly mean of daily maximum air temperatures
became less than about 73° F., and that transpiration began in the spring
of 1944 after the monthly mean of daily maximum air temperatures
rose above about 73° F. The curve of transpiration has the same general
shape as the curve of maximum temperature, and the curve of evapora-
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tion from the bare soil tank has the same general shape as the curve
of evaporation from the weather pan.

These data support the conclusions of Lowry and Johnson,® who, in
discussing experiments by Briggs and Shantz, state:

A comparison of daily changes in solar radiation and temperatures indicates that
the former is a function of the altitude of the sun and thus varies with the seasons,
whereas the latter (temperature), which is dependent upon absorption of heat by air
and earth and the circulation of the air, lags behind the seasons. Although solar radia-
tion gives one of the best correlations with transpiration and evaporation, growing-
season temperatures more nearly parallel the cycle of plant growth. * * % These
variations [in consumptive use] are produced by differences in plant water requirement
as related to plant development. * * * Ag their leaf area enlarges, their water
requirements increase, and reach a maximum soon after maximum temperatures pass
the peak of the season.

From this, it appears that evaporation from the pan and from the
bare-soil tank is a function of solar radiation and that transpiration
more nearly parallels maximum air temperatures. Field observations
showed that new growth does not begin to appear on the saltcedar plants
in lower Safford Valley until about April 1, although evaporation in-
creases appreciably in early March. The plants attain their maximum
amount of frondage by about July, and in August their frondage shows
signs of age. Transpiration is greatest when the fronds are young and
declines slowly as the fronds become more withered with the approach-
ing fall season.4” A severe frost kills all the fronds, and they turn yellow
and drop to the ground within a few days, stopping transpiration by
the plant.

Figure 36 is a graph showing the relation between maximum air tem-
perature and transpiration. The curve shows that appreciable trans-
piration by saltcedar does not occur when the monthly mean of daily
maximum temperatures is less than about 70° F.

EVAPORATION

The relation between evaporation from the weather-station pan and
transpiration by saltcedar is shown in figure 35. Evaporation from bare
soil tanks is closely related to evaporation from the pan. Transpiration
is related in a general way to evaporation from the pan, being least
when the evaporation is least. However, the rate of transpiration is
less than the rate of evaporation in winter and greater in the growing
season.

4% Lowry, R. L., Jr., and Johnson, A. F., Consumptive use of water for agriculture: Am. Soc. Civil
Eng. Trans., vol. 107, p. 1248, 1942.

4 Briggs, L. J., and Shantz, H. L., Hourly transpiration rate on clear days as determined by cyclic
environmental factors: Jour. Agr. Research, vol. 5, pp. 583-650, Jan. 3, 1916; Daily transpiration during
the normal growth period and its correlation with the weather: Jour. Agr. Research, vol. 7, pp. 155-212,
Oct. 23, 1916.

47 Raber, Oran, Water utilization by trees, with special reference to the economic forest species of the
North Temperate Zone: U. S. Dept. Agr. Misc. Pub. 257, p. 22, 1937,
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RELATIVE HUMIDITY

The relative humidity measured at the Glenbar experiment station
had a wide range, from a low of 4 percent (4 p. m., July 12, 1944) to a
high of 100 percent. The diurnal cycle usually ranged from a low of
about 12 percent about 4 p. m. to a high of about 92 percent between
4 and 6 a. m. It was found that the transpiration rate was very much
less on humid days than on dry days, but generally days of high humidi-
ty were associated with rainfall, which furnished water directly to the
plants. No quantitative relation between relative humidity and rate
of transpiration was developed.
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Ficure 36.—Relation between maximum temperature and transpiration by saltcedar, October 1, 1943,
to September 22, 1944,

PRECIPITATION

Precipitation affected the daily use of water in the tanks in three
ways: by increasing the relative humidity and thus decreasing the rate
of transpiration by the plants, by increasing the soil moisture above
the capillary fringe, and by adding moisture to the capillary fringe
and hence to the water table.
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The increase in relative humidity and the reduction in rate of trans-
piration caused by rainfall occurred in the natural plant thickets as
well as in the tanks, so that no correction was necessary.

The reduced draft on the water table, caused by rainfall increasing
the soil moisture in the topsoil, also occurred in nature as well as in
the tanks. The effect was considered in computing the use of water
and will be discussed in the section on computations.

The amount of water that reached the water table in the tanks
from rainfall was very $mall during the investigation. The principal
factors that affected the amount of percolation were the depth to the
water table, the amount and intensity of the rain, and the permeability
of the materials in the tanks. Generally, the less the depth to the
water table the greater the amount of rain water that reached the
water table. Large amounts of rain, falling slowly and uniformly, were
needed to cause a measurable rise in the water table. The water level
in the tanks containing more permeable materials showed more effect
from rainfall than did the water level in the tanks containing less per-
meable materials. Figure 37 shows the effect on tank 31 of a rain of
0.66 inch, July 18, 1944. The tank contained coarse gravel, and the
water table was about 1.7 feet below the surface. The rain fell slowly
during the night and was preceded by 0.26 inch the previous night.
This graph represents the most extreme case of recharge to the water
table in the tanks from rainfall. Based on 30 measurements in 9 tanks,
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Fraure 37.—-Relation between rainfall and water level in tank containing coarse materials.

this rain water penetrated to an average depth of 4.6 inches below the
surface. The least penetration measured was 3.1 inches, and the greatest
penetration measured was 6.6 inches. In computing the use of ground
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water in the tanks it was immaterial whether rainfall penetrated to the
water table, as the effect of rain was considered separately in the com-
putations.

BAROMETRIC PRESSURE

Changes in barometric pressure at times produced changes in the
water level in the recharge well of some tanks. As the recharge well
was open to the atmosphere, an increase in barometric pressure at
times would force water down the well and into the tank, causing the
water level in the well to decline. Conversely, a decrease in barometric
pressure at times would cause the water level in the recharge well to
rise. These changes in water level were most noticeable after a rain had
wetted the topsoil and became less noticeable as the topsoil in the tanks
became drier. It is believed that rainfall on the surface of a tank pro-
duced a temporary seal in the soil, causing the tank to act as a barome-
ter for short periods.

As the moisture content in the topsoil decreased, changes in atmos-
pheric pressure were transmitted through the soil to the water table
in the tank, equalizing the pressure on the water surface in the re-
charge well.

Changes in water level identifiable with changes in barometric pres-
sure occurred generally during the winter months in tanks containing
phreatophytes and throughout the year in bare-soil tanks. Probably
the reasons that barometric changes did not appear during the grow-
ing season in tanks containing phreatophytes are: Shallow rootlets
rapidly absorbed the moisture in the topsoil after rains, and the amount
of water consumed by the plants was large in comparison with the
change in water level caused by barometric fluctuations, so that the
effect of barometric changes could not be detected.

The barometric changes in water level were more noticeable in tanks
that contained fine materials than in tanks that contained coarse ma-
terials. Figure 38 shows a graph of barometric pressure and graphs of
resulting changes in water level in two tanks. On the basis of the
data shown in figure 38, it was calculated that in tank 37, which con-
tained fine materials, the changes in water level were about 20 percent
of the changes that would occur in a column of water that indicated
barometric pressure, and in tank 31, which contained coarse materials,
" 4 percent.

DENSITY OF GROWTH

When the phreatophytes were first transplanted they were small.
The plants quickly recovered from the shock of transplanting, and by
September 1943 they were well established and growing rapidly.
Volume-density determinations of the plants were made in 1944 to
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correlate the measured rate of use of water to the density of growth
in the tanks. The method of making the determinations is deseribed
in the section entitled “Computation of results.”
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QUALITY OF WATER

Dissolved matter in water added to the tanks was not removed by
transpiration or evaporation but accumulated in the tanks. If the water
added had been highly mineralized, like the ground water at the
experiment station, the water in the tanks would soon have become so
highly mineralized that the plants would have been damaged. In order
to avoid this difficulty, the water added to the tanks was hauled from
the public water supply of Pima. This water was of low dissolved-
solids concentration. In order to determine the rate of dissolved
solids accumulation in the tanks, samples of water were collected
periodically and analyzed. For a time at the beginning of the work
samples were collected monthly, but as the rate of accumulation was
found to be slow samples were later collected only once every 6 months.

Table 25 contains typical analyses of water from the tanks and
from the Pima public supply. In general, the average concentration
of dissolved matter in the water in the tanks containing baccharis and
cottonwood approached the average concentration of water available
to those species in the field. Concentrations in the tanks containing
saltcedar however, were somewhat below the average concentration of
water used by saltcedar in the field. Some of the saltcedar in the field
grows in areas of highly mineralized waters, where baccharis or cotton-
wood do not grow.

TaBLE 25.—Quality of water in tanks, Glenbar experiment station, 1943
[Parts per million]

Specific Sodium
conduct- Cal- Magne- and
Source of sample Date ance cium sium potas-
sampled (K X105 (Ca) (Mg) sium
at 25°C.) (Na+K)
Tank Il..oeee e Oct. 25........ B R T P
Tank 18...c0vni i iiiieennnns Nov. 12........ 149 21 10 342
Tank 16.....vvvrienninneninenenenen July 1........ .C T/ PR PR PN
Tank I8....vetiieiineieneees Dec. 2........ 234 | e
TAnK 27 vt it Sept. 21........ 102 [Tl
Pima publiecsupply...............c... July 30........ 34.6 1.2 0.8 83
Total
. Date Bicar- Sul- Chlo- Dis- hard-
Source of sample sampled bonate fate ride solved ness Percent
(HCO3) | (SO4) (Ch solids as sodium
CaCOs
[0 T T o P o PO o PO
Nov. 12........ 715 73 118 921 94 89
July 1.0 it [ S A R
0 T S S T
Sept. 21. ... . e e e e
July 30........ 164 13 23 204 6 97

DEPTH TO WATER
As a result of earlier experiments 4% with tanks of saltcedar in Safford
Valley, it was known that the amount of water transpired by the plants

48 Turner, S. F., and others, Water resources of Safford and Duncan-Virden Valley, Ariz. and N. Mex.,
table 9, U, S. Geol. Survey, 1941. (See list of studies, p. 5.)
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in the tanks was a function of the depth to the water table. For that
reason the tanks were operated with water at 4, 6, and 7 feet below the
surface for saltcedar, at 2, 4, and 6 feet below the surface for bac-
. charis, and at 6 feet below the surface for cottonwood. For each of
these species and depths a pair of tanks was operated. The effect of
depth to ground water on rate of water use was considered in apply-
ing the tank method to the field.

In determining the use of water by the plants and evaporation from
the soil, the water levels in the tanks were maintained, insofar as
possible, at the predetermined depth below the surface. To do this
the depth to the water level in each tank was measured each morning,
and sufficient water was added to raise the water level slightly above
the predetermined level in order to allow for plant use and evaporation
during the ensuing 24 hours. Thus, the average water level for the
24-hour period would approximate the predetermined level. Water
added to the tanks was measured volumetrically.

COMPUTATION OF RESULTS

Knowing the quantity of water, in gallons, added to each tank,
three steps were necessary to compute the amount of ground water
transpired monthly by the plants in each tank: Computation of inches
of water over tank area; adjustment for changes in water level between
beginning and end of month; and adjustment to 100-percent volume
density. A curve of depth to water in each tank versus inches used at
100-percent volume density was then plotted for each species grown
so that the results could be referred to field conditions. Figures for
rainfall were added to the total after the final figure was applied to the
field. The procedure was the same for the bare soil tanks except that ad-
justment to 100-percent volume density and the curve were not re-
quired.

WATER ADDED

Table 26 lists the amount of water added, by months, to each tank
containing phreatophytes, and table 27 lists the amount of water added,
by months, to each of the bare soil tanks. Each of the tables lists the
water added, in gallons and in inches. The figures for water added,
in inches, were obtained by dividing the volume added by the surface
area of the tank. For the transpiration tanks the period of record was
from September 1, 1943, to September 22, 1944, and for the soil tanks
the period of record was from July 1, 1943, to September 22, 1944. The
Glenbar experiment station was inundated by flood waters on Septem-
ber 25, 1944, and records collected after that date were of little value.
The records for September 23 and 24 are not included in tables 26 and 27.
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TaBLE 26.—Use of water by phreatophytes grown in tanks at Glenbar experiment station,

Water
Coeffi- used in
Water added Rise cient Adjust- | Correc- Water tank at
Average | in water | of drain- ment tion used 100-
Tank water level age and | for rise for re- in tank, | percent
no. level during satura- | in water | charge less volume
Gallons | Inches! (feet) month tion level well rain density,
(feet) (percent) | (inches)! | (inches) | (inches) | less rain
(inches)
September 1943, rainfall 2.63 inches
SALTCEDAR
11 92.5 1.89 5.29 0.26 13 —0.41 0 1.48 3.95
12 0 0 6.70 —.40 11 .54 ©.01 .55 .62
15 129.0 7.34 3.80 .20 11 —.26 —-.01 7.07 9.87
16 151.5 8.62 3.56 ~.10 13 .16 0 8.78 10.18
17 74.0 4.21 6.00 —.12 13 .19 0 4.40 6.15
18 44 .5 2.53 6.01 —.10 16 .19 0 2.72 4.60
19 63.0 3.59 5.78 —. 57 21 1.44 .02 5.05 7.70
20 153.0 8.71 5.84 .05 20 —.12 0 8.59 10.21
21 119.5 6.80 3.72 77 14 —1.29 —.03 5.48 5.44
COTTONWOOD
13 0 0 5.47 —-0.15 15 0.27 0 0.27 .57
14 156.0 3.19 5.98 —.10 12 .14 0 3.33 2,12
BaccHARIS
22 46.0 5.91 1.73 0.71 17 —~1.45 —0.06 4.40 7.67
23 67.5 8.68 1.78 .23 17 — .47 —.02 8.19 10.99
24 86.5 11.12 3.75 —-.20 20 .48 .02 11.62 8.09
25 52.0 6.68 3.76 .02 25| —.06 0 6.62 7.51
26 50.0 6.43 5.98 .13 17| —.27| -—.01 6.15 7.33
27 50.5 6.49 6.00 .07 20| —a7] -.01 6.31 6.46
October 1943, rainfall 0.16 inch
SALTCEDAR
11 0 0 5.69 —1.05 17 2.14 0.01 2.15 5.73
12 80.0 1.64 7.10 .37 11 —.49 0 1.15 1.30
15 62.5 3.56 4.00 —.22 11 .29 .01 3.86 5.39
16 118.0 6.72 4.05 .39 13 —.61 —.01 6.10 7.08
17 58.5 3.33 *6.00 .03 13 —.05 0 3.28 4.59
18 61.5 3.50 6.01 .08 16 —.15 0 3.35 5.66
19 58.5 3.33 5.79 .09 21 —.23 0 3.10 4.73
20 127.5 7.26 5.87 .07 20 —-.17 0 7.09 8.43
21 62.5 3.56 4.01 — .87 13 1.36 .03 4.95 4.91
COTTONWOOD
13 29.5 ‘ 0.60 5.77 —0.61 15 | 1.10 ¢ 0.01 1.71 3.61
14| 268.0 5.48 6.03 ' —.16 12 | 23| 0 5.71 3.65
BACCHARIS
22 36.0 4.63 1.94 0.17 17 —0.35 —0.01 4.27 7.44
23 50.5 6.49 1.99 .01 17 —.02 .0 6.47 8.69
24 71.5 9.19 4.04 .03 22 —.08 0 9.11 6.34
25 44.0 5.66 3.96 W17 25 —.51 —.01 5.14 5.83
26 32.5 4.18 5.98 —.04 17 .08 0 4.26 5.08
27 32.5 4.18 6.00 —.08 29 .19 .01 4.38 4.48
November 1943, rainfall 0
SALTCEDAR
i1 0 0 6.01 | —0.11 17 0.22 0 0.22 0.59
12 328.5 6.72 6.06 .51 25 —1.53 —.01 5.18 5.87
15 14.5 0.83 3.98 .01 11 —.01 0 .82 1.14
16 17.0 .97 3.98 .03 13 —.05 0 .92 1.07
17 12.0 .68 5.99 .08 13 —.12 0 .56 .78
18 7.0 .40 5.97 16 0 0 .40 .68
19 7.5 .43 5.79 04 21 —.10 0 .33 .50
2 17.5 1.00 5.84 0 20 0 0 1.00 1.19
21 17.5 1.00 4.01 .14 13 —.22 —.01 77 .76
COTTONW 00D
13 45.5 .93 5.87 0.08 17 —0.16 ' 0 77 1.62
14 85.0 1.74 6.01 .15 | 12 | —.22 0 1.52 .97
BaccHARIS
22 14.0 1.80 1.92 —0.63 17 1.29 0.05 3.14 5.47
23 19.0 2.44 1.98 ‘ .10 17 —.20 —.01 2.23 2.99
24 28.0 3.60 4.01 .09 22 —.24 —.01 3.35 2.33
25 14.5 1.86 3.94 .07 25 -.21 —-.01 1.64 1.86
26 13.5 1.74 5.99 —.01 17 .02 0 1.76 2.10
27 13.0 1.67 6.00 .06 20 —.14 —-.01 1.52 1.55

See footnotes at end of table.
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TaBLE 26.—Use of water by phreatophytes grown in tanks at Glenbar experiment siation,
1943-44—Continued

Water
. Coeffi- used in
Water added Rise cient Adjust- | Correc- | Water | tank at
Average | in water | of drain- ment tion used 100~
Tank| | water level age and | for rise for re- in tank, | percent
no. level during satura- | in water | charge less volume
Gallons | Inchest (feet) month tion level well rain density,
(feet) (percent) | (inches)! | (inches) | (inches) | less rain
(inches)
December 1943, rainfall 0.89 inch
SALTCEDAR
11 0 5.97 0.23 17 -0.47 0 —0.47 —1.25
12 45.5 .93 6.02 10 0 0 .93 1.05
15 -1.5 —.09 3.78 .15 11 —.20 —-.01 -.30 —.42
16 —4.0 -.23 3.54 .18 13 —.28 —.01 —-.52 —.60
17 8.0 .46 5.99 —.06 13 .09 0 .55 77
18 5.0 .28 5.99 —.04 16 .08 0 .36 .61
19 6.5 .37 5.81 —.05 21 .13 1] .50 .76
20 3.0 17 5.81 20 20 —.48 -.01 —-.32 —~.38
21 1.0 .06 3.68 38 14 —.64 —.01 —.59 —.59
CoTTONWOOD
13 16.0 0.33 5.87 ‘ —0.03 17 0.06 0 0.39 0.82
14 6.0 .13 5.94 12 12 —.17 0 —.04 —.03
BaccHARIS
22 2.5 0.32 1.66 0.28 17 -0.57 -0.02 -~0.27 —0.47
23 2.5 .32 1.74 .09 17 —.18 -.01 .13 17
24 7.5 .96 3.88 .21 20 —-.50 -.02 .44 .31
25 3.0 .39 3.83 .20 25 —.60 -.02 -.23 —.26
26 7.0 ‘ .90 5.98 .08 17 -.18 —.01 .71 .85
27 6.5 .84 6.00 —.01 20 .02 0 .86
January 1944, rainfall 0.32 inch
SALTCEDAR
LT T T I I T T e B T
Jr12 14.0 6.07 —-0.16 10 0.19 0 0.48 0.54
15 {oiininns . I RN PP PR P P e [
16 2.5 81 .36 13 —.56 —-.01 —.43 —.50
L2V P S P P Sl [ D Y P
lg 1.5 03 —.10 16 .19 0 28 47
19 [ RO FOUTUSDON AU A IR R B P PR FR,
20 0 0 5.78 -.12 20 29 29 34
121 fovreiniiloeeisiidiiin RO P P P I P T
CoTroNw00D
113 |t [ ‘ ........................... I .................. ‘ .........
14 0 0 5.89 —0.04 12 0.06 0 0.06 0.04
BaccHARIS
ng 4.0 0.51 1.97 —0.06 17 0.12 0.01 0.64 1.16
Tg‘! ..... PSS AR PR LR coal el sl el FYOEE iserl 56
3 R P TR S P O P vees Ceaareans
126 0 0 6.03 —.17 17 35 01 36 43
27 |eveveneadvenn oo oo YT I

See footnotes at end of table,
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TasLE 26.—Use of water by phreatophytes grown in tanks at Glenbar experiment station,

1943-44—Continued

Water
. Coeffi- . : used in
Water added . Rise cient Adjust- | Correc- Water tank at
Average | in water | of drain- ment tion used 100-
Tank water level age and | for rise for re- in tank, | percent
no. level during satura- | in water | charge less volume
Gallons | Inches! (feet) month tion level well rain density,
(feet) (percent) | (inches)! | (inches) | (inches) | less rain
| | (inches)
February 1944, rainfall 0.50 inch
SALTCEDAR
211 195.0 3.99 5.22 1.19 13 ~1.86 —0.02 2.11 5.63
12 35.0 .72 6.14 18 10 -.22 0 .50 .57
215 6.0 .34 3.49 —.18 12 .26 .01 .61 .85
16 -.5 —~.03 3.88 —-.74 13 1.15 .03 1.15 1.33
217 27.0 1.54 5.33 —-.13 13 .20 0 1.74 2.43
18 4.5 .26 6.09 11 16 —-.21 0 .05 .08
219 —-36.5 —2.08 5.38 -1.71 21 4.31 .06 2.29 3.49
20 —75.5 —4.30 6.36 —1.94 18 19 .07 —.04 ~.05
221 9.0 .51 3.13 —.36 14 60 .01 1.12 1.11
CoTToNwoOoD
213 | 196.0 4.01 | 5.32 0.95 15 ’ —-1.71 —0.01 2.29 ! 4.83
14 10.0 5.92 —.02 12 .03 0 .23 .15
BACCHARIS
22 l 8.0 1.03 2.36 —0.20 17 0.41 0.02 1.46 2.54
223 9.0 1.16 1.94 —.16 17 .33 .01 1.50 2.01
24 6.5 .84 4.41 .15 22 —.40 —-.01 .43 .30
2 25 4.0 .51 3.68 -.27 25 .81 .02 1.34 1:52
26 2.5 .32 6.09 .13 17 -~.27 .01 .06 .07
227 19.0 2.44 5.56 .02 20 —.05 0 2.39 2.44
March 1944, rainfall 0.64 inch
SALTCEDAR
11 0 4.92 —0.67 13 1.05 0.01 1.06 2.83
12 23.0 .47 5.98 —.03 10 .04 0 .51 .58
15 14.5 .83 3.93 .01 12 —~.01 0 .82 1.14
16 16.0 .91 3.83 .04 13 —.06 0 .85 .99
17 5.5 .31 6.00 .10 13 —-.16 0 .15 .21
18 3.5 .20 5.98 .01 16 —.02 0 .18 .30
19 —18.0 —1.02 7.50 .14 21 -.35 -.01 —1.38 —2.10
20 —~9.0 —.51 7.34 . .85 18 —-1.19 —.02 —-1.72 -2.05
21 12.5 .71 3.93 —.26 14 .44 .01 1.16 1.15
CoTTONWOOD
13 0 0 5.01 I -0.25 15 | 0.45 0 0.45 ] 0.95
14 3.0 06 5.90 -.15 12 .22 0 .28 .18
BaccHARIS
22 22.5 2.89 1.96 0.12 17 —0.24 —-0.01 2.63 4.58
23 15.8 2.03 1.97 -.35 17 71 .03 2.77 3.72
24 17.0 2.18 3.99 -.12 20 29 .01 2.48 1.73
25 4.2 .54 4.00 -.70 17 1.43 .06 2.03 2.30
26 4.0 .51 5.96 —.07 17 14 .01 .66 .79
27 2.5 .32 5.98 0 20 0 0 .32 .33

See footnotes at end of table.
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TaBLE 26.—Use of water by phreatophytes grown in tanks at Glenbar experiment station,

19/43-44—Continued

Water
Coeffi- used in
Water added Rise cient Adjust- | Correc- Water tank at
Average | in water | of drain- ment tion . used 100-
Tank water level age and | for rise for re- in tank, | percent
no. level during satura- | in water | charge less volu.me
Gallons | Inchest (feet) month tion evi well _rain density,
(feet) | (percent) | (inches)! | (inches) | (inches) | less rain
| (inches)
April 1944, rainfall 0.15 inch
SALTCEDAR
11 0 0 5.52 —0.49 17 1.00 0.01 1.01 2.69
12 85.0 1.74 6.02 0 10 ] 1.74 1.97
15 50.5 2.87 4.02 —.06 12 .09 0 2.96 4.13
316 37.0 2.11 4.00 .02 13 —.03 —.03 2.05 2.38
317 32.0 1.83 6.01 0 13 0 —.04 1.79 2.50
318 7.5 .43 5.98 —-.07 16 13 —.03 .53 .90
19 2.0 .11 7.38 —.02 21 .05 0 .16 .24
20 2.0 .11 7.22 —.02 18 .04 0 .15 .18
321 57.5 3.28 4.11 —.12 13 .19 0 3.47 3.44
CoTTONWOOD
13 ‘ 0 0 ’ 5.36 l —0.47 15 0.85 0.01 0.86 l 1.81
14 106.0 2.17 6.01 .02 12 —.03 0 2.14 1.37
BaccHARIS
322 46.0 5.96 1.98 0.36 17 —0.73 —-0.21 5.02 8.75
323 49.5 6.41 2.08 .21 17 —.43 —-. 12 5.86 7.86
324 39.0 5.05 4.04 .13 22 —.34 —-.17 4.54 3.16
325 25.0 3.24 3.74 .54 25 —1.62 —.25 1.37 1.55
26 4.0 1.80 5.98 .15 17 -—.31 —.01 1.48 1.76
27 16.0 2.06 6.00 -.07 20 7 .01 2.24 2.29
May 1944, rainfall 0.18 inch
SALTCEDAR
11 0 0 6.16 —0.67 17 .37 0.01 1.38 3.68
12 443.0 9.06 6.04 —.03 10 .04 0 9.10 10.32
315 176.0 10.05 4.03 L1l 12 —.16 —.01 9.88 13.79
16 172.0 9.82 4.00 .04 13 —.06 0 9.76 11.32
17 114.5 6.54 6.07 03 13 —.05 0 6.49 9.07
18 93.5 5.34 6.07 —.03 16 .06 0 5.40 9.13
19 11.5 .65 7.78 —.61 21 1.54 .02 2.21 3 37
20 0 0 7.56 -—.80 18 1.73 .03 1.76 2.09
21 251.0 14.33 4.08 —.03 13 .05 0 14.38 14.26
CoTTONWOOD
13 0 ‘ 0 ‘ 5.97 | —0.77 17 x 1.57 0.01 1.58 ‘ 3.33
14 476.0 9.73 6.00 —.08 12 .12 0 9.85 6.29
BaACCHARIS
22 | 86.0 | I1.14 1.98 | —0.57 7 1.16 0.10 | 12.40 21.61
23 | 110.5 | 14.31 2.08 12 17 —24| =02, 14.05 ‘ 18186
24 110.5 14.31 4.01 —.16 22 .42 .03 14.76 10.27
25 68.0 8.81 3.51 .27 25 —.81 —.05 7.95 9.02
326 33.5 4.34 6.03 -.29 17 59 .05 4.94 5.89
327 52.5 6.80 6.09 .01 20 —.02 0 6.78 6.94

See footnotes at end of table.
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TaBLE 26.—Use of water by phreatophytes grown in tanks at Glenbar experiment station,

1943-44—Continued
Water
Coeffi- used in
Water added Rise cient Adjust- | Correc- | Water | tank at
Average | in water | of drain- ment tion . used 100~
Tank water level age and | for rise for re- | in tank, | percent
no. level during | satura- | in water | charge less volume
Gallons | Inches! (feet) month tion level well _rain density,
(feet) (percent) | (inches)! | (inches) | (inches) | less rain
(inches)
June 1944, rainfall 0
SALTCEDAR
11 175.0 3.58 6.61 —0.06 17 0.12 0 3.70 9.86
12 864.0 17.67 6.02 0 10 0 17.67 20.04
15 284.0 16.21 4.02 —.13 12 19 .01 16.41 22,91
16 317.0 18.09 4.07 —.19 13 30 .01 18.40 21.34
17 261.0 14.90 6.04 —.09 13 14 .01 15.05 21.04
18 230.0 13.13 6.05 01 16 —-.02 0 13.11 22.16
19 216.5 12.32 7.79 42 21 —1.06 —.02 11.24 17.14
20 295.5 16.82 7.32 1.42 18 -3.07 —.05 13.70 16.29
21 461.0 26.31 4.16 54 13 —.84 —.04 25.43 25.23
CorToNWwoOD
13 | 220.0 ‘ 4.50 6.86 | —0.25 7 ‘ 0.51 0 5.01 10.57
14 | 1063.0 21.74 6.08 —.02 12 .03 0 21.77 13.91
BACCHARIS
T 22 128.0 16.58 2.15 —0.43 17 0.88 0.07 17.53 30.55
23 157.5 20.40 2.11 .30 17 —.61 —.05 19.74 26.49
24 172.0 22.28 4.10 —.05 22 .13 .01 22.42 15.60
25 109.0 14.12 4.03 —.40 17 .82 .06 15.00 17.01
26 59.5 7.71 6.03 .08 17 —.16 —.01 7.54 8.99
27 102.0 13.21 6.01 —-.12 20 .29 .02 13.52 13.83
July 1944, rainfall 1.62 inches
SALTCEDAR
11 612.0 12.52 6.52 0.05 17 —0.10 0 12.42 33.11
12 872.0 17.83 6.00 .03 10 —.04 0 17.79 20.17
15 296.0 16.90 4.01 .08 12 —-.12 —.01 16.77 23.41
16 341.0 19.46 3.95 .28 13 —.44 —.02 19.00 22.04
17 240.7 13.74 5.91 .07 13 —.11 —.01 13.62 19.04
18 226.0 12.90 5.97 .10 16 —-.19 —.01 12.70 21.46
19 256.0 14.57 7.56 .04 21 -=.10 0 14.47 22.07
20 344.0 19.58 6.51 0 18 0 0 19.58 23.28
21 474.0 27.06 4.05 .33 13 . —51 —.02 26.53 26.32
CorToNwooD
13| 622.0 12.72 6.51 0.08 17 | —0.16 0 12.56 26.50
14 1470.0 } 30.06 6.02 0 12 0 0 30.06 19.21
BAcCCHARIS
22 100.0 12.95 1.83 0.71 17 —1.45 —-0.12 11.38 19.84
23 121.0 15.67 1.95 14 17 —.29 —-.02 15.36 20.61
24 156.0 20.21 4.02 25 22 —.66 —.04 19.51 13.58
25 113.0 14.64 3.95 35 25 —1.05 —.06 13.53 15.34
26 62.0 8.03 5.95 0 17 0 8.03 9.57
27 92.5 11.98 6.00 18 20 —.43 —.03 11.52 11.78

See footnotes at end of table.
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TaBLE 26.—Use of water by phreatophytes grown in tanks at Glenbar experiment station,
1948-44—Continued

Water
Coeffi- used in
] Water added Rise cient Adjust- | Correc- Water | tank at
Average | in water | of drain- | ment tion . used 100-
Tank| | water level age and | forrise | for re- | in tank, | percent
no. level during satura- | in water | charge less volume
Gallons | Inches! (feet) month tion level well rain density,
(feet) | (percent) | (inches)! | (inches) | (inches) | less rain
(inches)
August 1944, rainfall 1.19 inches
SALTCEDAR
11 646.0 13.21 6.51 0.01 17 —-0.02 0 13.19 35.16
12 917.0 18.75 5.99 .11 10 —.13 0 18.62 21.12
15 295.0 16.84 3.97 .07 12 —-.10 —-.01 16.73. 23.34
16 362.0 20.66 3.96 .15 13 ~.23 —,01 20.42 23.69
17 245.8 14.03 5.98 0 13 0 0 14.03 19.61
18 239.0 13.64 6.02 .11 16 -.21 -.01 13.42 22.68
19 286.0 16.28 7.45 .09 21 —.23 0 16.05 24.48
20 396.0 22.54 6.53 .09 18 —.19 0 22.35 26.57
21 451.0 25.74 3.95 —.13 14 .22 .01 25.97 25.76
CoTToNWwOoOoD
13 I 708.0 | 14.48 l 6.50 0.22 17 ' —0.45 ‘ 0 14.03 l 29.60
14 1735.0 35.48 .98 .19 12 —.27 0 35.21 22.50
BaccHARIS
22 92.5 11.98 1.93 —-0.11 17 0.22 0.02 12.22 21.30
23 105.0 13.60 1.86 —.20 17 .41 .03 14.04 18.84
24 127.0 16.45 3.99 .07 20 —.17 —-.01 16.27 11.32
25 95.5 12.37 3.88 .06 25 ~.18 ~.01 12.18 13.81
26 59.0 7.64 5.98 .21 17 —.43 —.04 7.17 8.55
27 76.5 9.91 5.98 .09 20 —.22 —.02 9.67 9.89
September 1944, rainfall 0.31 inch*
SALTCEDAR
11 358.0 7.32 6.48 0 17 0 0 7.32 19.52
12 457.0 9.35 6.11 —.27 10 .32 0 9.67 10.97
15 161.0 9.19 3.96 —.18 12 .26 .01 9.46 13.21
16 201.5 11.50 3.87 -.50 13 .78 .04 12.32 14.29
17 103.3 5.90 5.99 —.04 13 06 0 5.96 8.33
18 119.6 6.83 5.92 .01 16 —.02 0 6.81 11.51
19 135.5 7.71 7.44 .13 21 ~.33 0 7.38 11.25
20 231.0 13.15 6.45 -.20 18 43 .01 13.59 16.16
21 270.0 15.41 3.91 —.07 14 12 .01 15.54 15.42
CoTTONWOOD
13 | 384.0 1 7.85 | 6.46 —0.24 17 ] 0.49 ’ 0 l 8.34-1 17.60
14 1065.0 21.78 5.97 I —.12 12 .17 0 21.95 14.03
BaccHARIS
22 50.5 6.54 1.89 0.24 17 —0.49 —0.04 6.01 10.48
23 56.5 7.32 1.97 —.36 17 .73 06 8.11 10.88
24 60.5 7.84 3.95 —.13 20 .31 02 8.17 5.69
25 53.0 6.86 3.90 -.12 25 .36 02 7.24 8.21
26 30.5 3.95 5.99 -.10 17 .20 02 4.17 4.97
27 40.0 5.18 5.98 -—.04 20 .10 01 5.29 5.41

1 Based on area of tank minus area of recharge well.

2 January and February combined. Rainfall, 0.82 inch.

# Additional 4-inch observation well installed during month, thus reducing area of tank less area of
recharge well, table 28.

4 Data are for September 1-22 only; inundated by flood on September 25.

1 Tanks were being used for specific yield experiments, so readings could not be taken.

Nore.—Negative figures occur in last column in some cases because some rainfall may have percolated
to &vater table or because of small errors in adjustment for volume density or in coefficient of drainage
and saturation.
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TABLE 27.—Use of water in bare soil tanks al Glenbar experiment station, 1943-44

Coefi-
Rise cient Adjust- Correc- Water
Water added Average | in water | of drain- ment tion used
Tank water evel age and for rise for re- in_tank,
no. level during satura- in water charge less
Gallons Inchest (feet) month tion level well _rain
(feet) (percent) | (inches)! | (inches) (inches)
July 1943, rainfall 2.15 inches
SAND AND GRAVEL
28 84.0 10.80 1.15 1.32 18 —2.85 —-0.11 7.84
29 79.1 10.17 1.48 1.39 12 —2.00 —-.12 8.05
30 80.7 10.37 1.79 1.21 12 —-1.74 —-.10 8.53
35 62.0 7.97 1.98 —2.56 10 3.07 .22 11.26
36 64.5 8.29 1.99 —2.67 12 3.84 .22 12.35
39 —14.5 —1.86 3.74 —1.54 15 2.77 .13 1.04
GRAVEL
31 I ~4.5 ‘ —0.58 ‘ 1.86 ‘ —0.64 11 0.84 0.05 0.31
32 ~7.0 —.90 1.93 —.91 15 1.64 .08 .82
CLAY LOAM
33 35.5 4.56 1.93 —2.42 10 2.90 0.20 7.66
34 30.0 3.86 2.02 —2.44 10 2.93 .20 6.99
37 8.0 1.03 3.71 —2.89 5 1.73 .24 3.00
38 ~1.0 —.13 3.54 —3.96 10 4.75 .33 4.95
August 1943, rainfall 3.56 inches
SAND AND GRAVEL
28 27.2 3.50 0.48 0.43 17 —0.88 —-0.04 2.58
29 29.5 3.79 .91 .13 12 ~.19 -.01 3.59
30 32.0 4.11 1.15 .41 12 ~.59 -.03 3.49
35 31.0 3.98 1.78 .52 10 —.62 —~.04 3.32
36 31.5 4.05 1.73 .68 12 —.98 —.06 3.01
39 ~6.0 —.77 3.75 .03 15 —.05 0 —.82
GRAVEL
31 ‘ -13.0 ] —1.67 1.77 0.12 11 —0.16 —0.01 —1.84
32 —13.0 —1.67 1.74 .27 15 —.49 —.02 —2.18
CLAY LOAM
33 18.0 2.31 1.72 0.42 10 —0.50 —0.04 1.77
34 16.0 2.06 1.61 .49 10 —.59 —-.04 1.43
37 7.0 .90 3.61 -.08 5 .05 .01 .96
38 2.5 .32 3.59 .07 10 —.08 —.01 .23
September 1943, rainfall 2,63 inch
SAND AND GRAVEL
28 19.5 2.51 0.76 -2.25 17 4.59 0.19 7.29
29 10.5 1.35 1.16 -1.82 12 2.62 .15 4.12
30 7.0 .90 1.59 —1.83 12 2.64 .15 3.69
35 29.0 3.73 1.75 .35 10 —.42 —.03 3.28
36 31.5 4.05 1.81 .28 12 —.40 —.03 3.62
39 —~7.0 -.90 3.85 .04 15 —-.07 0 —-.97
GRAVEL
31 l —-~13.0 ‘ —1.67 l 1.73 —0.04 11 0.05 V] —1.62
32 —~18.0 —2.31 1.83 ~.26 15 .47 .02 ~1.82
CLAY LOAM
33 11.0 1.41 1.79 0.42 10 —0.50 —0.04 0.87
34 5.5 .71 1.78 ~.35 10 .42 .03 1.16
37 6.0 W77 3.64 .13 5 —.08 -.01 .68
38 1.0 .13 3.72 -~.17 10 .20 .01 .34

See footnotes at end of table.
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TaBLE 27.—Use of water in bare soil tanks at Glenbar experiment station, 1943-44

—Continued
Coeffi-
Rise cient Adjust- Correc- Water
Water added Average | in water | of drain- ment tion used
Tank water level age and for rise for re- in tank,
no. level during satura- in water charge less
Gallons Inches! (feet) month tion level well _rain
(feet) (percent) | (inches)! (inches) (inches)
October 1943, rainfall 0.16 inch
SAND AND GRAVEL
28 28.5 3.66 3.05 —0.06 12 0.09 o 3.75
29 14.0 1.80 3.94 —.78 12 1.12 .07 2.99
30 —7.5 —.96 4.42 -1.17 12 1.68 .10 .82
35 30.5 3.92 1.97 —.62 10 .74 .05 4.71
36 33.0 4.24 2,03 —-.78 12 1.12 .07 5.43
39 3.0 .39 3.98 —.10 15 .18 .01 .58
GRAVEL
31 l -2.0 ‘ -0.26 ‘ 1.98 —0.19 11 ' 0.25 ‘ 0.02 ‘ 0.01
32 [0 0 1.99 —.04 15 .07 0 .07
CLAY LOAM
33 25.0 3.21 1.95 —0.33 10 | 0.40 0.03 3.6
34 24.0 3.08 2.02 .35 10 —.42 —.03 2.63
37 13.5 1.74 3.96 —.16 5 10 .01 1.85
38 11.5 1.48 3.98 .04 10 —.05 0 1.43
November 1943, rainfall 0
SAND AND GRAVEL
28 18.0 2,31 3.02 0.24 12 -0.35 -0.02 1.94
29 16.5 2.12 4.01 .12 12 —-.17 -.01 1.94
30 10.0 1.29 4.45 .11 12 —.16 —.01 1.12
35 21.0 2.70 2,08 L1l 10 —.13 -.01 2.56
36 21.0 2.70 2.00 .55 12 —-.79 —.05 1.86
39 3.5 .45 3.93 .12 15 —.22 —-.01 .22
GRAVEL
31 ’ ) | 0 | 2.02 —-0.01 11 | 0.01 ‘ 0 | 0.01
32 .5 .06 1.96 .07 15 —.13 0 —.07
CLAY LoAM
33 11.0 1.41 2.00 —0.09 10 0.11 0.01 1.53
34 10.5 1.35 1.99 —.23 10 28 .02 1.65
37 9.5 1.22 3.99 11 5 —.07 —.01 1.14
38 7.0 .90 3.96 .09 10 —.11 —.01 78
December 1943, rainfall 0,89 inch
SAND AND GRAVEL
28 5.5 0.71 2.92 —0.18 12 0.26 0.02 0.99
29 4.0 .51 3.91 .02 12 —.03 0 .48
30 1.5 .19 4.39 .14 12 —.20 —.01 —-.02
35 6.5 .84 1.80 .08 10 —.10 —-.01 .73
36 5.0 .64 1.68 .03 12 —.04 0 .60
39 1.0 .13 3.89 .10 15 —.18 —.01 —.06
GRAVEL
31 ’ 0 ' 0 | 1.99 \ 0.17 11 1 —0.22 ‘ —-0.01 ‘ ~0.23
32 —-3.5 ~.45 1.93 —.11 15 .20 .01 —.24
CLAY LOAM
33 3.0 0.39 1.69 0.03 10 —0.04 0 0.35
34 3.5 .45 1.72 .07 10 —.08 -.01 .36
37 2.5 .32 3.79 .03 5 —-.02 0 .30
38 2.5 .32 3.78 0 10 0 0 .32

See_footnotes at end of table.
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TABLE 27.—Use of water in bare soil tanks at Glenbar experiment station, 1943-44

—Continued
Coeffi-
Rise cient Adjust- Correc- Water

Water added Average | in water | of drain- ment tion used

Tank water level age and for rise for re- in tank,
no. level during satura- in water charge less
Gallons Inches! (feet) month tion level well _rain

(feet) (percent) | (inches)! (inches) (inches)

January 1944, rainfall 0.32 inch

SAND AND GRAVEL

February 1944, rainfall 0.50 inch

SAND AND GRAVEL

2 28 6.5 0.84 2.77 —0.10 12 0.14 0.01 0.99
2 29 22.5 2.89 3.37 .38 12 —.55 —.03 2.31
2 30 22.0 2.83 3.75 .37 12 —.53 —.03 2.27
235 7.5 .96 1.83 —.12 10 14 .01 1.11
36 12.5 1.61 2.33 .43 12 —.62 —.04 .95
39 1.0 .13 4.00 —.02 15 04 0 .17
GRAVEL
231 -3.0 -0.39 1.66 —0.14 11 0.18 0.01 ] —-0.20
32 0 0 ‘ 1.87 .07 i5 I —.13 —.01 —.14
CLAY LOAM
233 7.0 0.90 1.69 -0.01 10 0.01 0 0.91
34 7.5 .96 2.56 .36 10 —.43 —.03 .50
237 11.0 1.41 3.17 —.18 5 .11 .02 .54
38 4.0 .51 4.22 .24 10 —.29 —.02 .20
March 1944, rainfall 0.64 inch
SAND AND GRAVEL
28 24.0 3.08 3.02 0.16 12 —-0.23 —0.01 2.84
2 P O PN
L P O P
35 30.5 3.92 2.03 —.31 10 37 .03 4.32
36 23.5 3.02 1.97 .05 12 -.07 0 2.95
139 | ] R L T P e P IR T
GRAVEL
31 l 0 0 1 1.90 0.17 11 —-0.22 -0.01 —~0.23
32 0 0 1.69 .23 15 —.41 —.02 —.43
CLAY LOAM
33 22.5 2.89 1.92 —0.43 10 0.52 0.04 3.45
13% 14.0 1.80 1.93 ‘ .27 10 ' -.32 —-—.02 1.46
38 |L

See footnotes at end of table.

837968—50—10
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TaBLE 27.—Use of waler in bare soil tanks at Glenbar experiment station, 1943-44

—Continued
Coeffi-

Rise cient Adjust- Correc- Water
Water added Average | in water | of drain- ment tion used

Tank water level age and | for rise for re- in tank,
no. level during satura- in water charge less
Gallons Inchest (feet) month tion level well rain

(feet) (percent) | (inches)! | (inches) (inches)

April 1944, rainfall 0.15 inch

SAND AND GRAVEL
0.09

GRAVEL
31 | 0 I 0 1.80 ‘ 0.03 11 —0.04 0 l —0.04
32 0 0 1.59 .03 15 —.056 0 —.05
CLAY LOAM

May 1944, rainfall 0,18 inch

SAND AND GRAVEL

28 25.0 3.21 2.99 —0.22 12 0.32 0.02 3.55
129 oo, Y PN R RS N R RN R
L O P P Y P R N . ereaafen Cereiees
35 46.5 5.98 1.96 —-.25 10 .30 .02 6.30
36 22.0 2.83 1.96 ~.78 12 1.12 .07 4.02
L N P P P Y PPN Fre e T T
GRAVEL
31 ‘ 0 ’ 0 | 1.79 0.01 11 -0.01 ‘ 0 —0.01
32 0 0 1.57 .01 15 —.02 0 -—.02
CLAY LOAM
33 32.0 4.11 1.94 ~0.09 10 0.11 0.01 4.23
g# 21.0 2,70 1.95 —.24 10 .29 .02 3.01
B8 v e e
June 1944, rainfall 0
SAND AND GRAVEL
28 30.5 3.92 3.01 0.14 12 -0.20 —0.01 3.71
129 |...oinnnf.. S S e N P
130 [overiiiaatfon. PRI TN Y R o A P P
35 53.0 6,81 2.06 .20 10 —.24 —.02 6.565
36 30.0 3.86 2.06 .54 12 —.78 —.05 3.03
339 1.5 .19 3.98 —.01 15 .02 .21
GRAVEL
31 1 0 1.78 -0.01 11 0.01 0 l 0.01
32 0 0 1.58 —.04 15 .07 0 .07
CLAY LOAM
33 36.0 4.63 2.13 —0.11 10 0.13 0.01 4.77
34 27.0 3.47 2.00 .32 10 —.38 —.03 3.06
337 10.5 1.35 4.00 .18 5 —.11 -.02 1.22
338 9.5 1.22 4.08 .27 10 —.32 —.02 .88

See footnotes at end of table.
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TaBLe 27.—Use of waler in bare soil tanks at Glenbar experiment station, 1943-44

—Continued
Coeffi-
Rise cient Adjust- Correc- Water
Water Added Average | in water | of drain- ment tion _used
Tank water level ageand | for rise for re- in tank,
no. level during satura- | in water | charge less
Gallons Inches! (feet) month tion level well _rain
(feet) (percent) | (inches). (inches) (inches)
July 1944, rainfall 1.62 inches
AND AND GRAVEL
28 24.5 3.15 —0.02

31 1 0.13 1.67 0.24 11 —0.32 —0.02 —0.21
432 —-9.0 —1.16 1.69 —. 44 15 .79 .04 —.33
CLAY LOAM
33 27.5 3.53 1.92 —0.02 10 0.02 0 3.55
34 21.0 2.70 1.83 ~.23 10 .28 .02 3.00
37 11.0 1.41 3.86 .02 5 —-.01 0 .40
38 8.0 1.03 3.88 .14 10 —~.17 .—.,01 .85
August 1944, rainfall 1.19 inches
SAND AND GRAVEL
28 26.0 3.34 2.95 —0.02 12 0.03 0 3.37
529 11.0 1.41 3.56 —.04 12 .06 0 1.47
¢ 30 31.5 4.05 2.49 —.16 12 .23 .01 4.29
35 44.5 5.72 2.00 .41 10 —.49 —-.03 5.20
36 28.0 3.60 1.88 .02 12 —.03 0 3.57
39 1.0 .13 3.92 —.07 15 .13 .01 .27
GRAVEL
31 ’ 32.5 ‘ 4.18 1.00 ’ 1.11 ‘ 11 l —1.47 —0.09 2.62
SAND
32 . 58.0 \ 7.45 1.06 ] 0.48 . 15 ‘ —0.86 —0.04 6.55
CLAY LOAM
33 32.0 4.11 1.87 0.81 10 -0.97 -0.07 3.07
34 23.0 2.96 1.96 —.04 10 .05 0 3.01
37 12.5 1.61 3.95 .03 5 -—.02 0 1.59
38 7.5 .96 3.94 .05 10 —.06 0 .90
September 1944, rainfall 0.31 inch’
SAND AND GRAVEL
28 18.0 2.31 2,78 0.10 12 —-0.14 —0.01 2.16
29 25.5 3.28 3.48 —-.20 12 .29 .02 3.59
30 27.5 3.53 2.48 —.04 12 .06 0 3.59
35 24.0 3.08 1.84 —.50 10 .60 .04 3.72
36 19.5 2.51 1.93 —.07 12 .10 .01 2.62
39 4.5 .58 3.97 .04 15 -.07 0 .51
GRAVEL
31 ] 13.0 | 1.67 0.94 l —0.57 ‘ 11 ‘ 0.75 0.05 2.47
SAND
32 \ 33.0 ‘ 4.24 1.01 ‘ —0.25 ‘ 15 ’ 0.45 0.02 4.71
CLAY LOAM
33 17.5 2.25 1.93 -0.11 10 .13 0.01 2.39
34 16.5 2,12 1.94 .50 10 —.60 —.04 1.48
37 9.5 1.22 3.94 .01 5 —.01 0 1.21
38 6.5 .84 3.93 —.15 10 .18 .01 1.03

! Based on area of tank minus area of recharge well.

2 January and February combined. Rainfall, 0.82 inch.
3 Data are for June 16-30, inclusive.
¢ Data are for July 1-24, inclusive. Gravel removed and tank filled with sand July 25.
% Data are for August 25-31, inclusive.
& Data are for August 16-31, inclusive.
7 Data are for September 1-22 only; inundated by flood on September 25.
T Tanks were being used for specific yield experiments, so readings could not be taken.
Note.—Negative figures occur in last eolumn in some cases because some rainfall may have percolated

40 water table or because of small errors in coefficient of drainage and saturation.
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ADJUSTMENT FOR CHANGES IN WATER LEVEL

The change in water level, in feet, during a month was the algebraic
difference between the water level on the morning of the first day of the
month and the water level on the morning of the first day of the follow-
ing month. This difference was multiplied by the coefficient of drainage
and saturation of the materials in the tank and converted to inches. A
rise in water level meant that more water was added to the tank than
was transpired or evaporated, and hence when there was a rise in water
level the increase was subtracted from the total water added. A small
adjustment was needed to account for the change in water level in the
recharge well, for which no coefficient was needed. The algebraic sum,
in inches, of water added and the adjustment for changes in water
level in the tank and recharge well was the total water discharged from
the tank, less rainfall, during the month.

Results of many experiments with tanks have been published with
rainfall included as a part of the water use, and for that reason the
rainfall is given at the head of each set of monthly figures in tables
26 and 27. To obtain results including rainfall from tables 22 and 23,
the monthly rainfall should be added to the figures in the last column.

ADJUSTMENT FOR VOLUME DENSITY

The volume-density theory can be applied to individual tanks as
well as to the field, except that in dealing with the individual plants
and clumps of plants grown in tanks at the Glenbar experiment station
the crown area was used as the area of the plant. The area of a tank
in which a plant was growing was not a factor in determining the
volume density of the plant. The crown area was determined by
projecting points on the perimeter of the crown to the land surface and
measuring the area enclosed by a line connecting the projected points.

The density of frondage on a plant, expressed as percent of crown
area, was used as the areal density of the plant. The density of frond-
age was estimated for each individual plant by two men independently,
and the average of the estimates was used. The estimates were based
on areal densities of similar plants growing in the bottom land, the
plants in the tanks being rated in terms of the bottom-land plants of
known areal density. As the saltcedar and baccharis plants in the tanks
were not entirely shaded by surrounding vegetation, sunlight pene-
trated practically all parts of the plants sometime during the day, and
as a result fronds grew more luxuriantly on the plants in the tanks
than on the plants in the field. Thus, it was possible to have an areal
density of more than 100 percent for the plants in the tanks without
having areal densities of more than 100 percent in the field. For the
same reason, the vertical density exceeded 100 percent if the depth
of frondage of plants in the tanks exceeded the optimum depth of frond-
age of plants in the field.
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Estimates of areal density in the tanks were made in the fall of
1943, but, as the volume-density theory had not yet been fully evolved,
the estimates were incomplete and could not be used in the computa-
tions. Determinations of volume density were made twice in 1944, and
the means of the two sets of determinations were assumed to represent
average conditions of growth density during the period October 1, 1943,
to September 22, 1944.

The volume density was computed as the product of areal density
multiplied by vertical density. The volume density of the vegetation
in each of the tanks was calculated as in the following hypothetical

example.
Base data:
Tank No. X, Saltcedar:
Areaof tank... ... ... . . L 78.45 sq. ft.
Crown area of vegetationin tank....................... 83.42 sq. ft.
Areal density of vegetationin tank................ .. .. ... 90 percent
Average depth of frondage. . .......... ... .. ... ... 14.0 ft.
Water used during month, less rain. ....... 10.23 in./unit area of tank

Calculations for vertical density:

Ratio of average depth of frondage 14 ft 100
to optimum depth of frondage in field ﬁ X

107 .7 percent,

Calculations for volume density:
Areal density Xvertical density =90 percent X 107.7 percent
=96.9 percent

The monthly amount of water used in each tank, not including rainfall,
was calculated in terms of inches per unit area of 100-percent volume
density. The calculations follow.

Crown area adjusted to area of 100-percent volume density:

Crown area X volume density =83.42 sq. ft. X96.9 percent
=80.83 sq. ft.

Ratio, tank area to area of 100-percent volume density:
78.45 sq. ft.
80.83 sq. Tt. ~0-971
Water used during month, less rain, in terms of 100-percent volume
density: .

Water used, less rain, in./unit area of tank X ratio of tank area. to area of 100~
percent volume density = (10.23 in./unit area of tank) X0.971
=9.93 in./unit area of 100-percent volume density

Table 28 contains figures showing the crown area, the densities, and
the ratio of tank area to the area of 100-percent volume density for each
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tank. The figures obtained for water used in the tanks, by months, were
multiplied by the ratio of tank area to area of 100-percent volume den-
sity to obtain figures for water used at 100-percent volume density.
The results are given in the last column of table 26.

APPLICATION TO FIELD

The amount of water used, not including rainfall, during the period
October 1, 1943, to September 22, 1944, was totaled for each tank of
saltcedar and of baccharis. The average depth to water in each tank was
calculated for the same period. Using these data, two curves were then
drawn (see fig. 39) to show the relation between rate of use and depth
to water for the period—one curve for the nine saltcedar tanks and
one for the six baccharis tanks.
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WATER USED BY PLANTS,IN INCHES

Firaure 39.—Relation between depth to water and water used by plants in tanks, October 1, 1943, to
September 22, 1944,

Use of water in the field for the period October 1, 1943, to September
22, 1944, was determined for each of the four reaches. Table 29 gives
the results in acre-feet. The average depth to ground water in a reach
(see table 29) was applied to figure 39, and the corresponding annual
rates of transpiration by saltcedar and baccharis were read from the
corresponding curves. These rates were multiplied by the respective
areas of saltcedar and baccharis at 100-percent volume density to
obtain the total acre-feet of ground water used by those phreatophytes
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in the reach. All the steps used in computing use of water by saltcedar
and baccharis, except the correction for depth to ground water, were
applied in determining use of water by cottonwoods. Data were not
available for determining the effect of depth to water on rate of water
use by cottonwoods. A correction for depth to ground water in the areas
occupied by cottonwoods would lower the indicated totals in table 29
by a small amount.

The use of water by mesquite, given in table 29, was determined by
the transpiration-well method, as no mesquite plants were grown in
tanks. The plants included as “brush” in table 29 are not all phreato-
phytes, and no studies were made during the investigation to determine
the use of ground water by the group. It is believed from field obser-
vations that the draft on ground water by miscellaneous brush does not
exceed 1 foot per year, and that figure has been adopted for this report.

TaBLE 29.—Use of water by botiom-land vegetation, based on experiments with tanks,
October 1, 1943, to September 22, 1944

Saltcedar Baccharis Cottonwood and willow
Area | Aver- Area | Aver- Area | Aver-
Reach of 100- | age &. of 100- | age Use of 100- | age Use
percent | depth percent | depth percent | depth
volume | to |Feet| Acre-| volume | to |Feet|Acre-| volume | to | Feet Acre-
density | water feet | density | water feet | density | water feet
(acres) | (feet) (acres) | (feet) (acres) | (feet)
Thatcher to
Glenbar. . 940 | 6.53 (7.49 | 7,041 128 | 5.87 14.57 585, 131 [ 17.0 7.64 |1,001
Glenbar to
Fort
- Thomas. . 908 | 6.91 |7.33 | 6,656 65 | 6.31 (4.40 286 16 | 17.0 [7.64 122
Fort
Thomas
to Black
Point. ... 469 | 6.75 |7.39 | 3,466 78 | 5.83 [4.58 357 60 | 17.0 |7.64 458
Black Point
to Calva.. 469 | 7.70 |7.06 | 3,311 198 | 16.0 [4.51 893 73 | 17.0 [7.64 558
Thatcher
to
Calva.| 2,786 |......[..... 20,474 469 ..., .. {..... 2,121 280 {...... . ... 2,139
Mesquite Brush Total
Area Aver- Area Aver- Not Includ-
of 100- age Use of 100- age Use includ- ing
Reach percent | depth percent | depth ing precip-
volume to volume to precip- | itation
density | water | Feet | Acre-| density | water | Feet | Acre-| itation (acre-
(acres) | (feet) feet | (acres) | (feet) feet | (acre- feet)
feet)
Thatcher to
Glenbar........ 27 [ 210.0 [22.71 73 98 | 15.0 |11.0] 98 8,800 | 9,990
Glenbar to Fort
Thomas........ 25 (210.0 [22.71 68 64 15,0 (11.0 64 7,200 8,160
Fort Thomas to
Black Point..... 161 | 210.0 |22.71 436 189 15,0 |11.0 | 189 4,910 5,930
Black Point to
Calva.......... 255 | 210.0 {22.71 691 366 15.0 [ 11.0 | 366 5,820 8,040
Thatcher to .
Calva...... 468 |...... . ...... 1,268 8 A P 717 | 26,730 | 32,120

t Estimated. X
2 Based on transpiration wells,
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On the basis of field observations, it was assumed that all the rainfall
in the bottom land was returned to the atmosphere in one of the follow-
ing ways: By evaporation, by entering the topsoil and being transpired
from there by phreatophytes and other plants, or possibly by entering
the zone of saturation and being transpired from there by phreato-
phytes. Therefore, the rainfall on the gross area of phreatophytes and
barren land in each reach was added to the use of ground water by
phreatophytes in the reach to obtain the total use of water. Evapora-
tion from wet sand bars along the river and from the surface of the
river was not included in the computations; hence precipitation on
these areas was not included.

In order to place the results by the tank method on a comparable
basis with results by the other methods, the amount of ground water
used during the period September 23-30, 1944, was estimated. The
estimate of use during this 8-day period was based on the mean of the
use during the periods September 1-22, 1944, and October 1-22, 1943.
No records were available for October 1944. The adjustment added
was 3.1 percent of the use during the 358 days. The following table
gives draft on ground water and total use of water, including rainfall,
by the tank method for the 366-day period ending September 30, 1944.

TaBLE 30.—Annual use of water by botiom-land vegetation in 1943-44, in acre-feet,
based on tank experiments

Draft on Total use

Reach ground water of water
Thatcher-Glenbar....................... 9,070 10,260
Glenbar-Fort Thomas. .................. 7,420 8,380
Fort Thomas-Black Point................ 5,060 6,080
Black Point-Calva...................... 6,000 8,220
Thatcher-Calva................... 27,550 32,940

TRANSPIRATION-WELL METHOD

It has been demonstrated by White 4® that diurnal fluctuations of
the water table can be caused by vegetation that draws its water sup-
ply from shallow ground water. White obtained continuous records of
water-level fluctuations in shallow wells located in areas of phreato-
phytes. After an analysis of the daily graphs, he developed a method
for measuring the draft on ground water by the plants. The method de-
veloped by White was modified and applied in the present investigation
as one of the methods for determining the use of water by phreatophytes
in the bottom land. The method as applied involves first, obtaining
continuous records of the daily water-table fluctuations from shallow

49 White, W, N., A method of estimating ground-water supplies based on discharge by plants and

evaporation from soil—results of investigations in Escalante Valley, Utah: U, S. Geol. Survey Water-
Supply Paper 659-4, 105 pp., 1932.
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wells in areas of phreatophytes, and second, determining the co-
efficient of drainage of the material in which the daily fluctuations of
the water table occur. The results are then adjusted for volume den-
sity of growth at the individual wells and applied to the field.

The location and installation of the wells bored to determine water-
level fluctuations caused by transpiration have been described in part 2
of this report. The method of determination of the coefficient of drain-
age has also been described. The discussion that follows presents
analyses of the theory of the method, the factors that may have
affected the accuracy of the method, and the computations of results.

THEORY

The theory of the occurrence of diurnal fluctuations has been de-
scribed by White: %

During the day the capillary fringe is depleted by the plants, and the movement of
ground water by capillary action to meet the depletion is more rapid than recharge
by hydrostatic or artesian pressure. Therefore the water table declines and the head
increases. During the night transpiration and evaporation losses are small, the water
table moves upward, and the pressure head declines.

From about 6 to 10 in the evening and again from about 6 to 10 in the morning
recharge approximately balances discharge, and for a few hours the water table is
nearly at a standstill. This state of equilibrium would be reached earlier both in the
evening and in the morning if it were not for a lag in some of the operations. At or
soon after sunset the rate of transpiration and evaporation declines to a small fraction
of the rate that prevails during the day, but for a time the plants continue to draw
some water to fill their circulatory systems, which have become somewhat depleted.
(Nearly all plants become slightly wilted during the day, particularly on hot days,
and tend to have a drooping appearance at night, quite in contrast with their fresh,
turgid appearance in the morning.) Moreover, during the day the recharge of the
capillary fringe from the zone of saturation lags somewhat behind the discharge by
plant action. By midnight, or slightly before, the veins of the plants have become filled
with water. Meanwhile capillary equilibrium has been nearly established in the capil-
lary fringe, and during the hours from midnight to morning there is little movement of
water to the fringe from the zone of saturation.

Between midnight and 4 a. m. the water table is approximately at a mean elevation
for the 24-hour period, and therefore the head is also_approximately at a mean, pro-
vided there is no net gain or loss in water-table elevation during the 24-hour period.
If the water table has a net fall during the 24 hours, the head in the early morning
hours mentioned is slightly above the noon to noon mean; and if it has a net rise, the
head is slightly below the mean but the difference is generally not great. The velocity
of water moving through a rock or soil varies approximately as the hydraulic gradient.
Therefore if the slight losses by transpiration and evaporation between midnight and
4 a. m. are neglected, as well as the slight difference between the hydraulic head at
this time and the true mean for the day, the hourly rate of recharge from midnight
to 4 a. m. may be accepted as the average rate for the 24-hour period. The total
quantity of ground water withdrawn by transpiration and evaporation during the
24-hour period can then be determined by the formula ¢=y(24r %s), in which ¢ is the

5% White, W. N., op. g¢it., pp. 60-61.
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depth of water withdrawn in inches, y is the specific yield of the soil in which the daily
fluctuation of the water table takes place, r is the hourly rate of rise of the water table
from midnight to 4 a. m. in inches, and s is the net fall or rise of the water table during
the 24-hour period in inches. In field experiments the quantities on the right-hand
side of the formula except the specific yield can be readily determined from the auto-
matic records of water-table fluctuation.

Figure 40 illustrates the theoretical position of the water table
in the bottom land at the times of daily maximum recovery and of daily
maximum drawdown. In figure 40, A, the total water recharged in a
24-hour period is equal to the total water discharged. At the position
representing daily maximum recovery the water table slopes uniformly
toward the river, and ground water enters the stream at the maximum
rate. Soon after transpiration begins water is withdrawn from the
aquifer faster than it can be replenished. Therefore, the water table
declines and water enters the stream at a lower rate, but the hydraulic
gradient into the area becomes steeper. At the time of daily maximum
drawdown the water table has been depressed and has a concave shape.
The rate at which water enters the area has increased, but most of the
water is being withdrawn by phreatophytes before it reaches the river.
A well in the bottom land would exhibit daily fluctuations of the water
table as shown in the insert graph, figure 40, A.

The conditions that exist when the movement of ground water into
the area is not sufficient to return the water table to its original posi-
tion each day are shown in figure 40, B. The daily graph of water-
level fluctuations resembles the graph of A except that each succeed-
ing daily peak is lower than that of the previous day. Figure 40, C,
shows the conditions that exist where there is no recharge at all and
shows the daily graph of water-level fluctuations that would be obtained.
Graphs similar to C have been obtained in tanks at the Glenbar experi-
ment station.

FACTORS THAT AFFECT COMPUTED USE OF WATER

The computed results may be affected by variations in natural
phenomena. Variations that act directly on the plants (relative humidi-
ty, for example) will cause fluctuations in the rate of transpiration
but will cause no error in the computed results. Variations in factors
that act on the water table through the capillary fringe (barometric
pressure, for example) will cause errors in the computed use of water.

) TEMPERATURE

The effect of temperature upon transpiration rates and on the
position of the water table has been discussed in the description of
the tank method. The cold front of April 9, 1944, was reflected by a
decline in water level in some of the transpiration wells (see fig. 33),
although to a lesser degree than in the tanks. Figure 41 shows the
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daily cycle of fluctuations in air temperature compared with fluctua-
tions of the water table in a typical well. The graphs of temperature
and position of the water table indicate that the two are rather closely

related.
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Figure 41.—Relation of fluctuation of the water table due to transpiration by saltcedar to fluctuation
of relative humidity and temperature.

RELATIVE HUMIDITY

Figure 41 also shows the relation between fluctuations of relative
humidity and fluctuations of the ground-water level caused by trans-
piration. The time of greatest relative humidity is approximately
the time of least transpiration, and the time of least relative humidity
is approximately the time of greatest transpiration. No experiments
were made to determine quantitatively the effect of changes in relative
humidity on rate of water use apart from that of temperature.

PRECIPITATION

The graphs of water-level fluctuations, on which the transpiration-
well method is based, indicate the rate of withdrawal of ground water
from storage without regard to precipitation. In a rainy period the
plants utilize the increased soil moisture available and withdraw less
ground water than during a dry period. Therefore, the hydrograph
from a well for a day when the soil moisture is plentiful will show a
low use of water. In making the computations, therefore, it was as-
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sumed that the figure for use of ground water for any given period did
not include the amount of precipitation on the area involved during
the period. A possible error in making this assumption lies in the fact
that some of the precipitation during periods of long, slow rains may
possibly percolate to the water table. However, the amount that may
have reached the water table during the investigation was undoubtedly
extremely small, as there were few periods during the growing season
when storms lasted more than 5 hours. Observations made on the tanks
at the Glenbar experiment station indicated that even after heavy
rains the amount of penetration of rain water was small. In the rain-
fall-penetration experiment previously described under the heading
“Tank method,” a rain of 0.66 inch caused an average penetration to a
depth of 4.6 inches.

BAROMETRIC PRESSURE

Generally speaking, the effect of changes in barometric pressure on
the position of the water table was not noticeable in the transpiration
wells during the growing season. The results from those wells that were
affected by changes in barometric pressure were not used in the final
computations.

QUALITY OF WATER

During the investigation it was found that some species of plants
tend to use more water when the water available is low in dissolved
solids than when the water is highly mineralized (see fig. 24). Some of
the transpiration wells were located in areas where ground water
was highly mineralized, and others were located where the ground water
was low in dissolved solids. Averaging the results in computing water
use tended to eliminate the errors introduced by variations in quality
of water at individual wells.

DEPTH TO WATER

Table 31 shows the depth to water at each of the wells used in the
computations. The mean depth to water in all the wells in saltcedar
was 6.4 feet; in the wells in baccharis, 6.1 feet; in the wells in cotton-
wood, 7.8 feet; and in the well in mesquite, 10.0 feet. These figures are
based on the range of fluctuation at the wells and are not weighted
according to the length of time the water table was at a given depth.
The mean depth to the water table in the bottom land, by species of
phreatophyte, is given in table 29. For saltcedar, baccharis, and mes-
quite the depth to water at the transpiration wells was nearly the same
as the average in the field; for cottonwood the water table at the wells
was an average of 0.8 foot deeper than in the field. Therefore, the com-
puted use of water by saltcedar, baccharis, and mesquite need not be
adjusted for depth to the water table. The computed use of water by
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cottonwood is slightly lower than the actual field use, but no correction
was attempted.
COEFFICIENT OF DRAINAGE

The coeflicient, of drainage was determined in the laboratory for each
of the samples of water-bearing material collected from the transpira-
tion wells within the zone of fluctuation of the water table. The mean
of the determinations for any one well was used as the coefficient of
drainage for that well.

DETERMINATION OF VOLUME DENSITY AT TRANSPIRATION WELLS

An effort was made to install the wells where the vegetation was of
100-percent volume density. However, not all the sites selected were
in areas of extremely dense growth because other factors sometimes
controlled the selection of sites. In determining the actual field density
of the vegetation surrounding each well a circle having a radius of 50
feet with its center at the well was arbitrarily taken as representing the
growth conditions that would affect the fluctuations of the water table
in the well. The areal density and vertical density in the circle were'
determined, and from these figures the volume density for the well was
computed. The depth of frondage on the plants surrounding transpira-
tion wells T-41 and T-42 exceeded 5.5 feet, the average maximum depth
of frondage for baccharis, and therefore the figures for vertical density
used for these wells exceeded 100 percent.

TRANSPIRATION AT NIGHT

Most of the information contained herein is based on work by Robin-
son,’ who makes the following statement:

That the formula developed by White could not be applied with confidence when deal-
ing with saltcedar was first suspected by S. F. Turner during his investigation of the
water resources of the Safford and Duncan-Virden Valleys, Arizona and New Mexico,
in 1940 and 1941. He was not entirely satisfied with the results obtained by the appli-
cation of the formula developed by White, because the draft on ground water by salt-
cedar, when compared with the results obtained by other methods always seemed too
low. During the course of the investigation in the lower Safford Valley in 1943 and
1944, the writer noticed that the shape of the diurnal fluctuation curves, obtained by
water-stage recorders on wells located in saltcedar thickets, did not follow the usual
shape and differed in detail from those obtained by White in Escalante Valley. This
difference lay in the decreased rate of rise or flattening of the curves from about 10
p. m. to about 4 a. m.

The basic assumption of the White formula is that the hourly rate
of rise of the water table, r, from midnight to 4 a. m. may be accepted
as the average rate of recharge for 24 hours, provided specifically
that there are no losses by evaporation or transpiration during the
period from midnight to 4 a. m. and provided further that the hy-
draulicjhead during the period is at the mean for the day. If transpira-

51 Robinson, T. W., personal communication.
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tion is causing withdrawal of water during the period from midnight
to 4 a. m., the indicated rate of rise, r, will be less than the true rate of
rise. The difference between the indicated rate of rise, r, and the true
rate of rise will be the mean rate of transpiration during the period
from midnight to 4 a. m. If the factor of night transpiration is not
considered, the quantity (24r +s) in White’s formula will therefore be
low by 24 times the hourly rate of night transpiration.

As it was impossible to determine quantitatively from a field curve
the effect of transpiration at night, experiments were made at the
Glenbar experiment station by Robinson. Tanks containing saltcedar,
baccharis, and cottonwood, in which recharge could be controlled and
measured volumetrically, were used. Water-stage recorders were
installed on each of the tanks selected for testing, and the floats in
the recharge wells were adjusted for several days prior to the tests to
insure that accurate graphs of the water level would be obtained.
Sufficient water was then added to each of these tanks to supply the
needs of the plants for 48 hours or more. At the end of 24 hours the
residual head in the recharge well was considered sufficiently reduced
to proceed with measurements, so that for the ensuing 24 hours the
water level in the recharge well would approximate the water level in
the tank. The rate of lowering of the water level in the tank is a func-
tion of the rate of transpiration.

The tests showed that the water level in tanks containing saltcedar
and baccharis continued to decline throughout the night, but at
a lesser rate than during the day. This decline indicated that there was
transpiration all night, including the period from midnight to 4 a. m.
In the tank containing cottonwood there was essentially no change in
water level from midnight to 4 a. m., indicating little, if any, transpira-
tion during this period and also indicating that the continued decline
in water level in the tanks containing saltcedar and baccharis probably
was not a function of soil-moisture depletion.

Figure 42 contains typical curves, obtained during the experiments,
showing water-level fluctuations in tanks of saltcedar, baccharis, and
cottonwood. The curves show that the rate of decline of the water table
at night is different for each of the three species, being greatest for salt-
cedar and essentially zero for cottonwood. The water level in the tank
of saltcedar is analogous to the water level in a transpiration well.
If it were assumed that the rate of night transpiration was zero, in-
spection of the curve alone would indicate that the water level was
declining at a constant rate (rate from midnight to 4 a. .m) of 0.00525
foot per hour. Applying the White formula to the curve, 24r is equal to
—0.126 foot, and s is equal to a net fall of 0.50 foot, so that the paren-
thetical term (24r+s) becomes —0.126 +0.50 = 0.374 foot, which is
the indicated total daily use resulting from such an application of

837968—50—11
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the formula. However, it is known that the true total daily use as shown
by the curve is 0.50 foot and that the true daytime use is the sum of
the decline in water level between noon and 5 p.m. the first day and
the decline in water level between 7 a. m. and noon the second day,
or 0.425 foot. Thus, the assumption that the rate of night transpiration
for saltcedar is zero leads to a result, as computed by the White for-
mula, that is erroneous and, where the recharge is zero as in the present
case, one that is even lower than the true daytime use.

Tank 15 Tank 27 Tank |3
Saltcedartotal decline Baccharis, total decline of Cottonwood, total decline of
of water table in 24 water tablein 24 hours water tablein 24 hours
heurs 0 50 foot 0 139 foot 0 235 foot
540 750 840
Rate of night
transpiration
550 conftnued for 850 No night

transpiration |
detected

760 24 hours,
0012 foot
______ 4 _X
8.60

Water level,in feet,below surface of tank

Water level,in feet, below surface of tank

x
c
2
© Rate of night
S 560 transpirahion 770
2 continued for
2 24 hours,
. ___ 10126 foot
o
2570 \ 7.80 870
< Noon Noon ‘
2o Sept 21 Sapt 22
£
3
2580 8.80
o Noon Noon
o Sept. 21 Sept 22
o
=
§.90
6.00
Noon Noon
Sept. 13 Sept. 14

Ficore 42.—Typical water-level fluctuations in tanks at Glenbar experiment station, showing effect of
night transpiration upon position of the water table.

Figure 43 further illustrates the effect of night transpiration by salt-
cedar on fluctuations of the water table. Figure 43, A, is based on the
graph obtained from tank 15 on September 13-14, 1944, (See fig. 42.)
An assumed rate of recharge was plotted, equal to the total decline of
the water table during 24 hours. The recharge curve was added graphic-
ally to the curve obtained from the tank, producing a “field curve”
similar in general form to curves obtained from transpiration wells.
Next, the graph obtained from tank 15 on September 13-14, 1944,
was redrawn (fig. 43, B) to show all of the decline of the water table
occurring during daylight hours. The total decline of the water table
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was the same as that shown in the original graph, but the effect of
transpiration at night was thus eliminated. An assumed rate of re-
charge was plotted, equal to the total decline, and added graphically
to the adjusted tank curve. This produced a field curve similar in
shape but greater in amplitude than the field curve from the original
data. ’

Rate of rise with transpiration
at night, 0.374 foot per dg:

Field s F;ield curve Rate of rise without
ield curve um of tank curve and (e ;
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F1eure 43.—Effect of transpiration at night upon rate of fluctuation of the water table. 4, Graph from
tank 15, with recharge assumed equal to total water used; B, Graph from tank 15 adjusted so that all
water use occurs during daytime, with recharge assumed equal to total water used; and C, Resultant
curves of 4 and B superposed.
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The two field curves were superposed (fig. 43, C), and the hourly rate
of rise of each curve between midnight and 4 a. m. was measured.
Applying the White formula to the field curve based on the occurrence
of transpiration at night (from fig. 43, A), 24r equals 0.374 foot, and
s equals zero, so that

24r +5=0.374 foot
Applying the formula to the field curve based on no transpiration at
night (from fig. 43, B) 24r equals 0.50 foot, and s equals zero, so that
24r +5=0.50 foot
According to the base curve from which figure 43 was derived, the total
transpiration in 24 hours was known to be 0.50 foot. Although the two
field curves were similar in general form, the curve that contained ele-
ments of transpiration at night gave results that were 0.126 foot too
low when the use of water was computed by the White formula.

There appears to be no sure method of analyzing quantitatively
a field curve obtained from a transpiration well that will indicate the
effect of transpiration at night. Therefore, correction factors were
derived on the basis of the tank experiments, where the effect of trans-
piration at night could be analyzed. The correction factor for the
example cited is the ratio of true use to indicated use, or 0.50 foot
divided by 0.374 foot, which equals 1.34. The mean correction factor
for saltcedar, based on 12 determinations, was 1.25; the mean correc-
tion factor for baccharis, based on 4 determinations, was 1.07; and the
mean correction factor for cottonwood, based on 4 determinations,
was 1.00 (no discernible transpiration at night). The relative magnitude
of the 3 correction factors was also indicated by at least 25 additional
graphs of daily fluctuations in tanks. No data were available on mes-
quite, as no mesquite plants were grown in the tanks, and the correc-
tion factor for this species was assumed to be 1.00.

POSSIBLE ERRORS

Number of determinations.—The experiments for determination of
the effect of transpiration at night were of necessity terminated by
the flood of September 25, 1944, which inundated the Glenbar experi-
ment station. Many more determinations are needed, in different locali-
ties, with different types of plants, and at different times of the year,
before better results can be accumulated. The studies at the Glenbar
experiment station indicated that there is transpiration at night, the
probable magnitude of the correction factors, and, more praticularly,
the relative magnitude of the factors for the three species of plants
studied.

Effect of residual head.—If, during the tests on a given tank, the
water level in the recharge well were higher than the water level in
the soil-filled part of the tank, the results would be in error. Water
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that has been poured into the recharge well enters the gravel layer at
the bottom of the tank through the perforations in the well. The water
percolates upward uniformly over the area of the tank, raising the
water level in the tank. However, water enters the soil from the gravel
layer more slowly than water can be poured into the top of the recharge
well. Therefore, when adding water to a tank the water level in the
recharge well rises temporarily above the water level in the soil-filled
part of the tank, sometimes as much as several feet. This difference in
the position of the water level is called residual head, and sometimes
a period of several hours was required before this head was dissipated.
As an extreme case, if the residual head in the recharge well of tank 15
had been declining at the rate of 0.00525 foot an hour the night of
September 13-14 the decline in head would have been sufficient to
account for the observed decline in water level. Under these circum-
stances the assumption that transpiration occurred at night would have
been erroneous. However, the materials in all the tanks were similar in
composition, permeability, coefficient of drainage, and degree of
compaction. Hence, if the observed decline of the water level in the
tank containing saltcedar had been caused solely by a decline in residual
head in the recharge well the effect should have occurred in about the
same amount in the tanks containing baccharis and cottonwood.
As the decline in water level in the recharge wells was practically the
same in those tanks containing plants of a given species, but different
in the tanks containing plants of other species, it was concluded that
the possible error caused by residual head in the recharge well was
small with respect to the amount of transpiration at night.

TRANSPIRATION FACTOR

In applying the transpiration-well method in computing the amount
of water used by bottom-land vegetation, a transpiration factor was
determined for each well. This factor is the product of the coefficient
of drainage and the factor for night transpiration, divided by the
volume density of the vegetation in the vicinity of the well. The water
used was computed by multiplying the transpiration factor by the indi-
cated use, in inches, obtained from the graphs of water-table fluctua-
tions. Thus the transpiration factor corresponds to the specific yield
y in the White equation (see p. 140) combined with factors to ad-
just for night transpiration and to 100-percent volume density.

COMPUTATION OF RESULTS

The first step in the computations was to determine the indicated
daily use of water (24r +s) for each transpiration well. It was not
possible to obtain an unbroken record of water-table fluctuations for
any of the transpiration wells for a full growing season. The records



152

TABLE 32.—Monthly use of ground water, in inches, by botiom-land vegetation at iranspiration wells, 1943 and 1944

ted use 1s indicated use multiplied by transpiration factor)
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were interrupted for short periods by mechanical failure of the recorders
or were made worthless by floods in the Gila River or by a large rise
of the water table as the result of irrigation. The daily use was com-
puted for all wells, and after comparative studies the poor and in-
complete records were discarded. Most of the remaining records were
complete for a month or longer, although where only a day or two of
record in & month was missing the record was completed by interpola-
tion. Table 32 gives the indicated use and adjusted use for each month,
by wells. The indicated monthly use of ground water is the monthly
sum of the daily figures of use computed from the term (24r+ts) of
White’s formula. The adjusted use is the product of the indicated use,
and the transpiration factor, which gives the use of water, in inches
by bottom-land vegetation at 100-percent volume density.

The mean monthly use of water by each species was computed from
data collected in 1943 and 1944. (See table 33.) Because few of the
computed records from any well were continuous for a period of a year,
the available results were combined to give the use of ground water for
a 12-month period beginning October 1 and ending September 30. The
monthly use by saltcedar in July, for instance, was obtained by com-
puting the mean of all determinations for saltcedar in both July 1943
and July 1944. For the months prior to July the 1944 records were used.
The sum of the 12 monthly figures for each species was considered to
be the amount of ground water used by that type of plant in a year.
This sum was multiplied by the area of 100-percent volume density
in each reach of the bottom-land to obtain the annual use of ground
water.

TaBLE 33.—Mean monthly use of ground water by bottom-land vegetation, in inches, based
on an average of records from transpiration wells for the 1943 and 1944 seasons

Jan. Feb. Mar. Apr. May June July
Salteedar..................... .. 0 0 0 1.2 11.0 17.0 14.8
Baccharis,.............. .00l 0 0 .1 1.6 7.9 10.8 9.7
Cottonwood..................... 0 0 0 2.5 8.9 9.2 7.2
Mesquite........... ..ot 0 0 0 0 3.0 7.9 8.8
Aug. Sept. Oct. Nov. Dec. Total
Salteedar.. ... 13.5 11.6 3.1 0.2 0 72.4
Baccharis.............coi i 7.0 5.5 1.3 .1 0 44.0
Cottonwood . .. ...... ..t iian 6.5 3.7 1.1 4 0 39.5
Mesquite......oooviiii i nnnn. 7.6 4.2 1.0 0 0 32.5

Table 34 lists for each species, by reaches, the acreage of growth at
100-percent volume density, the annual draft on ground water in feet,
and the annual use of ground water in acre-feet. The same figures are
given for use of water by brush as were given in table 29 because no
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transpiration wells were operated in thickets of brush. Precipitation
in acre-feet for the gross area of phreatophytes and barren land in
each reach was obtained from table 10. The precipitation in a reach was
added to the draft on ground water in the reach to obtain the total
use of water. Rainfall on and evaporation from the surface of the
river and wet sand bars along the river were not included.

TaBLE 34.—Annual use of water by bottom-land vegetation, based on an average of records
from transpiration wells for the 1943 and 1944 seasons

Salteedar Baccharis Cottonwood
Area Draft on Area Draft on Area Draft on
Reach of ground [ ground of ground
100- water 100- water 100- water
percent | percent percent
volume volume volume
densit; Feet | Acre- | densit Feet | Acre- | density | Feet | Acre-
(acres feet (acres feet (acres) feet
Thatcher to Glenbar...... 940 | 6.03 5,668 128 | 3.67 470 131 | 3.29 431
Glenbar to Fort Thomas. . 908 | 6.03 | 5,475 65 | 3.67 | 238 16 | 3.29 53
Fort Thomas to
Black Point............ 469 | 6.03 2,828 78 | 3.67 286 60 | 3.29 197
Black Point to Calva..... 469 | 6.03 2,828 198 | 3.67 727 73 | 3.29 240
Thatcher to Calva..| 2,786 |...... 16,799 469 |...... 1,721 280 |...... 921
Mesquite Brush Total
Area Draft on Area Draft on Not in-
of ground of ground cluding | Including
Reach 100- water 100~ water precipi- precipi-
percent percent tation tation
volume volume (acre- (acre-
density | Feet | Acre- | density | Feet | Acre- feet) feet)
(acres) feet | (acres) feet
Thatcher to Glenbar........ 27 | 2.71 73 98 | 11.0 98 6,740 7,930
Glenbar to Fort Thomas. . .. 25| 2.71 68 64 | 11.0 64 5,900 6,860
Fort Thomas to Black Point. 161 | 2.71 | 436 189 | 11,0 | 189 3,940 4,960
Black Point to Calva ..... . 255 | 2,71 691 366 | 11.0 366 4,850 7,070
Thatcher to Calva.. .. 468 |...... 1,268 717 |...... 717 21,430 26,820

1 Estimated.

SEEPAGE-RUN METHOD

THEORY

For any seepage run in any reach a figure of gain or loss in the
river can be computed on the basis of discharge measurements at
the beginning and end of the reach. The water passing through a
reach is depleted by evaporation from the surface of the river and
wet sand bars in the reach. Therefore, the figure of gain or loss is
too small by the amount of this evaporation. A figure of actual in-
flow to or outflow from the river in the reach can be computed by add-
ing algebraically the gain or loss and the evaporation in the reach. If
precipitation had occurred during a seepage run an adjustment for
precipitation could be made in a similar manner.
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The actual inflow of ground water to the river is equal to the net
underground inflow moving toward the river across the outer edges
of the bottom land, if adjustment is made for three factors: The rate
of change in ground-water storage beneath the bottom land, the rate
of withdrawal of ground water in the phreatophyte-covered part
of the bottom land, and the rate of percolation to the water table from
surface water within the bottom-land area. The last factor was con-
sidered negligible for the period of the investigation.

The adjustment for changes in ground-water storage can be computed
from the records for observation wells. The effect of changes in ground-
water storage is such that, when the storage is increasing, the inflow
to the river is less than the net underground inflow to the bottom land
by the rate of change of the contents of the ground-water reservoir
in the bottom land. Thus for each seepage run a figure of inflow to the
river, adjusted for rate of change in ground-water storage in the
bottom land can be computed.

In winter, when the draft on ground water is zero or nearly so, the
figure of inflow to the river, adjusted for changes in ground-water
storage in the bottom land, is equal to the net underground inflow
at the outer edges of the bottom land. As the rate of net underground
inflow to the bottom land during the year has been considered to be
practically constant, the mean of the adjusted results from the seepage
runs made in the winter gives a figure of net underground inflow
that is considered to represent the inflow throughout the year.

In a given reach the actual inflow to the river after adjustment for
rate of change in ground-water storage is less during the growing
season than the net underground inflow across the outer edges of the
bottom land, and the difference is the amount of ground water used
in the phreatophyte-covered part of the bottom land. Therefore
this difference, for each seepage run made during the growing season,
represents draft on ground water in the reach. These computations thus
provide a measure of the draft on ground water in a reach for the days
of the seepage runs. Also, the figures are fairly representative of the
use of ground water during a period of a week or two before and after
each seepage run. The mean use of ground water computed from two
successive seepage runs can be congidered to apply to the period between
those runs. On this basis, use of ground water for the entire year can
be computed. )

COMPUTATION OF INFLOW TO RIVER ADJUSTED FOR RATE OF
CHANGE IN GROUND-WATER STORAGE

Tables 35-38 show the figures needed for the computations for each
of the seepage runs for the four reaches. The figures of adjusted gain
are a summation of the appropriate figures of gain or loss from table
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22, and the rate of evaporation was computed from table 11. The
algebraic sum of the adjusted gain and the rate of evaporation is the
net underground inflow to the river.

TABLE 35.—Adjustment of seepage runs, in_second-feet, to obtain net underground inflow
to bottom land minus use by phreatophytes, Thaicher-Glenbar reach, 1943-44

Adjustment for evaporation
from river surface and wet sand bars

Adjustment for changes in
ground-water storage

Date of
seepage Rate of evapo- Net Rate of change | Inflow to river,
run Adjusted ration from underground | in contents of adjusted for
gain in river surface inflow to ground-water | rate of change
reach and sand bars river reservoir in ground-

water storage!

1943
June24........... 2.7 0.9 3.6 -3.4 0.2
Sept. 16, 17........ 7.9 .9 8.8 —4.4 4.4
Nov.4............ 13.9 .6 14.5 +5.3 19.8
Nov.25........... 19.9 .5 20.4 +1.5 21.9
Dec.13........... 23.0 .3 23.3 +3.2 26.5

944
Jan. 13............ 22.2 .5 22.7 +1.1 23.8
Feb. 14........... 35.8 .6 36.4 0 36.4
Mar, 15........... 24.6 .6 25.2 -~.8 24 .4
Apr. 12............ 17.2 .8 18.0 -3.0 15.0
May3............ 18.3 1.2 19.5 —4.2 15.3
May24........... 9.9 .9 10.8 —-5.1 5.7
June21........... 4.4 1.0 5.4 -3.8 1.6
Oct. 28, 30........ 12.8 .6 13.4 —-3.2 10.2

1 Equivalent to that part of the net underground inflow to the bottom land that is not used in the
phreatophyte-covered part.

TABLE 36.—Adjustment of seepage runs, in second-feet, to obtain net underground inflow
to bottom land minus use by phreatophyies, Glenbar-Fort Thomas reach, 1943-44

Adjustment for evaporation
from river surface and wet sand bars

Adjustment for changes in
ground-water storage

Date of
seepage Rate of evapo- Net Rate of change | Inflow to river,
run Adjusted ration from underground | in contents of | adjusted for
gain in river surface inflow to ground-water | rate of change
reach and sand bars river reservoir in ground-

water storage!

1943
June 24........ v —0.2 1.0 0.8 —3.1 -2.3
Sept. 17........... .3 .9 1.2 —2.7 -1.5
OV. 5. v ivannns 3.4 .8 4.2 +3.1 7.3
Nov.26.....0000.. 4.7 .4 5.1 +.2 5.3
Dec. 16, ....ccvnen. 8.4 -6 9.0 +1.3 10.3

1944
Jan. 14.,.......... 14.4 .4 14.8 +2.6 17.4
Feb.15........... 15.8 .5 16.3 —-1.5 14.8
Mar, 16........... 15.1 7 15.8 —2.4 13.4
Apr.13....... 9.7 .9 10.6 -1.1 9.5
May4.....coovnen 6.1 1.0 7.1 -2.7 4.4
May 25.......... . 2.2 .9 3.1 —4.2 -1.1
June 22........... .2 1.0 1.2 —-3.7 -2.5
July 17......... .. ~1.0 1.0 0 -2.0 -2.0
Aug. 7....000nnnnn —-.4 .8 4 —-1.5 —1.1
Oct, 26....... 5.9 .5 6.4 —4.2 2.2

1+ Equivalent to that part of the net underground inflow to the bottom land that is not used in the
phreatophyte-covered part.
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TaBLE 37.—Adjustment of seepage runs, in second-feet, to oblain net underground inflow
to bottom land minus use by phreatophytes, Fort Thomas-Black Point reach, 1943-44

Adjustment for evaporation
from river surface and wet sand bars

Adjustment for changes in
ground-water storage

Date of
seepage Rate of evapo- Net, Rate of change | Inflow to river,
run Adjusted ration from underground | in contents of | adjusted for
gain in river surface inflow to ground-water | rate of change
reach and sand bars river reservoir in ground-
water storage!
1943
June 24, 25........ 1.4 1.1 2.5 -1.8 0.7
5.8 .9 6.7 -2.9 3.8
13.5 .8 14.3 +4.1 18.4
9.8 .5 10.3 +1.3 11.6
16.7 .4 17.1 +2.9 20.0
17.6 .4 18.0 +1.6 19.6
21.7 .6 22.3 —1.4 20.9
15.9 .5 16.4 -1.3 15.1
12.6 1.0 13.6 —1.4 12.2
10.7 1.1 11.8 -2.3 9.5
7.3 1.1 8.4 —3.6 4.8
1.9 1.1 3.0 -2.7 .3
2.6 1.0 3.6 —-2.0 1.6
2.3 .5 2.8 —2.5 .3
6.2 7 6.9 -2.9 4.0

1 Equivalent to that part of the net underground inflow to the bottom land that is not used in the
phreatophyte-covered part.

TABLE 38.—Adjustment of seepage runs, in second-feet, to obtain net underground inflow
to bottom land minus use by phreatophytes, Black Point-Calva reach, 1943-44

Adjustment for evaporation
from river surface and wet sand bars

Adjustment for changes in
ground-water storage

Date of
seepage Rate of evapo- Net Rate of change | Inflow to river,
run Adjusted ration from underground | in contents of | adjusted for
gain in river surface inflow to ground-water | rate of change
reach and sand bars river reservoir in ground-

water storage!

1948
June 25........... —2.0 1.3 -0.7 -5.0 —5.7
Sept. 18........... —4.4 1.1 -3.3 —-9.3 —12.6
ov.e 9. ..l —5.1 1.1 —4.0 +4.3 .3
Nov.23........... -.2 .7 .5 +3.7 4.2
Dec. 14........... .1 .6 7 +4.1 4.8

1944
Jan, 15,0000 000ns 2.3 .5 2.8 +1.4 4.2
Feb. 18........... 6.7 .8 7.5 -1.7 5.8
Mar. 17....... 5.3 .8 6.1 ~1.8 4.3
Apr.14........... 2.7 1.4 4.1 —-3.9 .2
May 5........ ~-1.1 1.5 .4 —4.4 —4.0
May26........... -2.9 1.4 -1.5 —-7.9 —9.4
June 23.......... . -2.7 1.3 —~1.4 —12.1 —13.5
July 18............ —5.9 1.0 —4.9 —-6.1 —11.0
Aug. 8........ -2.7 7 ~2.0 -7.4 -9.4
Oct. 27............ —1.4 .8 —.6 -3.7 —4.3

t Equivalent to that part of the net underground inflow to the bottom land that is not used in the
vhreatophyte-covered part.
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The figures in the last column in each of tables 35-38 are the algebraic
sum of the figures for net underground inflow to the river and for rate
of change in contents of the ground-water reservoir. The method of
computing the rate of change of contents of the ground-water reservoir
was described in part 2. The figures in the last column in each of the
tables represent inflow to the river, adjusted for rate of change in
ground-water storage, which is equivalent to that part of the net
underground inflow to the bottom land that is not used in the phreato-
phyte-covered part.

COMPUTATION OF NET UNDERGROUND INFLOW TO BOTTOM LAND

The figures for the winter months in the last column of tables 35-38
are equal to the net underground inflow entering each reach across the
outer edges of the bottom land. As the draft on ground water was
zero, or nearly so, when the seepage runs in December, January, Febru-
ary, and March were made, the mean results from those runs have been
accepted as the mean net underground inflow for the year as com-
puted by the seepage-run method. The figures for net underground
inflow computed by this method are given in table 39.

TaBLE 39.—Net underground inflow to bottom land, in second-feet, computed by the

seepage-run method
Net under-

Reach ground inflow
Thatcher-Glenbar. . ........ ... . ... ... ... ............. 27.8
Glenbar—Fort Thomas. ... .......... ... iiiiiiinnn. 14.0
Fort Thomas-Black Point................................ 18.9
Black Point—Calva. ................ ... .. ... . o, 4.8

Total. ... . 65.5

Net underground inflow to the bottom land was also computed by
the independent inflow-outflow method. The accuracy of the figures
for net underground inflow is believed to be about the same by both
methods. Therefore, the results by the two methods were averaged to
give figures which are probably more accurate than those derived by
either method alone. The averaged figures are repeated from part 2
in table 40.

TABLE 40.—Net underground inflow to bottom land, in second-feet, compuled as the mean
of results obtained by the inflow-outflow and seepage-run methods

Net under-
Reach ground inflow
Thatcher-Glenbar........ ... . ... . ... ... .. ... 27.8
Glenbar—Fort Thomas. ......... ... ... ... i 15.5
Fort Thomas-Black Point................................ 18.8
Black Point—-Calva. ............ ... ... . .. ... ... ... ... 4.0
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COMPUTATION OF RESULTS

Tables 41-44 show, for each seepage run, the net underground inflow
to the bottom land minus use by phreatophytes. These figures are
equal to the actual inflow to the river, adjusted for rate of change in
ground-water storage (tables 35-38). Therefore, for each reach, if the
figures for net underground inflow to the bottom land minus use by
phreatophytes are subtracted from the figure of net underground inflow
for the reach (shown at head of tables 41-44), the result is the rate
of use of ground water by the phreatophytes. No figures for rate of
use have been shown for the seepage runs made in December, January,
February, or March, because the net underground inflow was considered
equal to the actual inflow to the river during those months. The small

TaBLE 41.—Use of ground waler by bottom-land vegetation, Thaicher-Glenbar reach,
based on seepage-run method
[Mean net underground inflow to reach, 27.8 second-feet]

Seepage runs Period between runs
Inflow to
bottom land Rate of
minus use by Mean use by Use by
use by phreato- phreato- Length of phreato-
phreato- phytes phytes period phytes
phytes (second- per day (days) (acre-feet)
(second- feet) (acre-feet)
feet)
1943
June 24, ... 0.2 b T PR A P
Sept. 16, 17,000 ivenenonnn. 4.4 23,4 | e
Sept. 16-30. 0o ov i i e 31.1 15 466
Oct. 1toNov. 3o ivnnevinitivninioniinni i, 31.1 34 1,057
Nov. 4.... v

Nov. 4-24
Nov. 25..

I~

1 21 527
......... slail e
.......... ol sl s
.......... ol e e
.......... Sl e
.......... } gg %?gg
.................... . 8,590

1 Computed on basis of ratio of rate of use by phreatophytes in this reach to rate of use by phreatophytes
u Glenbar-Fort Thomas reach for runs of May 23, June 22, and Oct. 26, 1944.
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negative figures that can be computed for seepage runs made in the
winter are a result of using a figure for net underground inflow that
is the mean of calculations by two different methods.

TaBLE 42.—Use of ground water by bottom-land vegetation, Glenbar-Fort Thomas reach,
based on seepage-run method
[Mean net underground inflow to reach, 15.5 second-feet]

Seepage runs Period between runs
Inflow to
bottom land Rate of
minus use by Mean use by Use by
use by phreato- phreato- | Length of phreato-
phreato- phytes phytes period phytes
phytes (second- per day (days) (acre-feet)
(second- feet) (acre-feet)
feet)
1948
June24....................... —-2.3 17.8 |...... R
Sept. 17....ooviiiiiiiiii.. -1.5 b A ¢ O R P
Sept. 17-30. a. o vevreieniinnnfiieiinennenideniiniii 25.0 14 350
Oct. Lto Nov. 4..iviiive o] ienniieaa]eninanins 25.0 35 875
Nov. 5

3 26
Total Oct. 1, 1943,

The mean use of ground water by the phreatophytes per day, in
acre-feet, for the periods between successxve seepage runs was com-
puted from the appropriate figures for ratF of use, in second-feet.
The last column in tables 41-44 is the product of the mean use of
ground water per day and the number of days in each period and shows
the use of ground water for each period. Use of ground water was
arbitrarily assumed to stop on November 30 and to begin on April 1.
Use of water was not computed for the period between the seepage runs
of June and September 1943 because the period was believed to be too
long for the computed mean rate of use of ground water to be repre-
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sentative of field conditions. Use of ground water for the year ending
September 30, 1944, was computed by a summation of the appropriate
items in the last column of tables 41-44.

The use of water thus computed represents draft on ground water
and does not include use of precipitation. Table 45 gives results, in
acre-feet, for the year ending September 30, 1944, in terms of draft on
ground water and total use including precipitation.

TaBLE 43.—Use of ground water by bottom-land vegetation, Fort Thomas-Black Point
reach, based on seepage-run method
[Mean net underground inflow to reach, 18.8 second-feet}

Seepage runs

Period between runs

Inflow to
bottom land
minus
use by
phreato-
phytes
(second-
feet)

Rate of
use by
phreato-
phytes
(second-
feet)

Mean use by
phreato-
phytes
per day
(acre-feet)

Length of
period
(days)

Use by
phreato-

phytes
(acre-feet,)

Sept. 17-30. .
Oct. 1 to Nov. 8..

Jan. 15

June 23

June 23 toJuly 17..............

July 18

July 188 toAug 7.
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TaBLE 44.—Use of ground waler by bottom-land vegetation, Black Point-Calva reach,
based on seepage-run method
[Mean net underground inflow to reach, 4.0 second-feet]

Seepage runs

Period between runs

Inflow to
bottom land
minus
use by
phreato-
phytes
(second-
feet)

Rate of
use by
phreato-
phytes
(second-
feet)

Mean use by
phreato-
phytes
per day
{acre-feet)

Use by
Length of phreato-
period phytes
(days) (acre-feet)

Apr. 14.
Apr. 14 to May

Total Oct. 1, 1943,
to Sept. 30, 1944

TaBLE 45.—Annual use of water by bottom-land vegetation, in acre-feet, based on seepage
runs made tn 1943-44

Reach

Draft on ground

water
. 8,590
.. 6,500
. 5,970
. 4,990

26,050

Total use
of water

9,780
7,460
6,990
7,210

31,440
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INFLOW-OUTFLOW METHOD
THEORY

The inflow-outflow method of determining use of water by bottom-
land vegetation is sometimes called the water-inventory method. For
a given time period and a given area, the method consists of measuring
all the water that enters, all that leaves, and the increase or decrease
of the quantity of water stored in the area. It may be stated as an
equation as follows:

Inflow —outflow —change in storage=0

In this investigation all the factors that make up each part of the
equation were measured or determined except two: For the winter
months, net underground inflow and for the growing season, use of
ground water in the phreatophyte-covered part of the bottom land.
In applying the inflow-outflow equation to lower Safford Valley,
only those factors were considered that bear on the use of ground water,
and the computed result does not include use of precipitation, which
was added later.

The three parts of the inflow-outflow equation as applied to any
reach in lower Safford Valley are made up of the following factors,
all of which must be considered, even though some may be zero for a
particular reach or period of time:

Inflow to reach:
. Surface flow of river.
. Underflow of river.
. Surface flow of canals.
. Surface flow of canal spills and canal and field wastes.
. Surface flow of washes.
. Precipitation on river surface and wet sand bars.
. Net underground inflow.
Outflow from reach:
. Surface flow of river.
. Underflow of river.
. Surface flow of canals.
. Surface flow of canal spills and canal and field wastes.
. Evaporation from river surface and wet sand bars.
. Draft on ground water in phreatophyte-covered area.
. Evapotranspiration of water, other than precipitation, from farm land and
associated waste land. (Applies only to computations for entire inner valley.)
Changes in storage:
1. Channel storage in river, canals, and washes.
2. Ground-water reservoir.
3. Soil moisture.

N TR W

U~

Of all these factors, direct measurement was made only of the surface
flow of the river and canals. All other factors, except draft on ground
water in the phreatophyte-covered area, were evaluated on the basis
of indirect measurements.

837963—50—12



164 USE OF WATER BY BOTTOM-LAND VEGETATION

The effect of pumping ground water for irrigation does not have to
be considered in the inflow-outflow equation except under special
conditions. Generally, pumping circulates water within the reach with-
out changing the net total of inflow, outflow, and storage. Pumping with-
draws water from the ground-water reservoir, causing a reduction in
storage. The pumped water appears as evapotranspiration, as an in-
crease in the net underground inflow to the bottom-land area, or in
other ways. The quantity thus measured as outflow is equal to the re-
duction in storage in the ground-water reservoir. A lag existed between
the time of drawdown of the ground-water reservoir and the time of
appearance of the pumped water as a measurable outflow quantity,
and the effect of this lag had to be considered. The effect was negligible
for all but one short period.

The first step in applying the inflow-outflow method is to determine
the net underground inflow for the winter months, when use of ground
water by phreatophytes is zero, or nearly so. The second step is to
determine the use of ground water in the phreatophyte-covered part of
the bottom land for the growing season, assuming that the rate of net
underground inflow to the bottom land is constant for a year. Thus, of
the factors that enter into the inflow-outflow equation, the equation
is solved for these two unknowns, one for the winter months and one
for the growing season.

BASIS OF COMPUTATIONS
AREAS

If sufficient field data were available, an inflow-outflow equation
could be applied to any area for any period of time. For lower Safford
Valley data were available to apply the equation to the bottom-land
area in each of the three reaches from Glenbar to Calva. Data were also
available to apply the equation to the entire inner valley, between
the edges of the mesas, in the reach from Fort Thomas to Black Point.

The inflow-outflow method was not applied to the Thatcher-Glenbar
reach because no stream-flow records were available after February
1944 and because the network of canals and surface-water wastes com-
plicated determination of the surface-water inflow to the river. The
method was not applied to the entire inner valley in the Glenbar-
Fort Thomas reach because of the evapotranspiration from the large
acreage of farm land. Only the bottom land was studied in the Black
Point-Calva reach, but in this reach the bottom land covered nearly
the entire inner valley.

TIME PERIODS

In general stream-flow records were collected and other necessary
data were available for the period July 1, 1943, to October 31, 1944.
Hence, equations were applied to the bottom land for that period,
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except for the following five short flood periods for which there were
no stream-flow records: August 1-17 and 24-31 and September 26-30,
1943, and August 16-21 and September 23-30, 1944. The equations were
applied for periods of 4 month or less in order to determine the change
in rate of use of ground water from one month to another, even though
the results for individual periods as short as a month were far less ac-
curate than for a year.

Equations were applied to the entire inner valley for the Fort
Thomas-Black Point reach for the two periods October 1, 1943, to
August 15, 1944, and August 22 to September 22, 1944. One factor in
these equations was the use of water by farm crops. As figures for
this use are available only on an annual basis, equations could not
be applied for periods as short as a month.

METHOD OF COMPUTING FIGURES FOR INFLOW TO BOTTOM LAND

Surface flow of river.—Figures for the flow of the Gila River into any
reach were obtained from the gaging-station records of stream flow
as described in part 2. A gaging station was located at the upper end of
each reach. »

Underflow of river.—This factor was not determined, and no figure
for underflow is included in the inflow-outflow equation. For the equa-
tion, it is sufficient that the difference between the underflow into and
out of a reach be known, and this difference is included as part of the
net underground inflow.

Surface flow of canals.—A gaging station was maintained on each
canal at the point at which the canal entered each reach. The records
of flow for each canal were collected as described in part 2.

Surface flow of canal spills and canal and field wastes.—No gaging
stations were maintained on spills or wastes, but the amount of inflow
to the river was determined in two ways. First, all spills and wastes
were measured at the time of seepage runs. Second, a comparison of
the record of gage height at each river gaging station was made with
the record at the next station upstream, and any small sharp change in
gage height at the downstream station, not showing at the upstream
station and not explainable otherwise, was considered as caused by a
spill or waste. Such changes usually were only a few hundredths of a
foot. The amount of the change, in second-feet, was computed on the
basis of the change in gage height at the downstream station. As the
river discharge was usually very low during the period of the investiga-
tion, the discharge of canal spills and canal and field wastes was com-
puted with reasonable accuracy by these methods.

The spill from the Fort Thomas Canal in the Glenbar-Fort Thomas
reach was large and almost continuous. The quantity of this spill was
computed as the difference between the measured flow of the canal at
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the gaging station at the upper end of the reach, near Glenbar, and the
measured flow at the canal-gaging station immediately downstream
from the spill, 114 miles downstream from the first gage. The down-
stream gaging station was a recording station operated by the Gila
Water Commissioner.

Surface flow of washes.—The gaging stations operated on the five
largest washes in lower Safford Valley recorded only those flows greater
than about 100 to 200 second-feet. During the period the stations were
operated, from early August 1943 to October 1944, no flow greater
than this occurred, except during the five flood periods for which the
inflow-outflow equation was not applied.

The low-water flow of these washes and of all other smaller washes
from July 1, 1943, to October 31, 1944, except for the five flood periods,
was computed by the same methods used for computing the flow of
canal spills and canal and field wastes. More data were available re-
garding the flow of the washes than regarding the flow of canal spills
and wastes, because each gaging station on a wash was visited each
week and an estimate of the flow, if any, was made.

Precipttation on river surface and wet sand bars.—Precipitation, ex-
cept for that on the river surface and wet sand bars, was not a factor
in the inflow-outflow equation. On the basis of field observations, it
was assumed that precipitation on the phreatophyte-covered part of
the bottom land was returned to the air by evaporation or transpira-
tion. Precipitation on the phreatophyte-covered area during the periods
for which inflow-outflow equations were applied did not occur for a
long enough time nor with great enough intensity to cause surface
runoff or to infiltrate to the water table. On the basis of data given in
part 2, the precipitation on the river surface and wet sand bars was
computed for the inflow-outflow equations.

Net underground inflow.—In part 2 the rate of net underground inflow
to each of the four reaches was derived, partly on the basis of the results
of the inflow-outflow method. Net underground inflow, considered con-
stant throughout the year, was computed from the inflow-outflow
equations for the winter, when the draft on ground water in the phreato-
phyte-covered area was nearly zero. Net underground inflow was the
only unknown in the equation.

METHOD OF COMPUTING FIGURES FOR OUTFLOW FROM BOTTOM LAND

Surface flow of river.—This factor was computed from stream-flow
records in the same manner as the surface-water inflow of the river was
computed. There was a gaging station at the downstream end of each
reach.

" Underflow of river.—This factor was not determined and need not be
computed separately. Net underflow in a reach was a component part
of the net underground inflow.
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Surface flow of canals.—This factor was computed from stream-flow
records. A gaging station was located on each canal at the downstream
end of each reach.

Surface flow of canal spills and canal and field wastes.—As there were
no known spills or wastes flowing out of any reach during the investiga-
tion, the factor is not included in the inflow-outflow equation.

Evaporation from river surface and wet sand bars.—Evaporation data
were based on figures given in tables 3 and 12, and the methods of com-
puting evaporation are given in part 2.

Draft on ground water in phreatophyte-covered area.—This factor was
almost zero in the nongrowing season and was computed as the unknown
in the inflow-outflow equations for the growing season. In the winter
little evaporation of ground water occurs from the phreatophyte-
covered area, as shown by the results from the bare soil tanks and the
tanks containing vegetation at the Glenbar experiment station. Most
of the evaporation in the winter from the phreatophyte-covered area
was evaporation of precipitation, a factor not required in the inflow-
outflow equations as applied. According to the results from the tanks
containing vegetation at the Glenbar experiment station, a small
amount of water is used in the winter, particularly by baccharis. Use
of water by baccharis during the winter months was far greater than use
of water by saltcedar (see table 26). None of the species retain leaves
or fronds in the winter, but baccharis keeps its leaves into early winter
and puts out new leaves as early as February. For the winter periods
between December 14, 1943 and March 15, 1944, figures are included
for the small amount of ground water evaporated and for transpira-
tion by baccharis.

METHOD OF COMPUTING FIGURES FOR CHANGES IN STORAGE IN BOTTOM
LAND

Channel storage in river, canals, and washes.—The quantity of water
in transit in the river, canals, and washes was greater or less at the
end of a given period than at the beginning, and the change in channel
storage was computed as the difference between the quantity of water
in transit in a reach at the start of the period and at the end of the
period. This change in channel storage was computed on the basis of
the time of travel through a reach, in the same general manner that was
used to adjust the seepage runs.

Ground-water reservoir.—The quantity of water stored in the ground-
water reservoir of a reach changed during each period for which an
equation was established. The volume of the change was computed
according to the methods given in part 2.

Soil moisture.—In the bottom land soil moisture could be supplied
from three possible sources: irrigation, precipitation, and flooding by
the river or by washes. In the bottom land there is no irrigation water
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except field waste, which is a negligible factor. Precipitation in 1943-44
was light, so that changes in soil moisture from this source were neglig-
ible, except for the effects of the heavy rains of September 25-26, 1943,
and September 23-25, 1944. Soil moisture was probably high for several
weeks following both of these storms, as use of ground water was
low during those weeks. However, no field determinations of soil mois-
ture were made during the investigation, and thus some error may
have been introduced into the inflow-outflow equations, particularly
for individual months and other short periods.

The soil of the bottom land is estimated to haye contained more
soil moisture on October 1, 1943, than on September 22, 1944, by an
amount equivalent to 1 inch of water. Therefore, a figure represent-
ing a decrease of 1 inch of soil moisture was introduced into the inflow-
outflow equations for the 352-day period between October 1, 1943, and
September 22, 1944. Because of the difficulty in making reliable esti-
mates, no attempt was made to introduce the factor of change of
soil moisture in the equations for individual months or shorter periods.
The bottom lands were flooded by the river on September 25, 1944. No
adjustment for change in soil moisture was made for the following
month, and as a result the computed use of water for October 1944 is
believed to be low.

METHOD OF COMPUTING FIGURES FOR APPLICATION TO ENTIRE INNER
VALLEY

The same factors of inflow, outflow, and changes in storage considered
for the bottom land must be considered for the area of the inner valley.

Inflow.—Figures for the three inflow factors, surface flow of river,
surface flow of washes, and precipitation on river surface and wet sand
bars, are the same in the equations for the inner valley as for the
bottom land. Figures for the other four inflow factors were different
from those for the bottom land but were computed by the same pro-
cedures.

Outflow.—Figures for two of the outflow factors, surface flow of river
and evaporation from river surface and wet sand bars, are the same in
the equations for the inner valley as for the bottom land. Surface
flow of canals and of canal spills and canal and field wastes in the inner
valley was zero for the Fort Thomas-Black Point reach. Evapotrans-
piration of water other than precipitation from farm lands and associat-
ed waste lands must be considered for the inner valley but is zero for
the bottom lands. Draft on ground water in the phreatophyte-covered
area was computed by the same procedure as for the bottom land.

Evapotranspiration of water, other than precipitation, from farm
lands and associated waste lands was computed for three periods:
The nongrowing season, March 1 to August 15, and August 22 to Sep-
tember 22. The periods August 16-21 and September 23-30 were
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omitted, as inflow-outflow equations could not be set up for those
periods. Evapotranspiration of water from precipitation need not be
included as an outflow factor because precipitation on the farm land
and associated waste land was not included as an inflow factor.

In the Fort Thomas-Black Point reach evaporation from farm
land and associated waste land during the period October 1, 1943, to
February 29, 1944, was computed on the basis of the following assump-
tions: (1) That no irrigation water was applied to mesquite-covered
land, uncultivated land served by the Colvin-Jones Canal (which had
no flow during the period), or to 50 percent of the fallow land; (2)
that at any given time only half the irrigated land was so wet that
evaporation was appreciable; (3) that evaporation from a fully satur-
ated land surface was 70 percent of the evaporation from the Weather
Bureau pan at the Glenbar experiment station; and (4) that only
half the evaporation rate as determined in (3) should be used in the
computation because each field was fully saturated for only a short
time. On these bases the following figures of evaporation from farm
lands and associated waste lands in the Fort Thomas-Black Point
reach were computed for the periods indicated: December 14, 1943,
to January 13, 1944, 46 acre-feet; January 14 to February 15, 1944,
67 acre-feet; February 16 to March 15, 1944, 91 acre-feet; October 1,
1943, to February 29, 1944, 361 acre-feet.

Evapotranspiration of water, other than precipitation, by crops dur-
ing the periods March 1 to August 15 and August 22 to September 22,
1944, is given in table 46. The area occupied by each crop was deter-
mined on the basis of a vegetation survey in August 1944. The estimated
annual use of water by each crop was based on figures furnished by H. C.
Schwalen, professor of agricultural engineering, University of Arizona.
The figures in table 46 are slightly lower than they might be for a
vear when water was more plentiful. Based on studies of the distribu-
tion of use with respect to time for seven tanks of saltcedar at the Glen-
bar experiment station, the estimated use of water from March 1 to
August 15 was 70.5 percent of the annual use. Use of water by crops
is assumed to be distributed through the year in the same propor-
tion as the use of water by saltcedar. On the basis of similar studies
the estimated use of water from August 22 to September 22 was 21.8
percent of the annual use. Precipitation was 0.32 foot and 0.07 foot,
respectively, for the two periods under consideration. Figures for pre-
cipitation were subtracted from the estimated use of water to determine
the net use, exclusive of precipitation. Net use of water, in acre-feet,
by each crop was computed from the net use, in feet, and area, in
acres.

The figure of 2,486 acre-feet entered in table 50 as use of water by
crops for the period October 1, 1943, to August 15, 1944, was computed
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as the sum of the use of water by crops March 1 to August 15, 1944
(given in table 46 as 2,125 acre-feet) and loss of water by evaporation
from farm lands and associated waste lands October 1, 1943, to Febru-
ary 29, 1944 (given as 361 acre-feet in second paragraph above).

Changes in storage.—The figures for changes in channel storage in
river, canals, and washes are the same for the inner valley as for the
bottom land. The changes in ground-water storage and soil moisture
were computed by the same procedure as described for the bottom
land.

TABLE 46.-—Use of water by crops, not including precipitation, for periods in 1944
Fort Thomas-Black Point reach

Mar. 1 to Aug. 15 Aug. 22 to Sept. 22 Total
Ar?a Es';i-ll E B neii’ us}el
ol mate sti- 2 sti- in bot|
Crop crop | annual | mated Net uze mated Net uset periods
(acres)| use use! Acre- | use® Acre- | (acre-
(feet) (feet) | Feet | feet (feet) | Feet | feet feet)
Alfalfa.........coo0nnunn 223 2.8 1.97 | 1.65 368 0.61 | 0.54 120 488
Cotton........ovvvvinn.. 694 2.1 1.48 | 1.16 805 .46 .39 271 1,076
Grasses....o.ovvvieniinnn 196 1.6 1.13 .81 159 .35 .28 55 214
Grain. .....oovvveininnn. 227 1.8 51,80 | 1.48 336 50 0 0 336
Vegetables............... 92 2.5 1.76 | 1.44 132 .54 .47 43 175
Mesquite........oovunnnn 401 1.6 1.13 .81 325 .35 .28 112 437
Total............. b U1 1 2 DO N 2,125 [.oiiifiennn, 601 2,726

170.5 percent of annual use.

2 Estimated use minus 0.32 foot of precipitation.
321.8 percent of annual use. .

4 Estimated use minus 0.07 foot of precipitation.
8 Grain matured and harvested before August 15.

————

COMPUTATION OF RESULTS

The figures computed for each factor of the inflow-outflow equations
for the bottom land are shown in table 47 for the Glenbar-Fort Thomas
reach, table 48 for the Fort Thomas-Black Point reach, and table
49 for the Black Point-Calva reach. The figures for the inner valley
are shown in table 50 for the Fort Thomas-Black Point reach.

During the winter periods between December 14, 1943, and March
15, 1944, for which equations were set up, draft on ground water in the
phreatophyte-covered area was zero, or nearly so, and the unknown for
which the inflow-outflow equation was to be solved was net underground
inflow. The equation may be written:

Net underground inflow =total outflow—total inflow exclusive of

net underground inflow+change in storage.

For the periods between July 1943 and October 1944, when draft on
ground water in the phreatophyte-covered area is the unknown, the
equation may be written:

Draft on ground water in phreatophyte-covered area = total inflow —

total outflow exclusive of draft on ground water—change in storage.
Each line in tables 47-50 may be considered a separate equation. The
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INFLOW-OUTFLOW METHOD 175

figures for net underground inflow or for draft on ground water in the
phreatophyte-covered area, given for each line in the last column of
each table, were computed by solving an equation based on the fac-
tors given in the line.

The figure of net underground inflow for each reach for the bottom
land was computed as the mean of the figures for three periods between
December 14, 1943, and March 15, 1944. The figure for each reach
was as follows: Glenbar-Fort Thomas reach, 17.0 second-feet; Fort
Thomas-Black Point reach, 18.8 second-feet; and Black Point-Calva
reach, 3.2 second-feet. The figure for the Fort Thomas-Black Point
reach for the entire inner valley was 12.8 second-feet. The figures
for net underground inflow to the bottom land, which are entered
as an inflow factor in each equation where draft on ground water is the
unknown, are the mean of results computed by the inflow-outflow
method and the seepage-run method. (See table 23.)

For the Fort Thomas-Black Point reach, the computed figure of net
underground inflow to the inner valley was 6.0 second-feet less than
the computed figure of net underground inflow to the bottom land.
A considerable difference is to be expected, because the net underground
inflow to the inner valley does not include seepage from canals and
irrigated fields. The water supplied to the reach by the canals is believed
to be the source of this difference in net underground inflow. According
to the data in table 50, about 78 percent of the water that entered the
reach in canals between December 14, 1943, and March 15, 1944,
infiltrated to the water table and appeared as part of the net under-
ground inflow. This percentage of infiltration for the winter months,
when infiltration is higher than the average, appears reasonable. Tur-
ner and others % state that, for the year, about half of all water diverted
from the river infiltrates to the ground-water reservoir.

For the winter months, when water use should be almost zero, tables
47-49 show some negative and some positive figures of draft on ground
water in the phreatophyte-covered area. These figures tend to cancel
each other, however.

The figure at the bottom of the last column of tables 47-50 gives
draft on ground water in the phreatophyte-covered area for a 352-day
period, as no data were available for the other 14 days of the year. In
order to compute a figure for a full year, studies were made of the use
of water with respect to time in seven of the saltcedar tanks at Glenbar
experiment station. These studies showed that 92.9 percent of the an-
nual use occurred in the 352-day period.

All the precipitation on the phreatophyte-covered area in a given
reach is assumed to have been evaporated from the area or transpired

52 Turner, S. F., and others, Water resources of Safford and Duncan-Virden Valleys, Ariz. and N. Mex.,
p. 28, U. 8. Geol. Survey, 1941. (See list of studies, p. 5.)
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by phreatophytes. Table 51 that follows is based on figures in tables
47-50 and gives draft on ground water in the phreatophyte-covered
area for a full year and total use of water for a full year.

TaBLE 51.—Annual use of water, in acre-feet, by bottom-land vegetation, 1943-44, based
on inflow-outflow method

Draft on ground water Total use of

Reach water for a year,
From tables Adjusted for including
47-50 a full year precipitation
Glenbar-Fort Thomas...............c..covvuue. 4,813 5,180 6,140
Fort Thomas—Black Point! 5,464 5,880 6,900
Fort Thomas—Black Point? 4,057 4,370 5,390
Black Point-Calva......ovnnnniininene, .. 3,989 4,290 6,510

1 For bottom land.
2 For entire inner valley.

DIFFERENCE IN RESULTS FOR FORT THOMAS-BLACK POINT REACH

By the inflow-outflow method the draft on ground water by the bot-
tom-land vegetation in the Fort Thomas-Black Point reach is 1,407
acre-feet more (see tables 48 and 50) as computed on the basis of the
bottom-land area than it is for the same vegetation as computed on the
basis of the entire inner valley. If there were no errors in the data,
basic assumptions, or computations, there should be no difference be-
tween the results by the two sets of computations. The reason for the
difference is believed to lie in the fact that the net underground inflow
to the bottom-land area is not as constant as is the net underground
inflow to the entire inner valley.

The net underground inflow to the *entire inner valley is supplied
mostly by relatively constant artesian seepage and by seepage from
washes. The net underground inflow to the bottom-land area is sup-
plied not only from these sources but also by seepage from canals and
irrigated fields. This seepage from canals and fields varies through-
out the year, being greatest in the winter and spring, when canal flow
is high and evapotranspiration low, and least in summer and fall
when canal flow is low and evapotranspiration high.

For the inflow-outflow method as applied to both the entire inner val-
ley and to the bottom-land area, the rate of net underground inflow
computed for the period December 14, 1943, to March 15, 1944, was
agssumed to be the rate for the entire year. For the net underground
inflow to the entire inner valley, this assumption was probably more
nearly correct than for the more variable net underground inflow to
the bottom-land area. The errors involved in these assnmptions are
not considered excessive for this type of investigation.
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CHLORIDE-INCREASE METHOD
THEORY

In the chloride-increase method figures for use of ground water are
based on analyses of water samples taken from wells in the bottom
land and on the computed mean figures for net underground inflow.

Transpiration and evaporation have a measurable effect on the quali-
ty of the ground water in the bottom land. They remove very little
dissolved matter from the ground-water reservoir and thus increase
the concentration of dissolved matter in the reduced volume of water
remaining, much as evaporation increases the concentration of dissolved
solids in a body of water standing open to the atmosphere. Under ideal
conditions the volume of water in the ground-water reservoir could be
definitely determined, and the extent of the increase in concentra-
tion would provide an accurate means of determining the amount
of ground water removed. Under natural conditions, however, it is
difficult to determine all the factors needed to compute water use by
this method.

With certain assumptions, the method is applicable to the computa-~
tion of use of ground water in lower Safford Valley. As an illustration,
in a typical reach of the bottom land the ground water is moving
slowly toward the river from beneath the cultivated land. In moving
across the phreatophyte-covered bottom land, part of the ground water
is intercepted and removed by transpiration or evaporation. As the
amount of ground water moving through the bottom land is thus re-
duced, an increase occurs in the concentration of mineral matter in the
remaining water. The net underground inflow to the bottom land has
been computed from data gathered during the investigation. The
chloride ion was selected for the determination as it is easy to measure,
and little is removed from the water as it moves through the ground.
The increase in concentration of chloride in the ground water between
the outer edges of the bottom land and the river can be determined
from the analyses of samples of water taken from the many observa-
tion wells. Knowing the rate of net underground inflow and the change
in concentration of chloride occurring within the bottom land, the
amount of water transpired and evaporated in a given period of time
can be computed.

BASIS OF COMPUTATION

In order to apply the chloride-increase method to the computation
of water use, it is necessary to make the basic assumption that the
total quantities of chloride entering the bottom land in ground water
in a period of a year or longer equal the amounts leaving by ground-
water outflow or seepage into the river during the same period. This
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assumption implies that over long periods no appreciable amounts
of chloride are accumulated in the soil, in the tissue of the plants,
or in the ground water of the bottom land, although for periods of
less than a year small changes may occur. Chloride dropped on the
soil in the process of guttation by saltcedar probably is periodically
removed by floods or heavy rains. Some chloride may be accumulated
in the plant tissue of the vegetation as a result of increased growth
from one year to another, but such accumulation probably is small
enough to be negligible. The periodic sampling of selected observation
wells showed only small changes in concentrations of chloride in the
ground water at a given well during the study, and it has been assumed,
therefore, that any changes in the concentration of chloride were negli-
gible during the period of the investigation. However, any accumulation
of chloride in the soil or plants of the bottom land would tend to give
low results for use of water as computed by the chloride-increase
method.

In applying the method to lower Safford Valley, wells located near
the outer edge of the bottom land were selected for determining the
chloride concentration of the water representing net underground
inflow to the bottom land. Other wells, near the river, were selected for
determination of chloride concentration in underground outflow from
the bottom land into the river. Of the 1,300 or more observation
wells in the three reaches, 480 wells were selected for use in apply-
ing the chloride-increase method. Thus, over one-third of all the
wells in the bottom land were used in the application of the method.
The wells extended to a depth of about 10 feet benecath the water
table. The water samples collected are assumed to have been repre-
sentative of the ground waters in the vicinity of the wells, as each well
was pumped thoroughly before a sample was collected.

In using these data the general assumptions were made that the
chloride concentration of the net underground inflow into the bottom
land and of the underground outflow to the river can be determined by
means of water samples taken from selected wells along the outer edge
of the bottom land and near the river, respectively. Also the assump-
tion was made that the observed increase in chloride concentration of
ground water within the bottom land is a result of transpiration and
evaporation in the phreatophyte-covered part of the bottom land.

With regard to the assumption that the chloride concentration of the
net underground inflow into the bottom land can be determined from
samples from wells along the outer edge of the bottom land, care was
taken that samples from these wells would represent accurately the
average concentration of chloride in ground water at the well loca-
tions. Data collected during the investigation showed that there is
little or no change in concentration of chloride with increasing depth



CHLORIDE-INCREASE METHOD 179

at these well locations. In some places part of the net underground
inflow may enter the bottom land as artesian seepage from beneath.
In the areas where there is an appreciable recharge of this type, part of
such recharge occurs near enough to the wells along the outer edges
of the bottom land that the concentration of chloride in the water
sampled at these wells was representative of all the ground water
that enters the bottom land. Wells were also selected to obtain samples
of ground water entering the upper end of each reach. The wells, there-
fore, are believed to have been adequate to determine chloride concen-
tration in the ground water entering each reach of bottom land.

To insure that the chloride concentration of the underground outflow
to the river was properly sampled, data were used only from wells
near the river that extended deeper than the deepest part of the river
channel near them. It was assumed that the samples obtained from these
wells were representative of the outflow of ground water to the river,
even though some of the outflow might be occurring as upward percola-
tion in the bottom of the river channel. Where movement of water from
the river to the ground-water reservoir was occurring, care was taken
to use no wells affected by outflow from the river.

The observed increase in chloride concentration of ground water
within the bottom land is assumed to be a result of transpiration and
evaporation in the phreatophyte-covered part of the bottom land.
During the period of the investigation the increase in the concentra-
tion of chloride in the ground water of the bottom land, as a result of
leaching of salt deposits in the soil, was negligible. Accretions to the
ground-water reservoir from recharge that was not sampled at the lines
of wells at the outer edges of the bottom land would affect the com-
puted difference in concentration of chloride between the outer and
inner lines of wells. However, most of the accretion from artesian seep-
age probably was sampled, and accretions from infiltration of irriga-
tion waste and canal seepage, rainfall, and floods in the river and washes
were negligible during the investigation.

For the chloride-increase method the total movement of ground
water through the bottom land should be used to compute water
use. However, total movement of ground water cannot be computed
with the available data. Because the total movement of ground water
is probably greater than the net underground inflow, the chloride-
increase method tends to give results for use of water that are lower
than the true value.

Under equilibrium conditions, the following relation holds for any
reach:

Q C; K=, C, K
in which @Q; =rate of net underground inflow to bottom land, in acre-
feet per year;
837968—50—13
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C; =concentration of chloride in inflow, in parts per million;

Q, = theoretical average rate of ground-water outflow, in acre-
feet per year; .
C, =concentration of chloride in outflow, in parts per million;
K =conversion factor to change units to tons of chloride per year.
Eliminating K, this relation may be written

C;
Qo - Qz F

[

also Qi=Q:—-Q,

in which @, = draft on ground water in the bottom land by transpira-
tion and evaporation, in acre-feet per year.

Substituting and solving for @, @, is eliminated, and the above

equation becomes

C.

=Qi—Q; -

Qa C.

In applying the method, the quantity @; is considered to remain con-

stant for the year. The value of the ratio C;/C, is based on averages

of analyses for pairs of wells, one well in each pair being near the
outer edge of the bottom land and the other near the river.

COMPUTATION OF RESULTS

The chloride-increase method was used to compute use of water in
the bottom land in the three reaches between Thatcher and Black
Point. The method could not be applied in the Black Point-Calva
reach because there were too few wells to indicate chloride changes in
the ground water. Therefore results could not be obtained for the entire
lower Safford Valley, from Thatcher to Calva. Computation for the
Fort Thomas-Black Point reach, for which the most complete data
are available, is discussed in detail, and the application of the method
to the other two reaches is discussed more briefly. Results of the com-
putations are included in table 52.

FORT THOMAS-BLACK POINT REACH

The rate of net underground inflow to the bottom land, or @; in the
equation for use of ground water, was taken from the table at the end
of part 2. This rate was 18.8 second-feet, or 13,600 acre-feet a year.

The average value for the ratio C;/C, for the entire reach was ob-
tained by the following procedure: after a study of analyses of all
samples of water from the bottom-land observation wells and maps
showing contours of the water table (pl. 4), 66 pairs of wells were
selected. These pairs of wells were chosen so as to be spaced as evenly
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as possible throughout the reach on both sides of the river in those
areas where the direction of ground-water movement appeared to be
approximately constant. The first well of each pair was located at a
point where ground water was entering the bottom land, as shown
by the water-table contours. The second well of each pair was located
near the river and as directly as possible down the slope of the water
table from the first well. Water from the second well thus represented
the same ground water that was sampled at the first well, but with an
increased chloride concentration caused by passing through the phreato-
phyte-covered area. All wells in the reach were sampled at least twice,
once in the summer of 1943 and once in the spring of 1944, at periods
of low and high water table, respectively. The average chloride con-
centration was computed for each of the 132 selected wells from the
analyses of these and other available samples. From these average
chloride concentrations for each well, a value was computed for the
ratio C,/C, for each of the 66 pairs of wells. These 66 ratios were
then averaged arithmetically to give the mean ratio 0.736 for the entire
reach.

On substituting these figures in the equation Q= Q;,—Q; %, the

figure obtained for @, is 3,590 acre-feet, the annual draft on ground
water in the phreatophyte-covered area. It was assumed that all
precipitation on the phreatophyte-covered area from October 1, 1943,
to September 22, 1944, was transpired or evaporated. According to table
10, the quantity of precipitation during the period was 1,020 acre-feet.
Adding this figure to @, gives 4,610 acre-feet, the total use of water
during the year.

Application of the chloride-increase method to this reach is com-
plicated somewhat by the fact that about one-fifth of the total phreato-
phyte-covered area is within the San Carlos Indian Reservation,
where there were no observation wells, Hence, the value of the ratio
C:/C, could be computed only on the basis of the wells upstream
from the Indian reservation line. It was necessary to assume that this
ratio could be applied to the entire reach without serious error.

GLENBAR-FORT THOMAS REACH

Water use by bottom-land vegetation in the reach from Glenbar to
Fort Thomas was computed by a procedure similar to that described
for the Fort Thomas-Black Point reach. According to the table at the
end of part 2, Q; was 15.5 second-feet, or 11,200 acre-feet annually.
The ratio C;/C, for the reach was computed from the analyses for 78
pairs of observation wells. The! mean¥ratio was 0.534 for the 'reach.
Substituting the figures of @; and C;/C, in the equation developed for
the method, the resulting value for @; was 5,220 acre-feet. Precipita-
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tion was 964 acre-feet. (See table 10.) Adding the precipitation to Qg
and rounding off the figure for total use of water gives 6,180 acre-feet
for the 12-month period.

THATCHER-GLENBAR REACH

The figure of net underground inflow for this reach, given in the table
at the end of part 2, was 27.8 second-feet, or 20,200 acre-feet per year.
The ratio C;/C, for the reach, 0.702, was based on the average of analy-
ses for 96 pairs of wells in the bottom-land area. Substituting these
figures in the equation, @; was found to be 6,020 acre-feet per year.
Precipitation amounted to an additional 1,190 acre-feet of water.
(See table 10.) Therefore, the total use of water in the reach was 7,210
acre-feet for the 12-month period.

TABLE 52.—Annual use of water by bottom-land vegetation, based on chloride-increase

method
Underground | Chloride Draft on
inflow, Q; ratio, ground water, | Total use
Reach (acre-feet Cyi/Cy Qg (acre-feet | (acre-feet)!
per year) per year)
Thatcher to Glenbar...................... 20,200 0.702 6,020 7,210
Glenbar to Fort Thomas.................. 11,200 .534 5,220 6,180
Fort Thomas to Black Point............... 13,600 .736 3,590 4,610

1 Includes precipitation, October 1, 1943, to September 22, 1944.

SLOPE-SEEPAGE METHOD
THEORY

The slope-seepage method is based on the fact that the transmissi-
bility of an aquifer is a characteristic of the aquifer ® and is a con-
stant for a given position of the water table, so that for a given slope of
the water table (hydraulic gradient) a given amount of water will move
through a unit width .of the aquifer. The coefficient of transmissibility
may be expressed in field terms as the number of gallons of water a
day that percolates under prevailing conditions of temperature through
each mile of water-bearing bed under investigation (measured at right
angles to the direction of flow) for each foot per mile of hydraulic grad-
ient.

If the transmissibility of the aquifer is known, the slope of the water
table at any point is a measure of the rate of movement of ground water
past the point. As the cross-sectional area of the aquifer is constant
except for small changes as a result of fluctuations of the water table,
for practical purposes the rate of movement of ground water at the point
is a measure of the quantity of ground water moving past the point.

83 Theis, C. V., The relation between the lowering of the piezometric surface and the rate and duration
of discharge of a well using ground-water storage: Am. Geophys, Union Trans., 1935, pt. 2, p. 520.
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Therefore, if the mean slope of the water table is known along the lines
at the two outer edges of the bottom land, the rate of movement, or
quantity of ground water moving across these lines per unit of time,
can be determined. If a seepage run along the river were made at the
time for which the mean slope of the water table had been determined,
the rate of movement of ground water into the river would also be
known. The difference between the rate of movement of ground water
across the outer edges of the bottom land and the rate of movement of
ground water into the river, adjusted for changes in ground-water stor-
age, will be the rate of use of ground water by transpiration and evapora-
tion in the bottom land.

BASIS OF COMPUTATIONS

The slope-seepage method was applied to the Thatcher-Glenbar
reach, the Glenbar-Fort Thomas reach, and the Fort Thomas-Black
Point reach. Data were inadequate to apply the method to the Black
Point-Calva reach.

DETERMINATION OF SLOPE

In applying the method it was necessary to determine the mean slope
of the water table for each side of the river, by reaches, for each of
the 15 seepage runs. Contours were plotted to show the position of
the water table at the time of each of the seepage runs, and the mean
slopes were determined from the contour maps.

POINTS FOR WHICH SLOPES WERE DETERMINED

As the ground water moves across the bottom land toward the
stream more and more water is withdrawn by the root systems of
the phreatophytes and by evaporation, so that less and less water
remains to enter the stream. Thus, the slope of the water table is
steepest at the outer edge of the bottom land and becomes progressively
less steep as the river is approached. A profile of the water table be-
tween the outer edges of the bottom land and the stream during the
period when transpiration is occurring may be likened to a huge bow,
the string of the bow representing the position of the water table
when transpiration is not occurring. (See fig. 40.)

Base data were not always available so that contours of the water
table could be plotted to the outer edges of the bottom land. Rather
than omit an individual determination in the areas where the base
data were inadequate, some of these determinations of slope were
made for points closer to the river than was desirable. Thus, the
individual determinations did not represent the slope at the outer
edges of the bottom land. Furthermore, in order to determine the
slopes over the longest possible line and so reduce error, the slopes
were determined by measuring the distance and computing the dif-
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ference in elevation for at least two contour intervals, usually for
distances of 1,500 feet or more. Therefore, a measured slope did
not in every case represent the maximum slope that existed or the maxi-
mum amount of water transmitted. It was anticipated, therefore, that
the use of water calculated by the slope-seepage method would probably
represent a minimum figure for use of water by phreatophytes.

DIRECTION IN:WHICH SLOPES WERE DETERMINED

Several different procedures for determining the slope of the water
table were attempted during development of the slope-seepage method.
First, slopes were determined perpendicular to the contours. The
objection to this procedure was that each of the 15 sets of contours
indicated slopes in slightly different directions, so that the average
of a group of measurements from a set of contours on one date was
meaningless with respect to the average of a group of measurements
from a set of contours on another date. The greatest difficulty in this
procedure lay in determining the slope for a point where the direction
of slope had reversed between the dates of measurement of two sets of
contours.

The second procedure attempted was to determine slopes between
pairs of selected wells, without respect to the contours. The objection
to this procedure was that seldom were the pairs of wells ideally sit-
uated. Some wells were too close to the river and some were too far
from the river; the lines between some pairs of wells were parallel to
the river and the lines between other pairs were at many different angles
with respect to the river.

The procedure finally developed was, first, to base the computation
of slope entirely on contours, second, to draw a base line perpendicular
to the river at intervals of approximately 2,000 feet, and third, to deter-
mine the slope of the water table along each of these lines (fig. 44).
Slopes toward the river were assigned positive values, and slopes away
from the river were assigned negative values. The same base lines
were used for each of the 15 sets of seepage measurements, so that the
mean slopes computed from the sets of contours were all on a com-
parable basis.

For a given set of contours, determinations of slope were made on
each side of the river for about 25 places, evenly spaced in each reach.
The mean slope on each side of the river in each reach was then com-
puted for each seepage run. The effective mean slope for a reach was
taken as the sum of the mean slopes on the two sides of the river, so
that the effective width of the aquifer was equal to the length of the
reach.
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COMPUTATION OF TRANSMISSIBILITY

As the mean slope for each reach for a given date was computed from
determinations along lines that were not perpendicular to the con-
tours, the “coefficient of transmissibility”’ defined by Theis * could not
be evaluated. A constant was determined, however, similar to the
coefficient of transmissibility, for which the term ‘“apparent trans-
missibility”” is used here. The units of expression and the direction of
determination of the slope are not the same for the apparent transmis-
sibility as for the Theis coefficient of transmissibility.

\GILA _RIVER

N
AN
Outer edge of bottom land

Direction in which slope
should be measured to
\defermine transmissibility

Outer edge of bottom land

N~
™~
N

O\
\.

Typical base line alongj
which component of

slope was measured

/

\ ’
~
~

Freure 44,—Idealized sketch of part of Gila River and contours of the water table, showing typical
base line along which components of the stope of the water table were measured for the slope-seepage
method.

The apparent transmissibility was calculated on the basis of seepage
runs made during the winter when transpiration was not occurring and
the rate of movement of ground water into the bottom land, adjusted
for changes:in ground-water storage, was essentially equal to the rate
of movement of ground water into the river. The apparent transmissi-

5 Theis, C. V., op. cit., p. 520.
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bility, in second-feet per foot of width, was computed from the follow-
ing equation, based on Darcy’s Law:

Apparent transmissibility S, infl econd-feet
(second-feet per foot of width)=— eepﬁe inflow (seco ) —
Length of Effective mean slope of
reach water table perpen-
(miles) dicular to river (feet

per mile)

The term apparent transmissibility as used here refers only to the con-
stant that represents the water-transmitting capacity of the aquifer
as determined under the stated conditions.

A figure of apparent transmissibility was determined for each of
the upper three reaches from results of each of the four seepage runs
made from December to March. The mean apparent transmissibility
for a reach was taken as the weighted average of the four determina-
tions for the reach. The figures for December and March were each
assigned a relative weight of 1, and the figures for January and Febru-
ary were each assigned a relative weight of 2. The figures for January
and February were given greater weight, as those months were con-
sidered to be more typical of winter conditions than December and
March. It may be that weights of 1 and 2 are not the best values, but
any error introduced by their use is believed to be small.

COMPUTATION OF RESULTS

For a given seepage run the rate of transpiration and evaporation of
ground water, in second-feet, in a reach of bottom land was determined
in two steps. First, the rate of movement of ground water across the
outer edges of the bottom land was computed, using the equation ‘

Rate of movement | Bffecti
of ground water Apparent transmis- ength of ] ec f!vet %I;egln
across outer edges |=| sibility (second-feet reach siope ol water table

of bottom land per foot of width) | | (miles) perpendicular  to
(second-feet) | __ || river (feet per mile)

This equation is derived from the equation for apparent transmissibility.
Second, the rate of movement of ground water into the river, adjusted
for rate of change in ground-water storage (tables 35-37), was sub-
tracted from the rate of movement of ground water across the outer
edges of the bottom land, which gave the rate of use of ground water
in second-feet.

5 Wenzel, L. K., Methods for determining permeability of water-bearing materials, with special refer-
ence to discharging-well methods: U. 8. Geol. Survey Water-Supply Paper 887, p. 4, 1942,



187

SLOPE-SEEPAGE METHOD

‘(10798 "IBJAT X I + 1030B]
‘o X g -+ 10908] "uBp X g + 10398} 0o X T) ¥ SB poyndwion ‘yowal SIY) 10§ 69T'0
§8m Lyqsstwsusiy juarsddy (orw 1ad 109]) odo[s UBSWI 2AM0APd X (SO[Iwr) Yo®AI

Jo WISusy X Aqiqussiwusuel) jueredde= sepdydojearyd Aq osn SUIPNOUI MOPU]T ¢

(artux 1ad j09y) ado[s UBOW 3A13007S X (SA[Iwr) YOBAX JO YISuar

(s dydojsaryd Aq esn Fuipnoul J0U) puB] WoOj30q 03 ‘}a9J-pPu0des Ul ‘MOpU]

(4Ipa JO 3007 1ad 993)-puodass) Lyiqisstusueyy juareddy ;

‘gg 9[qB} ‘UTN]0d B[ WOL] ¢

089°9 e R P P FE TR TP I PR PP T [ PP ceeteecc 3361 ‘08 Tadog
03 ‘€561 ‘T *390 18301

SR 08 87 190
¥L8 82 g'I¢ Tttt trgg-1 90
38I‘e 301 z'1e ++ - 0g "1deg-1g aunp
S SN S S T, Lt ceeeeee S LT Sump
T60°T R 0°6¢ ‘' Qg dunp 03 yg LB
089 B[00
ka4 13 86z g ABy 03 g1 ady
et g1 dy
z8T has $'9T . 11-1 dy
0 L1 0 e TE—CT "TBIAL

D I P S e e ee S s I O S oT "1l
0 0 TP IBIN 0% BT "qRd
eeieeeaeana e R P A ceevedfieiinieneiid e | gare | sree | earar 0 | mace | merTT 0 leereeenon JIRIOVAT ¥ 'qod
0 S EERREEREEETE] P SRR PP P PR Pk Y P4 D - 4 “gT "qa.f 07 ] “UEf
R PO I S . S SR -1 ruBp

61
0 1€ 0 tCrUgl uep 09 €T 08
R R - U DU S R 2 T A oT 00T
0 31 0 R LERRRF o oy
0g .09 0°'¢g ! 0£-9g ‘AON
P I S-SR I -gZ *AON
[i744 R 60T e ¥3-% "AON
oS-SR DU B S 4 ceeeen e g AON
682 e g'8% g "AON 0% T "90
8¥e eI fag:14 Tttt 0g-91 t9des
AR B B e TN creeeee g T QT ydag
9ge'e .| ¥8 9°6¢ 9T "3deg 0% g dunp
4 SPINN P 0 S SO .. ceeeneee TR qump
sr61
(4=p 1od 2(1991 1(309]

(1997-0198) (s4ep) 189]-9108) [¢ED) -puonas) -puooss (aprux (Gl

sa34yd potrad 8914qd -puooas) sagLyd Aq ur ‘s914yd (9w xad Iad 309)) 12d 903])

~08aIyd Jjo -0yBaxyd £q sapLyd -oyBaIyd -1ssTUISUBI} | -0BaIyd £q LEE) 3PIS YIION opIs ynog

Aq os) Yysuary 98N UBSTAT -03Baayd £q esn juareddy asn snurt | ado[s uBOW

£q asn Burpnpur pu®[ wol3oq sA1_
jo 1By amogur 03 Mopgur)

SUNJI U8dMIA] POLIDJ

unt agedeag

a1q®} 1918M Jo adolg

[sofrar 9°07 ‘yo®a1 Jo yy8uery]
poyaus 260daas-ado)s 1o PasDQ “YoDaL UDQUATH-LIYANDY,T, “UoLDPbaa puvp-wopoq fiq Lo3pm punob fo s, )—'€C TIAV ],



USE OF WATER BY BOTTOM-LAND VEGETATION

188

*(10%0%] ..52 X 1 + 10%08]
qdf X g + 10398} ‘uep X 7 + l1030®] ‘09 X 1) ¥{ 8% poIndwiod ‘ynsal s1y} 10f $63°(0

(optw a9d }883) ado[s UBaUI 9A109Fe X (S9[IW) Yo8ai o yjdusy

SBM ANIGISSIUISUBIY acfanQ< (ortwx 19d 398]) 9dOfs UBOW BAI108S X (SS[IWI) YOBIIL
Jo yg8us] X Aqqissrusuer) juaasdds= sejAydojsarqd Aq 98N Juipnour MOPUJ ¢

(s914ydojsaryd Aq asn Juipnout jou) pus

wo330q 0} OWO%I—UﬂOOWW ut .gouﬂm

(yipa jo 300§ .EL 133]-Puooas) hanﬁﬁw_ﬁmzﬂna Juaaeddy 4

‘9 9[Q®) ‘UWN[0D ISB] WOLY ¢

0e9'¥

or1e
€69,

......... 361 '0g 1dog
03 '€%61 'T "20 [¥I0L,

9% 190
*63-1 3P0
1-0g deg 03 L '3ny
....... -1 3uy
9 "Buy 03 LT &y
........... 71 At
191 A[0f 09 gg eung
....... g sung
._”N w::a. oa Qg AN
U ag A8V
TR AT
Tty A8
g LB 0% €1 1Y

QT "IBIN[ 0% ST ‘99
SN A ek &7 "ol
BT 994 0% BT ‘usl

¥ "AON 01 T 390
-*0g-L1 7deg

*Z1 "3deg
"91 .ﬁem 0} yg ounp
..... SRIE e

(399)-0108) (s4%p)

8914yd

porsd

-ojgaryd j0

q35ueT

(A8p 10d
199]-910%)
sa34yd
-018a1yd £q
asn ussy

SUNJI USIMISQ POLIS]

(3091
-puoass)
s914yd
-038aayd
£q ssn
10 318y

(3993
-puo99s)
$§9144d
-o0jeaayd
£q esn
Burpnpur
mopguy

1(991
-puosas
AHq ut ‘se3hyd

~1sstwisusl) | -o3saayd Aq
Jueasddy 98N snuIw
Pus[ wo3oq

0} mogur)
una s3edosg

(orrux asd
1393)
adojs uBow
9A1SgH

(31w (epwt
1ad 999)) aad 199))
9P YIION | 9PIS Ypnog

9]g®7] 1298Mm JO 9doly

[soqiur 1°11 ‘gyosax jo yIsuory]
poyraw 26pdaas-ado)s ue Pasvq “YowaL SDWOY,J, 340,J-40Qua)yH ‘uoymabaa pum)-wonoq £iq 4ppm punob fo as))— ¢ TIAV],









Part 4. COMPARISON AND EVALUATION
OF RESULTS .

In this part of the report the relative accuracy, sources of error,
and the conditions necessary for application to other areas are discussed
for each method. Comparisons of the results by all six methods are
made. Three methods that could not be successfully applied to lower
Safford Valley are described briefly, as they might be applicable to
other areas. The possible effects of clearing the bottom land of natural
vegetation are discussed. The conclusions derived from the investiga-
tion are given following part 4.

POSSIBLE ERRORS IN METHODS USED

Table 57 lists many of the possible sources of error in the deter-
minations of use of water, classified as to the method affected, the direc-
tion of the error, and its relative importance. Many errors are non-
compensating. The saving feature, however, is that the effect of errors
in one direction is often reduced or offset by the effect of other errors
in the opposite direction. In spite of unavoidable errors in all the
methods, the results agree within a relatively small range considering
first, the wide range of variation in the many factors that were evalu-
ated and, second, the fact that the methods applied were not closely
related to each other.

TABLE 57.— Evaluation of errors in methods applied to determine use of water by bottom-
land vegetation

Error
Sources of Method
error affected! . Relative Remarks
Direc- impor-
tion? tance®
T C 3 | Affects computed amount of water repre-
sented by changes in water level from
month to month.
Coefficients of TW C 1 | Afiects entire result.
drainage and SR C 3 | Affects computed amount of water repre-
saturation. sented by changes in ground-water storage
in bottom land.
10 C 3 Do.
Cl C 4 Do.
88 C 3 Do.
Transpiration at T™W NC 2 | More determinations will improve accuracy
night. of factor for night transpiration.

See footnotes at end of table.

101
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TasLE 57.—Evaluation of errors in methods applied to determine use of water by bottom-
_land vegetation—Continued

Error
Sources of Method . R X
error affected! Di Relative CmMArs
t.“efi' impor-
ton tanced
s T C 3 | Errors in individual determinations are com-
Voéuﬁe density in pensating; errors in method are noncom-
etd. pensating.
T™™W C 3 Do.

Votl:;lf{z density in T NC 3 | Relative importance is 1 for cottonwood.

Volume density at TW C 4 | Area of 50-foot circle may not be correct
transpiration basis for determining volume density at
wells. well,

SR NC 2 | Method includes interpolation of results be-
tween seepage runs.
. 10 NC 4 | Use during 14-day period was estimated by

Interpolation and extrapolation.
extrapolation of C1 NC 2 | Method includes extrapolation of results

Its by periods
results by p - i from two sets of water analyses.
SS NC 2 | Method includes interpolation of results be-
tween seepage runs.

Interpolation andf T NC 1 R?;l:ss. from 17 tanks are applied to 9,303
extrapolation o W NC 2 | Results from 17 wells are applied to 9,303
results by areas. acres.

Assumption that SR + 2 Ner:;‘1 ;;ngggr'i?lug;iiuzglow may be less in sum-
net underground 10 + 2 Do. ‘
inflow is constant. o1 il 5 Do,

T™™W - X 2 | Possible to assume transpiration at well was

Overlooking small i negligible for day when fluctuations of
quantities in ! water table were small. .
base data. 10 - | 3 | Possible to overlook small quantities of

surface water.
. 10 — 4 | Seepage from small unmeasured amounts of

In;i&tr?gz?révgier SR 4 sml'gace water crossing bottomn land.

Lria — o.
lth(liun bottom CI _ 4 Do,
and. 88 - 4 Do.
. _ SR + 4 | Seepage runs usually made at time of day

Ad']u:tr"?ﬁ:'f”oorf:szg_ when evaporation was at peak rate, al-
3& tion from river though adjustment for evaporation was
si?f&ﬁ“ and wet made on basis of mean evaporation during
sand bars. <8 + 4 24613}"3'

. T C 4 | Error is in one direction in computing results
voé:{gﬁ;&i‘;s&%;s in terms of use of water per unit of volume
do not appl density; error is in opposite direction in
by n olg)ti):)n computing area of 100-percent volume
Jaadeety density in field.
rom SoiL. W (e 4 Do.
: S8 - 4 | For Thatcher-Glenbar reach, results were in-
Seﬁg;cglf ;g? fx:;d%‘:zi terpolated for 102-day period between
eak of transpira- June 21 and Sept. 30, 1944. No adjustment
E‘ season P! was made for higher rate of use in July and
on . August.

Assumption that SS C 4 | Transmissibility varies slightly according to

transmissibility
of aquifer is
constant.

thickness of saturated portion of aquifer.
Thickness varies according to position of
water table.

See footnotes at end of table.
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TABLE 57.— Evaluaiion of errors in methods applied to determine use of water by botiom-

land vegetation—Continued

Error
Sources of Method § .
error affected? Direc- Relative Remarks
tion? impor-
tance?

Water sainples
Irolrln shallow b
wells may not be Dissolved mineral content of ground water
];sgg:ﬁ?g"ea&‘{:e‘)f C1 ¢ 4 may not be uniform throughout depth.
thickness of
aquifer.

Assumption that CI = 2 | Artesian inflow from older fill beneath all
all chloride in luvium of bottom land increases chloride
water passing content at line of wells along river.
lines of wells at CI + 3 | Chloride is removed from ground water in
outer edges of bottom land by plant guttation and by
bottom land also accumulating in woody fiber of plants,
passes lines of reducing chloride content at line of wells
wells along river. along river.

10 C 4 | Changes were computed from large-scale
maps az;lxd on bahsis ?f 41-3flooti( cI;.mtouEs lfor
A upper three reaches; for Black Point-Calva

Det;rmmapon of reach, changes were computed on basis of
cl anggs mt changes at three lines of wells.
gé‘mm -water SR C 4 | Changes were computed from well records
storage. for week preceding each seepage run.

CI C 4 Do.

S8 C 4 Do.

SR C 3 | Evaluation of effects of time of travel of
stream, changes in channel storage, and

Changes in flow diurnal fluctuations in stage may be in
of river. error.

CI C 4 Do.
SS C 3 Do.
Result magnifies Method determines result b i
\ . vy differences
3‘:{’; s in base 10 C 2 between relatively large quantities.

Assumption that
dissolved mineral
matter does not CI - 1
accumulate in
bottom land.

Determination of Ss — 1 | Slope should be determined for outermost
effective mean edge of bottom land. .
slope of water Ss C 4 | Individual determinations may be slightly
table. in error.

Experiments per-
formed on plants X .
younger than T + 2 | Applies particularly to cottonwood.
average plant in
field.

Effect of dissolved T + 3 | Plants in field possibly use less water than
solids concen- plants in tanks. .
tration on rate ™ C 4 | Dissolved-solids concentrations at well loca-
of use of ground- tions may be above or below average in
water. field.

Recharge to phre- CI - 2 | Recharge from river adds water that is not
atophyte area measured as underground inflow, and may
from river affect chloride concentrations.

Computation of
Ow;zer use for 10 C 1 | Relative importance 4 for yearly figure.

short periods.

1T, tank method; T'W, transpiration-well method; SR, seepage-run method; IO, inflow-outflow
method; CI, chloride-increase method; SS, slope-seepage method. i X
2z -+, result too high; —, result too low; C, error 1s compensating; NC, error is noncompensating but

direction is unknown.

31, major effect; 2, medium effect; 3, minor effect; 4, negligible in result.
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COMPARISON OF RESULTS OBTAINED
BY EACH METHOD

Table 58 gives the results obtained by each method in terms of draft
on ground water. The table also gives the draft on ground water com-
puted as the average of all methods used in each reach and the total
use of water in each reach. Use of water was determined by all six
methods for the two reaches between Glenbar and Black Point.

TaBLE 58.—Use of water by bottom-land vegetatior(zi, in acre-feel, Oclober 1, 1943, to

September 30, 1944, based on six different methods

Draft on ground water

Transpira-| Seepage- | Inflow~ | Chlo- Total
Reach Tank | tion-well run outflow | ride- Slope- use of
Method | method method |method!| increase | seepage | Average water?
method | method
Thatcher to
Glenbar. .. .. 9,070 6,740 8,590 ® 6,020 6,680 7,420 8,610
Glenbar to
Fort Thomas| 7,420 5,900 6,500 | 5,180 | 5,220 | 4,630 5,810 6,770
Fort Thomas to
Black Point..[ 5,060 3,940 5,970 5,880 3,590 3,790 4,700 5,720
Black Point to
Calva....... 6,000 4,850 4,990 4,290 ® ® 5,030 7,250
Thatcher
to Calva | 27,550 21,430 26,050 ® ® ® 422,960 428,350

1 Based on computations for bottom land. Use for Fort Thomas-Black Point reach was 4,370 acre-feet,
based on computations for entire inner valley.

2 Includes total precipitation on phreatophyte-covered part of bottom land, October 1, 1943, to Sep-
tember 22, 1944.

3 Not computed.

4 Sum of average use by reaches,

Table 59 lists the results obtained by each method for these two
reaches combined, in terms of percent above or below the average by
all methods.

TaBLE 59.—Use of water from Glenbar to Black Point, as computed by each method, in

terms of percent above or below the average by all methods
Percent above (+) or

Method below (—) average
ANk . .o e e +18.7
Transpiration-well. ... ... ... .. .. —6.4
SeePAZE-TUI. .. ...t e +18.6
Inflow-outflow. ... ... ... ... . it +5.2
Chloride-inerease. .. ....oovuie it eae e -16.2
Slope-SEEPAZE. . . . .ttt —19.9

The results by all methods check within plus or minus 20 percent. This
gives some indication of the possible accuracy of the final figures for
water use (table 58), which are the averages for all methods.

COMPARISON OF WATER USE BY SPECIES

Based on figures computed by the tank and transpiration-well
methods for the 12-month period ending September 30, 1944, the mean
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total use of water by the species of phreatophytes common to lower

Safford Valley, computed for growth of 100-percent volume density,

was: Saltcedar, 7.2 feet; baccharis, 4.7 feet; cottonwood, 6.0 feet; and

mesquite, 3.3 feet. These figures include 0.57 foot derived from precipi-
tation.

According to table 29, saltcedar used more than 75 percent of the
ground water used by phreatophytes in lower Safford Valley during the
12 months ending September 30, 1944. However, saltcedar occupied
only 50 percent of the gross area and comprised only 60 percent of the
total growth when converted to 100-percent volume density.

The annual rate of use of water per acre, computed by dividing the
total use of water by the total area of 100-percent volume density, was
different for each reach. For example, the total use of water per acre
of 100-percent volume density of growth, computed by the tank and
transpiration-well methods, was 6.7 acre-feet per year in the Thatcher-
Glenbar reach and 5.6 acre-feet per year in the Fort Thomas-Black
Point reach. The use was high in the first reach because saltcedar, a
plant of high water use, comprised 69 percent of the vegetation, whereas,
in the other reach, saltcedar comprised only 34 percent of the vegeta-
tion.

COMPARISON OF 1944 GROWING SEASON
WITH OTHER SEASONS

Use of water by bottom-land vegetation during the water year Octo-
ber 1, 1943, to September 30, 1944, is shown in table 58. Records for a
complete growing season can be obtained from these data if the records
for the end of the 1943 growing season are used to complete the records
for the 1944 growing season. From records at the Glenbar experiment
station there were 150 frost-free days in that composite growing season
from the last day of frost in the spring, May 17, to September 30, 1944,
and from October 1, 1943, to the first day of frost in the fall, October 14.
On the basis of a 26-year period of record at Thatcher, the average date
of the latest killing frost in the spring was April 11, and the average
date of the earliest killing frost in the fall was October 31, giving an
average of 203 frost-free days annually. The latest and earliest killing
frosts recorded at Thatcher occurred May 7 and October 6, respectively.

With the exception of a severe storm on September 24-25, 1944, the
water year 1944 was a year of subnormal precipitation, with a conse-
quent subnormal river flow and a decline of the water table. Thus, it is
possible that the phreatophytes had greater difficulty in obtaining
ground water than in years with more abundant water supplies, so that
in 1944 the plants used a smaller amount of water than in most other
years. On the other hand, there is the possibility that, as little soil

837968—50—14
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moisture was available to the plants in 1944, they withdrew more
water from the ground-water reservoir than in an average year.

~ On the whole, it is believed that the amount of water used by the
bottom-land vegetation in 1944 was less than in most years, as a result
of both the unusually short growing season and the uneven distribution
of precipitation.

ADVANTAGES OF METHODS AND APPLICATION
TO OTHER AREAS

No single method of investigation as given in this report is deemed
better than any other method. The cost and amount of time required to
apply each method was about the same, as some of the methods required
more field work, and others required more office work. Two of the meth-
ods, the tank and transpiration-well, required data that could not be
used for the other methods. Each of the other four methods used some
of the same base data.

For an approximate result, the seepage-run method would probably
produce results at a lower cost and in a shorter time than any of the
other methods. The transpiration-well method would probably produce
the most accurate results for the least amount of money, provided that
the determinations of the coefficient of drainage were sufficiently ac-
curate. In applying any of the methods, much better results would
be obtained if studies were continued for two or more growing seasons
rather than for only one growing season.

In applying the methods for determining use of ground water by
phreatophytes to other areas the following should be considered:

1. Tank method. Theoretically, the method can be applied to any
area containing phreatophytes. Practically, the method is not applic-
able for determining the use of water by large trees or for areas in which
the water table lies more than a few feet below the land surface.

2. Transpiration-well method. Theoretically, the method can be
applied to any area of phreatophytes in which diurnal fluctuations of
the water table oceur in measurable amounts as a result of transpira-
tion. Practically, the diurnal fluctuations of the water table are difficult
to measure in areas containing plants that use small amounts of ground
water and in areas in which the water-bearing materials are loose and
have a high coefficient of drainage. The advantage of this method is
that the use of ground water by plants in their natural habitat is deter-
mined under undisturbed conditions.

3. Seepage-run method. Theoretically, the method can be applied
to an area where ground water is used by phreatophytes, in which there
is a surface stream gaining water from the ground-water reservoir,
provided that the net underground inflow to the area of use is constant
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in amount. Practically, the method is not applicable to areas in which
the flow of the surface stream is highty complicated by sporadic diver-
sions and surface inflows or where the underground inflow is not con-
stant within reasonable limits.

4. Inflow-outflow method. Theoretically, the method can be applied
to almost any area where ground water is used by phreatophytes.
The accuracy of the method is reduced in areas where the quantities of
water measured are greatly in excess of the use of ground water by
phreatophytes. Practically, the method is not applicable to areas
where the flow of the surface stream is excessively complicated by
diversions and surface inflows.

5. Chloride-increase method. Theoretically, the method can be
applied to any area where ground water is used by phreatophytes, into
which there is an inflow of ground water constant in amount and direc-
tion, and from which sufficient ground water is discharged (other
than by transpiration and evaporation) to prevent accumulation of
dissolved mineral matter. Application of the method is limited to areas
in which little or no surface water percolates to the water table and
within which a measurable change in concentration of some constituent
exists.

6. Slope-seepage method. Theoretically, the method can be applied
to any area where ground water is used by phreatophytes, in which
there is a surface stream in intimate contact with the ground-water
reservoir, provided that changes in the slope of the water table as a
result of transpiration and evaporation occur in measurable amounts.
Practically, application of the method is limited to areas where use of
ground water is large and the errors involved in computing the average
slope of the water table do not exceed the permissible limit.

OTHER METHODS OF DETERMINING USE OF WATER

Three additional methods were proposed at the start of the investiga-
tion but could not be carried through to obtain quantitative results.
As the methods may be applicable in other areas, they are described
here:

1. Water inventory of the entire inner valley from Thatcher to
Calva. This method required measurement of all water entering and
leaving the valley. Stream-flow records were incomplete, no crop sur-
vey was made between Thatcher and Glenbar, and the consumptive
use of crops was not determined in the field. Therefore, this method
could not be applied.

2. Cut-twig method. This method involves determination of the
loss of weight of plant cuttings when placed in the sun for 1 hour.
Fresh cuttings are set out every hour, so that a continuous record of
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transpiration is obtained for 1 day. Hourly readings are taken of
temperature, humidity, and evaporation. The cuttings are later dried
in the sun until they reach a constant weight. The results are calculated
in terms of weight of water transpired each hour for a unit weight of
air-dried plant material, and the sum of the hourly rates is taken to
be the daily rate of transpiration for the day studied. The experiments
are repeated several times during the growing season. This method is
satisfactory for obtaining the relative rates of transpiration among
several types of plants, but large errors may occur when the results
are applied to large areas.’

3. Ground-water rating curve.’” This method required plotting
two curves showing average depth to ground water in wells on the
farmed land versus seepage to or from the river. One of the curves is
for the growing season and the other for the nongrowing season. A
modification of this method lay in plotting the first curve for a tract
occupied by transpiring vegetation, and the second curve for the same
tract after the vegetation was removed. The water withdrawn from the
ground-water reservoir by vegetation in the area studied is determined
from the difference between the two curves. The method was unsuccess-
ful in lower Safford Valley because the curves for the growing season
and nongrowing season could not be defined separately as the range
of fluctuation of the water table was too small. Furthermore, few wells
on the farmed land were available for measurement of water levels.

Another way of applying the ground-water rating-curve method
would be to plot the average depth to water in wells in the bottom land
against seepage gain or loss in the river. This modification of the
method was not applicable to lower Safford Valley because, as a result
of the narrow range of fluctuation of the water table, the summer and
winter curves could not be defined separately. This modification of the
method also might have been applicable to the problem if clearing had
been undertaken.

Another method, the turbulent-transport, described by Thorn-
thwaite and Holzman,®® provides for direct determination of evapora-
tion from a land or water surface by the use of observations of wind,
moisture gradients, and temperature. Although this method shows
great promise, instrumentation difficulties have not at this time been
completely overcome, particularly for the precise determination of
moisture gradients. For that reason the method was considered to be
impracticable for this investigation.

8 Raber, Oran, Water utilization by trees, with special reference to the economic forest species of the
North Temperate Zone: U. S. Dept. Agr. Misc. Pub. 257, p. 76, 1937.

87 Meinzer, O. E., and Stearns, N, D., A study of ground water in the Pomperaug Basin, Conn., with
special reference to intake and discharge: U. 8. Geol. Survey Water-Supply Paper 597-B, pp. 127-129,
1929,

68 Thornthwaite, C. W., and Holsman, B., The determination of evaporation from land and water
surfaces: U. S. Weather Bureau, Monthly Weather Rev., vol. 67, pp. 4-11, 1939.
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Valley, they indicate that saltgrass and Bermuda grass are relatively
low users of ground water. Other plants, whose rate of use of water is
not known, may be suitable for planting in the cleared areas.

EFFECTS OF CLEARING

The hazard from floods probably would be reduced by clearing part
of the bottom land, as the flood-carrying capacity of the channel
of Gila River would be increased. If belts of natural vegetation were °
allowed to remain, bank cutting and channel changes as a result of
floods would be partly prevented.

The amount of water that could be saved by clearing the bottom
land from Thatcher to Calva would be less than 28,000 acre-feet a year
(see table 58). If clearing were done, the belts of natural vegetation
that probably would have to be left would continue to use water.
Furthermore, the cleared lands probably would have to be pla,nted;'to
pasture grasses or other vegetation that would prevent erosion of the
bottom land. The grasses undoubtedly would use all the 'precipitation
that would fall on the area they would occupy, and in addition they
probably would withdraw water from the ground-water reservoir. If
grass or other soil cover were not planted, evaporation of precipitation
and of small amounts of ground water would occur. Because the water
table would be higher, the direct evaporation would be greater than at
present. Thus it is not possible to predict the actual amount of water
that could be saved each year by clearing all or part of the bottom land,
as the rate of use of water from the area after clearing would depend
on subsequent treatment of the area.

The ground water that would be saved by clearing all or part of the
bottom land would appear.as an increase in flow of the Gila River.
Seepage runs, made along the river after clearing was accomplished,
would be one basis of determining the amount of ground water saved
by the clearing.

Waterlogging of the bottom land or of adjacent farm lands probably
would not oceur as a result of clearing, as the bottom land is well-
drained in most places.

Under existing conditions, over a period of a year or more the amount
of salts entering the bottom land in ground-water inflow and the
amount leaving the area probably are about equal. If the anticipated
effects on movement of ground water were brought about by clearing,
some general trends in quality of water would necessarily follow. Upon
removal of the growth this equilibrium would be upset, and conditions
would remain unstable for an indefinite period. During the period of
instability, the amount of salts carried into the river by seepage would
probably be larger than it is during an equal period of time under
existing conditions. After a new equilibrium became established, the
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total amount of salts leaving the bottom land would again approximate
the amount entering, and these quantities probably would be about the
same as before clearing. If all the water were saved, the ultimate effect
of clearing on the quality of water in the Gila River would be equiva-
lent to diluting the river flow with a quantity of distilled water equal
to the amount of water now used by transpiration.

Clearing the bottom-land growth would have an effect on the con-
- centration of dissolved solids in ground water entering the river.
According to computations made for the chloride-increase method,
transpiration by bottom-land growth in lower Safford Valley increases
the concentration of chloride in ground water entering the area by an
average of more than 60 percent as the water passes through the
transpiration area. Stopping transpiration in the bottom land thus
should have the effect of reducing the concentration of dissolved solids
in ground waters that seep into the river, and hence would improve the
quality of the river water. Presumably, the concentration of dissolved
solids in the ground waters of the bottom land is now at a maximum,
and reduction of water use should be effective in reducing this concen-
tration and in improving the quality of the ground waters within a
short time after transpiration stops.

Removal of bottom-land growth would have no direct effect on
quality of ground water in the cultivated areas of the valley.



SUMMARY AND CONCLUSIONS

1. The total use of water by bottom-land vegetation was about
28,000 acre-feet in the 46-mile reach of Gila River from Thatcher to
Calva during the 12-month period ending September 30, 1944. Of this
total, about 23,000 acre-feet was derived from the ground-water reser-
voir and about 5,000 acre-feet was derived from precipitation. This
water was used by vegetation growing on 9,303 acres, equivalent to
4,861 acres of plant growth at 100-percent volume density.

2. For the 12-month period ending September 30, 1944, the total
use of water by phreatophytes common to lower Safford Valley, com-
puted for growth of 100-percent volume density was, in acre-feet per
acre, saltcedar, 7.2; baccharis, 4.7; cottonwood, 6.0; mesquite, 3.3.

3. Six methods of determining use of water by bottom-land vegeta-
tion were applied. Three of the methods were developed during the
investigation and had not been applied previously to any area. Re-
sults by each method were within 20 percent of the average of results
by the six methods.

4. The volume-density method of evaluating variations in density
of growth of bottom-land vegetation, as developed during the investi-
gation, is considered applicable to other areas and to other types of
phreatophytes.

5. Water use can be reduced by clearing the bottom land of natural
vegetation. The amount that can be made available by clearing an area
would be less than the amount now being used in the area, as evapora-
tion of ground water would continue.

6. The flow of the Gila River would be increased downstream from
any area that might be cleared.

7. The total load of dissolved mineral matter in the water of
Gila River probably would be the same after clearing as before, except
during an interim period when excess dissolved mineral matter would be
removed from the cleared area. The concentration of dissolved mineral
matter in the water of Gila River eventually would be reduced down-
stream from the cleared area.

8. Clearing all or part of the bottom land probably would cause no
change in the quality of the ground water beneath the farmed lands.

9. Clearing the bottom lands would increase the capacity of the river
channel, thereby reducing the hazard of floods.

203
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10. During the investigation no methods were developed for per-
manently eradicating saltcedar from the bottom land, as methods of
clearing were not an objective of the investigation. As a result of field
observations it is believed, however, that the roots of the plants will
have to be removed or destroyed if permanent clearing is to be ac-
complished.

11. No method was evolved from the investigation by which results
obtained in lower Safford Valley could be applied directly to other areas.

12. The investigation was started in an effort to obtain additional
water from a stream from which all available water had been appro-
priated. There are many such streams in the arid parts of the South-
west and many thousands of acres of nonbeneficial phreatophytes
using water that would otherwise be available for agricultural use.
As the demand for water increases, more and more emphasis will be
placed on preventing the waste of water, particularly the waste through
use by nonbeneficial vegetation. The economic position of agriculture
in the Southwest could be materially improved by replacing these plants
with ground-water plants of economic value or by destroying the non-
beneficial plants and applying the water saved to irrigated lands that
now have an insufficient supply of water.
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