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GROUNDWATER SUPPLY
IN THE RILLITO VALLEY

By G. B. P. Smith

INTRODUCTION
Southern Arizona, with the exceptions of the Upper Gila, the

Salt, and the Colorado valleys, is a region of dry rivers and parched
lands. The many mountain ranges are separated by broad arid val-
leys. Scant rainfall, excessive evaporation, and long drouth periods
have barred the agriculturist from obtaining much foothold; mining
and grazing are the only important industries of the thin and scat
tered population. No living waters exist in the region save a few
small springs, usually in creek beds, and even these have such meager
supplies between the flood seasons as scarcely to satisfy the thirst of
the cattle which gather to drink from them.

As elsewhere in America no nook or corner of the region has
escaped the scrutinizing eye of the pioneer. But the difficulties in the
way of settlement have been great, conditions too severe, and
especially has the problem of water supply turned many a one away
to other fields. The choicest spots were seized by the early Spanish
explorers and in many cases are still held by descendants of that
race. Agricultural development, in general, has made little progress,
water supplies have not been increased, and slight change has been
made in the methods of utilizing the small and uncertain amount
available. The discovery of rich mines and the growth of mining
operations have created a great demand for agricultural products, a
demand which could be met only by transportation from distant
places. The land itself has been devoted to stock raising and on
account of overstocking, especially destructive during drouth periods,
even the range has greatly depreciated in feeding value.

The ultimate destiny of this great region cannot be foretold. The
first demand of humankind is for agricultural products, and agricul-
ture is the foundation on which other industries are built. In this
region agriculture is a function solely of the water supply available
for irrigation. There is little hope of creating a widespread develop-
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ment Vast areas of fertile land must ever lie desolate and unproduc-
tive for the want of life-giving water. But there may be here and
there small areas, usually stretching along the river courses, capable
of reclamation from desert conditions; not, however, by means of
storage reservoirs, for storage of floodwaters in this region is beset
by serious limitations and difficulties, hut by the utilization of ground-
waters which in favored localities may be found concentrated in a
degree out of proportion to the scanty rainfall and the short flood
periods.

The small area possibilities furnished the motive of the present
investigations, which were directed principally to the ground water, to
determine its origin, its amount and value, the character, rate, and
magnitude of its motion, and the technical and economic question»
relating to its recovery. That small area projects can be successful!)
developed in the valleys of southern Arizona by utilizing the ground-
water is the conclusion expressed in this bulletin. Large irrigation
projects commensurate with those of the United States Reclamation
Service in the Salt River Valley and on the Lower Colorado are not
to be found south of the Gila River Rut numerous small areas, from
a few score of acres to ten thousand acres in extent, may be
reclaimed. There are groundwater supplies sufficient in amount; the
economic considerations of recovering these waters are not prohibitive

The Rillito Valley was chosen for extended study principal!)
because of its convenient location near the city of Tucson. More-
over, it was considered a typical arid valley. \Vest of the Fort Lowell
district the valley was very barren, with few settlers and the number
not increasing. East of Port Lowell conditions were little better
The valleys in the western part of I M m a County doubtless have fewer
and smaller opportunities for development, the vallevs of Cochise
County may have greater, but the methods of investigation, the gen-
eral facts obtained, and the principle of cooperative pumping should
be applicable throughout a wide region. The discussions of this bulle-
tin cover not only the Rillito Valley but also the nearby portion of the
Santa Cruz Valley as well.

Acknowledgment should be made to Mr. Chas. H. Bayless, who
furnished labor and material for the investigations in their incipient
stage, and to the general officers of the Southern Pacific Railroad,
especially Mr. R. H. Ingram, who manifested helpful interest and
made financial provision for the expensive operations in well drilling,
Credit is due Mr. F. C. Kelton for assistance in the field work and
for preparing the drawings.
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The total drainage area including the Pantano is 947 square
miles, excluding the Pantano it is 327 square miles. Of the latter
area 183 square miles or 56 percent is mountainous, and 99 square
miles or 30 percent consists of gullied gravelly outwash slopes
between the river and the mountains, locally spoken of as the foot-
hills. The remaining 45 square miles or 14 percent is valley land,
arable, and irrigable in case water can be developed for it.

The mountainous portion is rough and precipitous with deep-
cut canyons 'and irregular ridges, and reaches to high elevations
above the valley. The main ridge of the Catalinas lies in a direction
about S. 60° E. Two-thirds of the range lies to the south of the main
ridge and drains into the Rillito while the remaining third drains
northeasterly. The lower slopes are thinly covered with desert
growth and live oak, while above an elevation of about 6,000 feet
there is a heavy forest of coniferous trees, largely pine. The area
above 6,000 feet in the Rillito watershed is 40 -square miles and this
extensive forest has an important role in the water supply of the
valley below.

The topography of the valley is exceedingly simple. The valley
is almost straight without sinuosities or jutting hills, and with fairly
uniform side slopes. The distance from the base of the mountains on
the Tanque Verde Creek to the Santa Cruz River is only twenty-
three miles. East of Fort Lowell there is a narrow strip of bottom-
land flanked by gravelly, gullied slopes extending to the Catalina
Mountains on the north and to the Rincon Mountains on the south-
east. The bottomland averages a half mile in width with larger
triangular areas at the junctions of the main tributaries. The soil is
mainly sandy loam.

West of Port Lowell the same gravelly worthless slopes extend
from the river bottomland to the mountains on the north, but on the
south side are several, benches, or. terraces of excellent agricultural
land so that the arable portion of the valley averages about two miles
in width. Side drainage has to some extent obliterated the terraces,
but on the Oracle road three main levels are plainly discerned.
Farther south, that is, flanking the bench land, are gravelly slopes
again, but here only slightly rolling, not having been gullied and
trenched as have.the'foothill-slopes.-- However, the general character
of the gravels is the same in the two locations and they are undoubt-
edly of the same origin and geologic age. Two cross-sections of the
valley from north to. south are -shown in Fig. 57. Section B-B shows in
sequence the mountain, the foothill slope, the bottoms and bench land,
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and the gravelly slope to the southward, locally called the mesa. This
last area was originally a slope from the Rincon Mountains to the
drainage channel westward but since the advent of the Pantano Wash
the portion cut off by that stream has assumed a little of the outward
character of a true mesa The term mid-valley slope for this area
avoids ambiguity.

The area of the arable portion of the valley is but one-fourth as
great as the mountainous area of the watershed This extremely low
ratio is indicative of the concentration of \\ ater supply which is
physically possible, the surrounding crescent of mountains serving as
catchment for the smaller irrigated center. The arable area also
marks the extent of recent valley fill, the volume of which must like-
wise bear an extremely low ratio to the surrounding mountain masses

THE VALLEY FILL

In character the recent fill is loose and porous, composed prin-
cipally of sand and gravel with a surface of silty or sandy loam Its
floor is undoubtedly the gravelly formation seen in the foothills on
the one side and the mesa on the other side. This underlying forma-
tion is very different in character. In the first place, it is very exten-
sive, reaching from mountain to mountain and throughout the entire
length of the valley, and to considerable depths. It represents the
accumulation or fill during a long period of time, probably during- the
Pleistocene epoch. The gravels of this formation are poorly sorted,
angular fragments of all sizes being intimately mixed, and the pores
being filled with silty and clayey material. During the period of
aggradation climatic conditions may have been more arid, rainfall
more irregular, and water courses more numerous, steeper, more
intermittent and torrential than at the present time, for such condi-
tions tend to the deposition of great masses of oittwash materials in
an unsorted condition. The basic gravel is, in fact, quite impervious
and in its capacity as the floor beneath the recent and narrower valley
fill, its function is in a measure equivalent to that of bedrock in
many other valleys.

The Catalina and Rincon mountains are composed largely of
massive granite and gneiss. Quartzite and limestone occur on the
north and east slopes, but none in the Rillito watershed. The front
or south range of the Catalinas is composed wholly of gneiss and
mica schists which break off in enormous blocks along the joint-
planes, after which the blocks break up gradually into large broken
crystals of feldspar, quartz, and mica. The granite which covers a
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great area in the interior of the mountains i* unusuall) coarse
grained. The gneiss contains mica and accessor) garnet in abund-
ance, and these two constituents, together \\ith the undecompo^ed
gneiss and the coarse \\lnte quartz sand make the eroded material of
Lhe Catalina formation vtr\ casil) traced doun through the valley
below.

The older valle> fill is seen by its constituents to have been
derived exclusivel) from the Catalina and Rincon mountains. The
later or recent fill contains considerable gravel from sedimentary and
eruptive rocks, undoubted!) brought into the valley b) the Faniano
Wash. The presence of these dark colored quartzites, sandstones,
limestones, rhyolites and andesites marks and identifies the later
deposits, though the dark colored rocks are almost always in a minor-
ity, the gneiss and granite derivatives forming the greater portion of
the mass. For the older fill Tolman proposes the name of Catalina
wash, while the later deposits may be aptly designated by the term
recent.

An additional method of distinguishing the recent valley land
from the Catalina wash to the southward lies in the fact that the
creosote bush forms almost exclusively the vegetation growing on the
mesa of Catalina wash, while on the valley land mesquite and catclaw
trees are common, and the creosote is present less conspicuously. The
foothills, however, although they also are composed of Catalina wash,
support a still different vegetation which may be described as a thin
forest of cacti, palo vercle, and acacias.

There are, indeed, remnants of another valley fill, much older
even than the Catalina outwash. At various points near the base of
the Catalina Mountains and in the foothill washes small patches of
soft, partially coherent sandstones, shales and conglomerates are
found, always of a dark red color and nicely stratified. The deposits
are broken and tilted, the small out Tops sometimes dipping gently
away from the mountains, sometimes sharply in other directions.
The included materials differ widely. In some places are fine sands,
or thin strata of fine sand alternating with shale, in other places are
coarse water-worn sands, or gravels, or angular breccia. The out-
crops near the mountains show very little or no material derived from
the Catalina formation, often fifty percent or more is of volcanic
rocks, while in the outcrops more removed from the mountains a small
amount of included gneiss occurs. The deposits are covered ttncon-
formably by the yellow or whitish-gray unconsolidated gravels which
compose the main valley fill. Fig. 5 shows an exposure of the con-
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Cebadillo canyons all have reservoir sites almost continuous one with
another and forming, with Romero Canyon on the west, a straight
line entirely across the range, and over twenty miles in length.

Paleozoic series of quartzites, shales, and limestones occur on the
northeast slopes of the Catalinas and again at the south end of the
Rincon Mountains in the vicinity of the railroad pass. The latter
locality has been studied by Professor C. F. Tolman, Jr., who con-
tributes the following statement;

"Strati^raphic series in the vicinity of Tucson.
No survey has been made over this area, but the general sequence of the

rock formations in southern Ari/ona has been fairty well determined
The prc Cambrian or Ari/onian.—"These include all the rocks underlying

the Paleozoic, and underlie the entire country, forming the basal complex on
which later formations have been deposited The Catalina gneisses form the
lower pf riion of th is division and as exposed in these mountains are mas-
six ely bedded gneisses exceeding 10,000 feet in thickness with subordinate
amounts of schists Into these have been intruded extensive masses of granites,
both of old (pre Cambrian) a%e and of later (late Jurassic and early Ter-
tiary) age.

The Paleozoic rocks in southern Arizona everywhere develop a great non-
conformity with the underlying gneisses, and generally show an extensive de-
velopment of the Cambrian and Carboniferous systems, with some doubtful
Ordovicicin and occasional Devonian rocks Mesozoic sedimentary rocks are
usually lacking The Tertiary and Quaternary were marked by the extrusion
of great amounts of lavas of various types and of stibacrial deposition of con-
glomerates, sandstones and tuffs In possibly later Quaternary and recent
times the great dctrilal slopes (bajaclas) have been built up, and both the
cemented and the porous water-bearing gravels have been deposited.

A measured section across a portion of the Paleozoic rocks east of Vail
will give an idea of the local geologic section. The series is as follows:

Catalina gneiss, at the bottom, separated from the overlying rocks by a
great thrust fault.

Pre-Carboniferous or i a—Quartzite 600 feet
. Carboniferous J b—Shaly quartzJte 200 feet

Paleozoic J }
^ c—Shaly limestone 300 feet

Carboniferous Massive limestones 2000 feet

Tertiary and Quaternary Detrital conglomerates of great but
unmeasured thickness."

Three miles southeast of Tatique Verde there is a small area
of rhyolite and basalt. It is evidently a lone outpost of the extensive
eruptive formations of southern Arizona in Tertiary time, of which
the Tucson Mountains are a part.

Regarding the oldest or basic valley fill, the red tilted conglom-
erates which outcrop near the mountains, there is very little informa-
tion from which to determine their age. The relation of these deposits
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to the mountains and the character of the included material point to
the conclusion that they were contemporaneous with the mountain
uplift, at least in part, their base being even earlier than the uplift
Gilbert describes similar conglomerates along the Upper Gila \ alley
which he considers to be Quaternary/ He further states that they
are of great thickness, in one place 1,500 feet being exposed

To what extent these conglomerates underlie the Rillito valley
lands is problematical. There may be sufficient strata and under oiich
hydrologic conditions as to yield small artesian flows, though the ma-
terial wherever exposed is not as a rule very pervious. The question
cannot be answered negatively, and until deep wells are bored through
the gravels to bedrock, knowledge concerning the geologic structure
and history of the valley will remain incomplete. It K to be noted,
however, that the outcropping of the porous rocks is insignificant and
with little or no catchment area, any deep-laid supply of water could
have very little permanency of volume.

The great mass of present valley fill, as mentioned above, is
believed to be of Pleistocene age. That the fill extends to great
depths is proven by the log of the Southern Pacific Company's well
at Esmond, fourteen miles southeast of Tucson. This well penetrates
the fill to a depth of 1,482 feet. The log is given in full on page 165.
The presence of thick beds of clay in the deeper portions of the well
suggests that the well was stopped far short of reaching bedrock.
Another well of the Southern Pacific Company at Pantano reached a
depth of 1,500 feet, and the formation was alluvial all the way* It is
not unlikely that the lower portions of these wells are in the oldest or
basic fill, and the depth may be due partly to crustal movement.

It does not follow that the depth of the fill in the Rillito Valley
is equal to that at Esmond, for while the trough of an ancient valley
doubtless passed near the latter place, the valley trough was located
probably at a distance from the Catalina Mountains, leaving the
present Rillito Valley on its north slope. As evidence of this ancient
topography, it may be cited that the wells in and about Tucson are
sunk in Catalina wash almost exclusively, and the former drainage
from the Catalina Mountains was doubtless southwesterly entirely
across the valley.

In more recent times, during a period of degradation, the Rillito
Valley has been eroded by the run-off from the mountain canyons and,
finally, by an interesting stream capture, the Pantano became a tribu-
tary of the Rillito. The foothills northeasterly from Fort Lowell,

*U. S. Geographical Surveys West of 100th Meridian, Vol III, p. 540.
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which were the original delta fans from the principal canyons, have
been worn down several hundred feet, as shown by remnant hills still
remaining-. Northwesterly from Fort Lowell where only the drainage
from the front range was effective there has been very little erosion
from the original surface Still more recently the valley has filled to
some extent with the porous deposits already referred to and desig-
nated by the term recent. In the erosion and filling of the valley west
of Fort Lowell the Pantano might easily become a powerful dynamic
agency on account of its extensive drainage area. A change in cli-
mate from humid to arid would convert the Pantano from an eros-
ionai stream of clear water to a wash of tremendous depositional
activity. It is with the most recent deposits that the succeeding chap-
ters of this publication principally deal.

THE PANTANO ANOMALY

The junction of the Pantano Wash with the Rillito at Fort
Lowell brings together two streams of most dissimilar regimes. Even
the dry river beds reveal the antithesis. The Rillito sand is uniform,
white, coarse, and sorted; the Pantano bed consists of sand, gravel,
and boulders, often mingled with considerable fine silty materials and
always of a dark or drab color. The Rillito is a winter river, its
principal flows are in winter; the Pantano is a summer river and
rarely flows in winter. The Rillito floods are of comparatively long
duration, the water is quite clear; the Pantano maximum floods are
of much greater volume and destructiveness, but are very quickly
spent, and the water is excessively muddy. The Rillito has a strong
underflow at shallow depths, the Pantano has none. The gradient of
the Pantano is fifty percent steeper than that of the Rillito. Finally,
the Pantano Valley, though possessing the richest of soils, is quite
uninhabitable, while the Rillito holds out promise of becoming a rich
agricultural district. So anomalous in character is the Pantano Wash
that it has been excluded from the general description and considera-
tion of the Rillito Valley given above. Rather is it the spillway by
which the occasional surplus waters of the self-contained valley above
escape.

The contrast between the two streams is noteworthy and import-
ant, since they represent two types of streams found in the Southwest,
one of which is capable of providing water supplies for irrigation by
several feasible methods, while the other is very difficult of develop-
ment. Usually the two types can be identified by surface inspection.



92 BuLivETiN 64

As stated on page 85, the drainage area of the Pantano ib
about twice as great as that of the Rillito proper. Yet, probably less
than once per year, on an average, does the floodwater from the
higher portion of the watershed reach down to the Rillito, though
many small flows originating lower down arrive at Fort Lowell dur-
ing each summer's rainy season. Geologists have applied the term
"bolson" to desert areas in which the surrounding drainage is toward
a center or-playa. Tolman has recently defined the term "bolson"
anew, and has introduced the additional term "semi-bolson."1' The
well-developed bolson presents three distinct topographic features:
the upper rock surface, or mountains, the flanking detrital slopes for
which Tolman proposes the name bajada, and the central flat or
play a whose function is the evaporation of the water from the sur-
rounding watershed. But in the semi-bolson this central feature is
poorly developed or even entirely lacking.

The Pantano, the Santa Cruz, and possibly the Rillito, fall within
the meaning of the term semi-bolson as proposed by Tolman. The
Pantano watershed spills its surplus water over to the Rillito; the
Rillito delivers a portion of its drainage to the Santa Cruz, and the
Santa Cruz on rare occasions, perhaps once in fifteen years, has a con-
tinuous flow to the Gila River. The loss of the surface water in the
Rillito, however, is downward by percolation instead of upward by
evaporation.

The Pantano Wash is known as such only to the north of Vail.
Above Vail it is called the Cienega. No logical reason for this
renaming is apparent, and the two words have practically the same
meaning in the Spanish language.

Although the present water supply of the Pantano is of small con-
sequence on account of its unreliable and torrential character, yet it is
believed that the Pantano has accomplished two important functions
an the building of the Rillito Valley, First, it has helped to shape and
to build up the groundwater storage reservoir, and second, it has
provided much of the soil covering of the valley.

*He states: "I therefore suggest that the word be used to cover the water-
shed of a centripetal drainage system, including- all the area within the limits of
the divides. The bolson may depart somewhat from a perfect topographical
basin, for evaporation on a slope may prevent the development of a through
drainage, and foster the centripetal variety. Those bolsons whose surface water
In times of flood reaches some river thoroughfare, some* lower bolson, or the ocean
direct, and consequently the playa portion described below is poorly developed or
lacking, may be called semi-bolsons. In Arizona, therefore, there is every grada-
tion between bolson, semi-bolson, and ordinary river drainage, the latter becom-
ing more prominent as the Colorado River is approached."—Jour, of Geology,
Vol. XVII, No. 2, p. 141, Feb.-Mar., 1909.
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In the Rillito Valley proper, that is, between the marginal lines of
the Catalina wash on either side, there is unusual uniformity of soil
conditions. The texture of the valley soil is invariably a light loam,
either sandy or silty, or occasionally gravelly. It is well under-
drained by sand and gravel sub-strata.

The bottomland, or present flood plain, is uniformly loose and
loamy and easily worked. In some localities it is very porous and
being only three to ten feet deep, underdrains quickly and therefore
needs frequent irrigation. As a rule the more water is required
nearer the river, while farther back the soil stratum is more com-
pacted, is thicker, and requires less water.

At points where low areas have been cut off from flooding, but
where the groundwatcr constantly rises and evaporates, alkali has
accumulated, but seldom to a harmful degree. A minor portion of
the bottomland is thus affected, but nearly all of it can be reclaimed
by heavy irrigations with floodwater. In this connection, it is to be
noted that the surface waters and groundwaters in the Rillito Valley
are exceptionally pure. Draining, as they do, nothing but acid Plutonic
rocks, they carry comparatively small quantities of dissolved salts.
Many samples of Rillito waters have been analyzed in the chemical
laboratories of the Agricultural Experiment Station. Several of these
analyses, selected so as to cover the entire valley, are given in Table I.

TABLE I—ANALYSES OF WATER IN RILLITO VALLEY
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1
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LOCATION

Spring near summit of Rincon Mts
Agua Caliente spring

3'Sahuaro spring, Gibbon ranch
4|Sabino Creek at mouth of canyon
5'Monthan well
6|Cole well Fort Lowell
7 j Cole underflow ditch .
8|Well No 3 Bingham ranch
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^Well ISFo 4 Benedict ranch
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For irrigating purposes, waters may be divided into two classes,
hard waters and alkaline waters. Water of the first class contains
salts of calcium and magnesium, while that of the second class con
tains sodium carbonate. The latter salt is popularly called black
alkali and when present in soils in considerable amounts is exceed-
ingly deleterious. White alkali, consisting of sodium chloride and
sodium sulphate is present in all waters in varying degree. The
approximate limits of concentration of these salts for alfalfa are, for
black alkali three-tenths percent by weight of the dry soil, and for
white alkali one percent. It will be noted that the Rillito water is
alkaline, but only very slightly. With the excellent underdrainage
throughout the valley and with the use of a considerable proportion of
floodwater for irrigation, it is not reasonable to expect any concentra-
tion of alkali in the soil. It is a favorable indication that the only two
wells whose depth is over one hundred feet show exactly neutral
analyses.

Samples No. 2 and No. 3 are from springs at the base of the
mountain and as proven by their temperatures they rise from very
deep sources The springs are small and of little consequence,
No. 4 is a fair sample of the surface streams of the valley;
while Nos. 5 to 12, inclusive, represent the analyses of well waters.
Sample No. 11, together with many others not included in the table,
demonstrates that the Rillito underflow is very broad, extending south-
ward nearly to the Santa Cruz bottoms in the vicinity of Tucson,
No. 12 indicates that the character of the water near the month of
the Rillito changes from alkaline to hard, and this conclusion is veri-
fied by several other analyses of waters in the same locality.

The heaviest floods, those that occasionally overflow the lower
bottoms, are the sudden and terrific floods from the Fantano drainage
basin and usually result from a torrential cloudburst over a compara-
tively limited area. The floodwaters are extremely muddy and
always deposit a layer of silt upon the overflow areas. This silt
comes in part from the caving down of banks of alluvium farther
upstream, and in part directly from the mountains of Paleozoic and
eruptive rocks and from the derived hills. A sample of the flow
taken July 4, 1909, contained 6.9 percent silt by weight, and another
on July 24 contained 6.7 percent Still another on August 10 had
10.3 percent by weight. The silt is of considerable fertilizing value.
The Rillito Valley is provided with a suitable water supply for irriga-
tion from the Catalina and Rincon mountains; it can also be said that
the Santa Rita Mountains have in large measure furnished the cul-
tivable soil.
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A series of eight soil samples were taken to the nurth\\ard of the
city of Tucson, and were submitted to the Bureau of Soils of the
United States Department of Agriculture, These samples were sub-
jected to physical examination, and the following report was courte-
ously furnished concerning them:

"These soils have been derived from the disintegration of granitic rocks
and have undergone comparatively little chemical change by weathering The
prominent minerals are quartz, feldspar (both fresh and weathered;, mag-
netite, hematite, kaolin, calcite and garnet Like all arid region soils, they are
probably supplied with the mineral elements of plant food but will be found
lacking in organic matter and nitrogen, and will require the addition o£ these
materials in the form of nitrogenous and organic fertilizers. This end can
probably be best attained by the incorporation of legume crops with the soil.

Of the eight soils collected, six are classed as sandy loams, one as a fine
sandy loam and one as a silt loam. The attached table gives the mechanical
analyses of these soils, No. 21,339 being the fine sandy loam, and No. 21,340
the silt loam. The soils nearer the river are of the finer texture, the two of
finest texture collected being located in the lowest terrace. The soils of the
upper terraces are coarser. This may perhaps explain the difterence in the
vegetal covering. As is the case with most arid region soib the grains are
angular and but little rounded

With regard to water, the soils have the properties common to all sandy
loams. They will take up water readily and will be well drained. Under
proper systems of irrigation, soils of this character are unlikely to become
damaged by rising alkali."

TABLE II >-MECHANICAL ANALYSES OF SOILS FROM THE RILLITO
VALLEY, ARIZONA

No

21,335
21,336
21,337
21,338
21,339
21,340
21,341
21,342

LOCALITY

SE J4 Sec. 32, T. 13 S., R. 14 E
NE 54 Sec, 32, do
SW V4 Sec. 29, do
SE Y4 Sec. 30, do
SE y4 Sec. 19, do
NE y4 Sec. 23, T. 13 S., R. 13 E
SE y4 Sec. 23, do
SW y4 Sec 25, do
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10.0
3.6
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1^O
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17.0
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5.6
3.9

11.9
17.3

j
Cus
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W°
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11.2
9.8
7.6
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3.9
2.8
6.3
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21.5
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18.2
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25.4
10.1
23.4
17.1
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S3
ClS^
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>
Pet.

14.0
162
17.1
16.0
29.5
8.3

17.1
12.2

S

10
0
o
o
o
in

£2
S
Pet

22.4
21.3
24,2
16.8
28.3
59.8
29.2
23.5

I
o

O

ia

^S3
Pet.

6.7
7.0
5.2
5.2
3.8

14.1
8.5

11.0

It is easily apparent that the soils of the benchlands in the Rillito
Valley are deficient in humus or decayed vegetable mould, as com-
pared with their other ingredients. This is characteristic of desert
soils, and is due to the influence of many years of high temperature
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and low humidity, which seem to have burned out the humus from the
soil. There are various methods of soil improvement for overcoming
this defect, the simplest being manuring or plowing under a green
crop such as barley or sour clover. Growing of leguminous crops
such as alfalfa, peas and beans will increase the nitrogen content of
the soil, while corn and small grains will further exhaust it.

DUTY OF WATER

The duty of water, that is, the amount of water required per acne
per year in the Rillito Valley is not known with much certainty.
Measurements of the duty of water for alfalfa in the vicinity of
Tucson in 1908* and 1909 gave widely conflicting results. The tests
were made on the Flowing Wells ranch and the Indian School ranch.
The results are summarized as follows :

TABLE I I I—DUTY OF AVATJWR ON TH11KH3 F l W L l n S NEAP, TUChON

Location

Flowing Wells -
do

Indian School
Flowing Wells
Indian School

It is clear that the amount of water actually used depended less*
on the needs of the crop than on the exigencies of the time. When
water was plentiful and cheap it was used most lavishly, but when the
supply was short or it was expensively pumped the crop was literally
starved for water. The table shows that in 1908 from four to six and
a half times as much water was applied per acre on the Flowing
Wells ranch as on the Indian School ranch. It is to be noted that the
yield of hay per acre did not keep pace with the increased application
of water, and it is undoubtedly true that the amount of water used
on the Flowing Wells ranch was uneconomically high. In other
words, the net results would have been improved by spreading the
given water supply over a larger acreage.

In the Salt River Valley measurements of the discharges of the
various canals have been carefully made for many years and the duty
of the water has been computed with a tolerable degree of accuracy.
The actual use under the Mesa Canal was reported as follows :*

1
Year

1908

1909

Field No

1
2
3

1 and 2
3

j

Are.i

20.
27.7
23.2
47.7
23.2

Depth of water
applied

Feet
7,14
4.62
1.15
7.5
3.1

Depth ot water
per ton of h*iy

Feet
1.65
0.96
0.48
1.70
0,70

*I9th Annual Report, Agricultural Experiment Station, p. 3J2.
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Depth of Irrigation
Year
1896
1897
1898
1899

Feet
4 14
339
351
2.86

A progressive decrease is shown in the amount of water applied,
due to the decreasing supply afforded by Salt River during these years.
It is stated that the available supply for 1899 was much below the
average, and the crops suffered during the low water season for lack
of water.

The actual use of water under all the canals of the valley for 1900
averaged 2.44 feet depth of application, while for 1901 the average
for all excepting the Mesa Canal was 4.52 feet.f These figures how-
ever are based on the actual quantities measured at the headgates,
while the figures given above for 1896-99 are corrected for seepage
and waste. The operations of the United States Reclamation Service
in the Salt River Valley are based on an adopted duty of four feet
depth of application, or four acre-feet of water required for each acre
of land. It is believed that this quantity can be safely used, also, in
estimating irrigation requirements in the Rillito Valley,

WINTER IRRIGATION

In summing up the measurements in the vicinity of Tucson, there
appeared to be little or no return for large quantities of water applied
to the alfalfa of Fields Nos. 1 and 2 during the winter months. At
the present time there is a strong movement in many parts of the
West for heavy winter irrigations, but it may be that the movement
should be confined to those localities where in winter the irrigating
streams are now wasted. Stated another way, three acre-feet of
water applied in the months when the alfalfa is dormant may be no
more effective than one acre-foot in the growing season. Irrigation
by pumping has an advantage over river ditches in the fact that the
water can be pumped and applied when it is most effective.

HISTORICAL SKETCH

Like many other Arizonan valleys, the Rillito has a few evidences
of prehistoric occupation. There are some few ruins of villages now

^Bulletin No. 86, Office of Exp, Sta., U. S. D. A., pp. 116-122.
tBulletin No. 158, Office of Exp. Sta., U. S. D. A., p. 25.
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marked by rows and squares of stones, and occasionally a stone
implement or a bit of buried pottery is unearthed. All evidences of
ditches or primitive agriculture, if such existed, have been obliterated

The early Spanish explorers made several settlements along the
Santa Cruz River in the seventeenth century, but always on the main
stream and not on the tributaries. The Santa Cruz Valley was one
of the most direct routes from Mexico to the little known regions of
the North, and an important object of these outpost settlements was to
facilitate the expeditions of Spanish priests and soldiers.

The oldest known effort at settlement in the Rillito Valley was
that of an Arkansas pioneer who cleared a small area of bottomland
just east of Fort Lowell in 1858 The entire valley was at that time
an unbroken forest, principally of mesquite, with a good growth of
grama and other grasses between the trees The river course was
indefinite,—a continuous grove of tall cottonwood, ash, willow and
walnut trees with underbrush and sacaton and galleta grass, and it
was further obstructed by beaver dams The vegetative covering on
mountain slopes, on foothills and plains held the rainfall, causing a
large proportion of it to be absorbed into the soil. Such portion as
found its way to the river channel was retarded and controlled in its
flow, and perhaps not oftener than once in a century did a master
flood erode and sweep the river channel.

In the fall of 1872 the United States Army post was moved from
the military plaza in Tucson to the junction of the Pantano Wash
and the Rillito. There was a great demand for hay and the grass was
cut off with hoes to supply the post on large contracts. A few years
of such cropping of the grass sufficed to kill it. Cattle were brought
into the country during the seventies and roamed the valley and hills,
destroying the root grasses and wearing trails which later became
rivulets in time of rain, increasing the run-off of water to the river
New and unusual floods cut out a wide channel, washed the big cot-
tonwoods away, and exposed the white sand. The amount of the
total annual run-off from the land must have increased very greatly,
and yet meanwhile the permanency of the small surface flow in the
river was decreased. The general effect of settlement was to increase
the magnitude and severity of the floods and, also, the length of the
totally dry seasons. In the Pantano the first real flood to reach the
Rillito occurred in 1881, but it was much spread out over the valley
and not until in the nineties was the present deep broad wash with
vertical banks eroded.

Tanque Verde derived its name from a pond of stagnant water
one hundred and thirty feet long and about thirty feet deep. As the
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high inside with an arched top. It was built on a grade of two feet
per mile and at the upstream end the floor was eleven feet below the
river bed. The discharge was taken out on the north bank but a fourth
of a mile below it was passed under the river in a stavepipe inverted
siphon five feet in diameter. A wide canal was built for two miles
below the siphon covering several thousand acres of land. Unfor-
tunately, however, a very heavy flood on Sept. 13, 1887, filled the
nearly completed conduit with sand. Later it was cleared and com-
pleted, but when the siphon was ready for service it also filled with
sand and the entire construction was abandoned. No reliable figures
are available as to the amount of water which could be developed by
the conduit during the dry season. The total cost of the ditch,
inverted siphon, and buried conduit was about $40,000.

Fort Lowell was abandoned by the Government in 1891 and the
reservation was subdivided and sold.

In the Port Lowell district referred to on page 111 and desig-
nated as the Narrows, there is a strong underflow near the surface
even while the latter is dry. It has long been the custom of the early
settlers in this and similar localities to open ditches in the river bed
as extensions of their main ditches just after the surface flows ceased.
By a sufficient amount of work the flow could thus be maintained
throughout the year, but of course every flood washed these ditches
full of sand and the excavation had to be repeated. There are nine of
these ditches heading along the Narrows. In 1903 one of them, while
opened, was flurried with a plank box twelve inches by twenty inches
in section and fifteen hundred] feet long. It has never been washed
out and since then four other ditches have been flumed in the river
bed, but with boxes of larger capacity. ,

From time to time small pumping plants for irrigation have been
installed along the bottomland. Formerly the faithful mule, a steam
plant, or, in one case, a hot-air engine has been used for power, but
in recent years distillate engines have been installed invariably. In
many cases these pumping plants have not proven successful, and
most of the twenty-four plants that are now in service are used only
as auxiliary to ditch supplies, the remaining ones being confined to
furnishing water for high-priced garden crops. At the present time
(1909) about twenty-three hundred acres are or have been brought
tinder cultivation in the Rillito Valley.
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MARKETS

The Rillito Valley possesses one advantage that is rarely held by
a new agricultural district. The advantage consists of a large waiting
market for its production in the city of Tucson. The present popula-
tion of Tucson is about twenty thousand. There is practically no
direct production of wealth in the city; it is a city of consumers.
Three sources of income to the city stand out prominently: first, the
railroad, Tucson being the division headquarters; second, as a com-
mercial center and distributing point; third, as a residence city and
tourist and health resort.

An estimate of the produced wealth of Pima County for 1907
shows the unbalanced condition of industry and the need of an
increased agriculture. The estimate is as follows :*

Mineral products $1,604,69!
Range " 196,001)
Agricultural " 245,000
Ice and sundry 71,000

Total. $2,116,691

The agricultural products, stated in the estimate, are scarcely
twenty percent of the total amount consumed by the city of Tucson
alone. From five to six times as much is shipped to the city as is
produced locally, the principal shipping points being California, Kan-
sas, and the Salt River Valley, For the single item of butter more
than $100,000 is paid by the city to outside districts annually. Nearly
all hay, grain, fruit, potatoes, and other staples, and great quantities
of finished cattle, .vegetables, dressed poultry and eggs are shipped in,
and prices are relatively high because of the added transportation
charges.

Furthermore, the many mining towns and camps in the county
offer an excellent market which is now wholly supplied from outside
points. It is probable also that certain crops such as fruits, canta-
loupes, vegetables, and finished cattle can be profitably raised in the
vicinity of Tucson for shipment to large gities and other centers of
consumption.

With the limitations upon agriculture due to a restricted water
supply, and with the already-developed market, there" is no Imminent
fear that the local agricultural production will overtake or exceed trie
local demands.

*J. E. Magee m Miner and Stockman, Sept. 1, 1908.



CHAPTER II

RAINFALL AND SURFACE WATERS

RAINFALL

Any discussion of water supply must begin with the precipita-
tion, the source of all water supplies, whatever their character.

Rainfall records have been kept at and near Tucson since 1867,
and the records are therefore very reliable as evidence of what may
be anticipated in the future,

TABLE IV-—RAINFALL RKCORD FOR FORT LOWELL, U. S. A.
Elevation 2,435 ft.

s_

g

1867
1868
1869
1870
1871

*1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1886
1887
1889
1890

Average]

1

0,57
1.09
0.02
0,52
0.54
0,00
1.76
0.37
0.21
0.95
0.12
1.54
0.62
0.20
2.30
3.02
4.74

£

0,57

I

0,30
1.5S[ 0,70

ft

1,09
T

0.20| 0.03| 0.16
0,64! 0,161 0-04

•0.12| 0.001 0.05
0.69 1.01
1.661 1.19
1.22
0.27
1.45
1.12
2.56
0.00
0.12
1.90
1.20
5.23

1
0,00
2.09
2.09

1,14
I

0.76
055

1.151

0,00
1.14
0.12
1.06
0,18
0.64
0.94
0.94
1.06
2.90
1.12

2.46
0.74

0.831

0.00
043
0,09
T

0.88
0.48
0.00
0.16
0.67
0.30
0.00
0.08
0.14

0.30

cd

0.00
0.10

c
D

t-a

0.00
o.co

Q.CO| 0.35
0.00| T
T
0,01
T

0.07
0,00
T

0,40
0.26
0.00
0.00
0.20
2.05

0.42 0.00
0.00 0.16
0.00| 0.00
0.00| 0.20
0.00| 0.00
0.32| 1.54

0.00

0.00
0.75 0.00

0.281 0.05
1 i !

0.00

0.45
0.00

0.30

§

2.90
3,34

S) CDm
1

1.40 0.60
0,671 3,83

1
ofc

1
T | 0.20

0.25| 0.32
2.49| 6.31J 0.30| 0.03| 1.01
2,82| 2.04| T COOI 0.00
1.02| 3,701 2<00| T 0,21
3.94| 3.81 1 3.06| 0.40| 0.00
0.08| 2,73| 0.621 0.00| 1.32
4.82
4.22
4.83
0.86

1.931 0.001 1.08| 0.92
2,09| 2.39| 0.00| 0.05

c5

&

cc

e

r
1.70
0.50
0.83
0.94
0.35
1.39
0,97
0.37
0.53

2.70| 1.95| 2.65| 0.25| T
0.34| 1,76

0.60J 7.881 0.14
2.50| 1.26| 1.12
1.88| 3.64
3.62|
1.18| 3.60

T

3.36
6.47

2.68

1.24

2.07
5.58

2.94

0.38

0.68
0.00
0.80
0.12

0.00| 2.38
2.30
0,72
0.00

2.04J 1.26| 0.00
0.38

1.04

3.32
0.97

1.36

0,00
0.78

0.12

0.34
0.77

0.46

1.48
0.48

0.12

0.19
0.83

0.52

0.52
0.70
1.06
0.30
0.12
3.18

0.10

1.58
1.48

0.95

11.54
14.69
6.21
904

13.58
7.42

14.23
11.16
16.05
9.84

14.38
11.33
8.70

14.06

16.92
20.23

12.66

These records were kept at Tucson until some time in 1872, when the Fort
was moved from the city to the junction of the Rillito and Pantano Wash.

The rains occur in two distinct seasons of the year and are
known as the winter rains and the summer rains. The former occur
during November to March, inclusive; the latter during July, August
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nnrl September. In April, May, June and October, rains are unusual,
though not unknown. In general character the two rainy seasons are
entirely dissimilar.

TABLE V.—RAINFALL RECORD AT TUCSON, ARIZONA

Elevation 2,400 ft.

;u
rt
V
i*

1875
1876
1877
1*78
1879 - - -
18SO - ...
1881 .... -
1882
1883
1884
1885 ....
1886
1887
1888 . ..
188Q
1890
1801
1892
1893
18°4
1805
18%
1897
1898
1899 ........
1900
1°01

.1902
1003
1904
1905
1906
1907
1908
1909

Average

G
BJ
u,

037
0.19
0.22
2.02
0.56
0.05
1 75
1.27
0.83
O.fO
161
o.ro
0.73
1.74
1,27
0.16
•1.52
0.27
0.11
0.56
0.53
1.79
1.10
0.78
0.16
1.15
0.53
0,00
0.20
2.25
0.50
1.76
076
0.51

f-,...m,,r,,-T

0.80

&<ufc

0.25
2.53
1.00
0.94
015
0.25
1.64
0.51
2.59
0.42
0.35
0.85
0.57
1.06
0.76
3.28
2.63
0.82
1.04
T

0.08
0.08
0.00
0.39
0.49
1.38
T
1.11
0.54
4.15
0.33
0.12
1.98
0.50

0.96

t~i
1

1.22
0.20
1.77
0.83
0.41
1.17
072
1.14
1.95
0.40
0.87
0.00
1.03
1,98
0.29
0.16
0.98
1.16
1.17
0.00
0.27
0.13
0.63
0.37
0.54
0.64
0.45
1.63
0.06
3.88
0.33
0.56
0,39
0.33

,T ..
0.81

E
<

0.00
0.57
0.52
0.02
0.04
0.62
0.05
T
0.17
o.no
0.06
0.38
T

0.18
0.91
0.00
0.18
T
T
T

0.12
T
1.05
0.62
1.12
004
T

0.00
0.00
3.53
0.50
0.02
0.10
0.00

—0.32

>»
1

0.00
0.41
0.00
0.00
0.00
0.04
0.01
0.35
0.23
o.ro
0.00
032
0.32
T

0.00
0.22
0.17
0.75
0.05
0,09
T
0.00
0.00
T
T
0.41
T

0.20
0.61
0.02
T

0.43
0.16
0,00
_ ,,
014

1

<D

3

0.29
0.00
0.65
0.01
T
0.00
0.99
071
0.23
0.13
0.00
0.26
0.55
0.30
T

0.27
0.10
0.00
T
0.03
0.19
0.00
0.20
1.27
0.17
0.00
0.19
0.22
0.18
0.24
0.00
T
T

0.54

0.25

£

£

3.71
3.04
5.72
0.84
1.62
5.69
2.63
1.80
0.32
1.00
1.06
508
1.58
5.66
2.37
0.70
1.00
2.78
1.60
0.11
3.45
1.98
3.22
1.87
0.65
2.57
0.42
1.52
1.75
1.10
1.82
4.06
4.77
4.04

„
2.40

wP
<

4.19
, 002

4.71
| 1.76

1.28
i 3.92

6.32
1.23
1.15
1.76
2.47
1.25
0.92
2.06
5.23
2.26
2.14
5.40
1.01
4.48
1.25
3.43
3.94
1.82
0.95
1.99
1.31
2.67
2.65
0.56
2.53
3.46
2.18
1.36

. , ..
2.46

I
m

\

2.28
| 2.44

0.08
| 074
| 1.89
i 2.37

0.32
i 0.00
i 0.30

0.12
0.44
2.08
O.iO
3.12
1.44
0.48*
0.37
1,02
T

0.75
1.13
2.71
0.10
0.03
0.85
0.28
0.58
1.17
0.89
2.84
0.43
0.80
0.55
1.25_____

1,00

c
0

0.96
0.46
0.00
0.94
0.09
0.62
0.00
0.48
2.24
0.00
0.31
1.72
0.78
0.36
0.62
0.00
0,27
0.00
0.46
0.68
3.31
0.54
0.00
0.67
0.41
1.18
1.64
0.00
0.04|
0.09?
T
1.13|
0.26|
0.00|

0.60|
1

>ofc

0.18
0.75
0.00
1.31
0.60
0.00
0.00
1.32
0.04
0.34
0.42
0.45
0.74
2.06
0.32
0.83
T
T
0.43
0.00
4.30
0.30
0.00
0.85
0.56
2.45
0.08
1.34
0.00
T

4.61
0.74
0.78
0.17
0.87

0.76

o<v
Q

0.82
000

i 2.91
068

[ 3.31
| 0.57
| 0.19
| 0.04
| 0.95
i 4.72
! 1.01

0.40
0.27
1.96
1.59
1.32
0.25
0.25
0.49
1.70
0.08
0.76
0.11
1.63
T
T
0.00
2.15
0.28
0.93
0.90
4.57
0.00
2.62
0.81

1,09

<
i

14.02
| 1277

16.66
! 12.01
j 661
! 14.92
| 1559
| 8.48
! 1507

526
i 802
| 12.95
| 10.60
I 1837
| 15.04
| 7.78

9.61
13.12
7.14

11.08
11.39
10.77
12.72
8.38
7.79
9.72
8.61
8.80
7.85

24.17
11.75
13.12
13.94
10.2!

— — —11.57

TJ. S. Signal Service Station at or near the City Plaza prior to October, 1891;
Weather Bttieau Station at the University of Arizona since that time.

CHARACTER OF RAINS AND RAINY SEASONS

Winter rains are exceedingly irregular in their monthly distribu-
tion. Most of the precipitation may occur in the early winter, or it
may come in February and March, or it may be quite evenly dis-
tributed. These rains come as a part of great cyclonic storms, origi-
nating on the Pacific Ocean and moving easterly across the continent,
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accompanied by wide areas of low barometric pressure. Such storms
are usually preceded by east or southeast winds, and may cause con-
tinuous rainy weather for a week or even longer A typical winter
vtorm occurred on December 1 to 3, 1906, and was very genera!
and uniform from Los Angeles to El Paso. The rainfall record at
the University as recorded at 8 A M and 5 P. M , was as follows:

Date

190G

Dec. I
Dec 2
Dec 3 .

S A M

Inches
00
11

.95

& P M

Inches
09
88

120

Wind

East
Noithwest
Noithwest

The total was 323 inches and fell within a period of foity-eight
hours. At no time was the rainfall torrential, but slow and steady,
with intermissions of one-half hour to an hour and increasing in vol-
ume, as the storm center advanced.

Summer rams, on the other hand, vary less from year to year.
Beginning about July 10, the summer showers are of frequent
occurrence for a period of about eight weeks. They are not of wide
extent but are very local in character, the wetted area often not
exceeding a half mile in width. The small cyclonic whirls move for-
ward with great rapidity, so that the duration of the storms is short,
but the precipitation is very often torrential. As many as five inde
pendent showers have been seen from Tucson at the same time, each
moving forward in its path, following the foothills, a mountain ridge,
or keeping a straight course across the valley. These summer rains
come from the south and are the result of intense evaporation in the
tropics, the moisture-laden air moving northward until cooled by the
mountain ranges, in higher latitudes. Some basis exists for stating
that the cloud levels are lowest in July and get higher in August and
September. Limited data indicate a relative increase of rainfall at
high elevations as the season advances.

The suddenness and the frequency of the summer rains are illus-
trated by Fig 7, which reproduces two nilorneter records taken at the
mouth of Sabino Canyon. The vertical heights of the curves show
the depths of water on the crest of a weir, and from these depths the
discharge in cubic feet per second can be corftputed. The horizontal
axis is the time factor, the day of the week and the hour being given
at the top. The record is taken on a slowly revolving cylinder and
each curve laps by on itself two days, giving nine days record on
each sheet. The records shown are summer records, and it will be
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diouth years. The fact that years of low rainfall often succeed one
another is particularly deplorable from both the rancher's and stock-
man's viewpoints There is a tendency in arid regions to design
leservons for a much greater capacity than the normal stream flows
so that the excess of water may be used to tide over drouth years,
but records such as that from 1899 to 1904 show that there must be a
limitation to such practice, beyond which it is not practicable to go.

MISCI%IANIX>US RAINFALL RECORDS

Shelter precipitation records than those at Tucson and Fort
Lowell, have been kept elsewhere in the valley. Thoniber] giveb
records at two points, one at the Prince ranch, three miles north of
the University, and one at the Experimental Range Reserve, four
miles southeast, for the period from July 1, 1901, to June 30, 1908
The annual totals are reprinted in Table VI with the Tucson rainfall
for comparison,

TABLK V T — R \INFALL. RECORDS AT THREE POINTS NEAR TUCSON

Ycir

1901
1902
1903

1905
1906
1907
1908

Pi Ince Ranch
Kiev 2 320

1 *765
850

1 849
815

2565
1213
1279

**406

1249

Range Reserve
Kiev. 2,540

*481
785

1193
739

2251
1199
1512

**333

1213

University
Elev 2,412

*6.10
861
880
785

2417
1175
1312

**339

~\W7\vcrage

*Prom and after July 1st **To June 30th.

An interesting feature of Thornber's records is the balancing of
the summer rainfall totals. While the storms are so local that often-
times a heavy shower at one place is not recorded at either of the
other stations, yet the average summer rainfall was found to be prac-
tically the same at the three stations.

Records have been maintained at the Monthan ranch, west of
Tanque Verde, since August, 1906. They are given in Table VII.

TBull G&, Ariz Agr Bxp. Sta. (in, press).
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TABLE VII.—RAINFALL, RECORD NEAR TANQUE VERDK!

Elevation 2,550 it

cd£

1906
1907
1908
1909

£

2.64
.70
.90

Q

.00
2.15
.68

ci
S

.55

.10

.60

J3
&
<

.00

.20

.00

».

s

.86

.50

.00

0:

1-5

.00

.00

.40

KM

^

2.57
3.10
1.90

abP

4.76
1.^0

| 2.55
1

•w
OJ

W
.60
.90

1.60

o
O

no
.55
.00
.00

o
%

47
.65
.00
.70

11.65
10.07

So far as agriculture in the Rillito Valley is concerned, the rain-,
fall in the valley is of far less importance than that on the moun-
tainous watershed. .Only fragmentary records of the rainfall in the
mountains have been secured as yet, none of the records extending
through the winter months.

TABLE VIII.—RAINFALL RECORDS IN THE CATALINA MOUNTAINS

1

I
2

3

4

S

6
7

.8

•oo
o
P-l

1906
July 26 to Aug 5—
May 8 to Oct 18—

1907
Mar 25 to Sept 9

1908
May 24 to Aug 27--

July 13 to Aug 25--
1909

June 30 to Aug. 29-
May 25 to Sept 25--

July 1 to Sept 6-

so
ri
o

^/cbbcr's Canip - -
Soldier Camp — ..- -••

Marshall Sprinsr
Aoaclie St^rinff- •> *

JAarshall Gulch — - —
Base of Mts - -- - - - --
Soldier Camp - - - - •

Soldier Camp
Marshall Gulch - —
Base of Mts
L. H. Manning Camp in

Rincon Mts — «-- — » — -

5

3

Feet

7700
7900

8000
6200

7550
2900
7*705

7705
8000
2900

7910

ci

03

Incites

409
13 15

2093

21 48
984

18 ?5

1037
15
8 1

1591

q

' p
E-t

Inches

137
478

865

694

695

537
7 10

606

3

&

30
28

24

31

1C

19'
2 1

26

Table VIII gives eight fragmentary records, together with tibe.
University totals for the same periods. Record No. 1 was obtained
by Mr. C. H. Cassiday, Nos. 5 and 6 by the U.:S. Forest Service,
and Nos. 23 3, 4 and 7 by the Desert Botanical Laboratory, while
No. 8 was kept by Dr. H, W. Fenner. Averaging the last column
indicates that the summer rainfall at the high elevations is about 2.6
times the rainfall in the valley. A study of the run-off records at
the mouth of Sabino Canyon indicates that the corresponding ratio
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?ifirl a^ain an untistially rainy winter may cause a continuous flow of
considerable magnitude for several months.

At two points along the river course there exist small but almost
perennial flows. These are at Tanque Verde and at the mouth of the
Ventana Wash, about two miles east of Fort Lowell. It is probable
that, if the ditches near Fort Lowell were abandoned, permanent run-
ning water would flow along much of the two miles between the
Sabino road crossing and the Fort Lowell lane. There is an analogy
between the motion of the groundwater along this two mile stretch
and that of surface streams at constricted points, and this stretch will
be referred to hereafter as The Narrows. On dry years, however, all
surface water disappears. Fig. 10 shows the Rillito at the mouth of
the Ventana Wash in July, 1906. The surface flow had ceased save
for the small amount being taken out in the ditch. Below the ditch
the sand was still moist and the entire width of the river bed was
covered with seedling willows. In 1904 this ditch also was dry.

Run-off data are very essential to water problems in the arid
regions, as little reliance can be placed on deductions from measured
rainfall. The Newell curves which are in common use throughout the
West and which give from 0 to 50 percent run-off for flat slopes and
from 0 to 75 percent for steep slopes, the percentage increasing with
the rainfall, are of less value for arid districts such as southern Ari-
zona. Another argument must be supplied, namely, the area under
consideration, for the run -off percentages decrease greatly with this
new factor. A more proper but imperfect expression for areas com-
posed of valleys and mountains combined, may be

q - k

in which q is the stream discharge in inches distributed over the
watershed, k a constant, A the area of the watershed, and r the rain-
fall The effect of the denominator is to give a constant run-off at
all points, which for the Santa Cruz River is In a measure correct.
For mountain areas only, A should be omitted,

MI.LITO RIVER DISCHARGE

No effort to gage the Rillito accurately was made until the
building of the county bridge in October, 1908. A gaging station was
-established on the bridge immediately, and the following discharge
measurements have been observed:
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A gaging' station was established also in October, 1908, at the
Southern Pacific pile trestle bridge, near the junction of the Rillito
with the Santa Cruz. It is a very inferior station, the bridge con-
sisting of twenty-two short openings, and being situated directly
below a curve in the river channel. Consequently large flood meas-
urements will be subject to much error. The principal purpose of the
station is in connection with seepage measurements of moderate sized
floods between the Oracle road and the railroad bridge, a distance of
about four miles. The only discharge at this station during the
winter season of 1008-1909 was during the December flood, when the
flow lasted two and a half days.

The discharge of Sabino Canyon has been measured since June,
1903, by means of a weir near the mouth of the canyon. The weir is
the property of private parties and the six and a half years records
cannot be published. The author, however, has had access to the
records and has found them very useful in the general consideration
of water-supply problems in the Rillito Valley.

SANTA CRUZ RIVER DISCHARGE

The Santa Cruz River has been gaged since October IS, 1905,
at the West Congress Street bridge in Tucson. The river is straight
at this point, the gravel is coarse and firm, and the main span opening
of ninety-seven feet carries all but the maximum floods. The gage is
painted on the southwest pier. While this station is not in the Rillito
watershed, its proximity is close and deductions from its records are
in some respects applicable over the adjoining area.

A list of discharge measurements is given in Table XL

TABLE XI.—DISCHARGE MEASUREMENTS ON SANTA CRUZ RIVER AT
TUCSON, ARIZONA

o
d
ft

1905
Nov 27
Nov. 28
Dec. 27

1906
Jan. 17,
Feb 5
Feb. 12
Feb. 13
Feb. 13
Feb. 14

A
£C
"QJ
A

tod
O

Feet
158
3.60
0.72

0.80
0.94
3.25
2,65
2.55
2.00

•

)
,

&
r&

f£

Feet

68
90
44

43
29
92
88
87
85

03
K
O

ti~* O

8 §£ w

Sq. ft.

'46.5
317
16.8

8.3
8.4

250
184
171
120

>-
oo
1
3
<D

%

Ft. per sec.
5.4
7.9
2.4

1.1
1.8
7.0
6.4
6.0
4.9

^!Md
o

5
Sec. -ft.

251
2515
40

9.0
15

1752
1174
1024
583
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fall evaporates from the watershed or escapes by underground chan-
nels, and the latter amount is probably quite as insignificant as the
run-off.

LOSS BY SEEPAGE INTO RIVER BED

When the Rillito is flowing, the stream grows smaller as it
advances, until magic-like it disappears. -The river, to an unusual
degree, possesses the property of "running backward/1 Often through-
out a rainy season the flow will not reach the Santa Cruz on a single
occasion, the entire flow being lost by seepage into the river bed.
But, on the other hand, the river is subject at times to very severe
floods, which reach many miles down the Santa Cruz Valley.

The Santa Cruz itself is ever a dwindling stream, and, though
draining an area of over 2,100 square miles, it brings far less water
and smaller floods to the junction than does the Rillito. Only by
courtesy can the Rillito be said to empty into the Santa Cruz, for the
latter is but a brook compared with the raging floods of the former.
At the junction of the two rivers the width of the Santa Cruz is 60
feet while the width of the Rillito (tributary) is 300 feet, and the
river beyond has the appearance of being the continuation of the tribu-
tary.

In Table XIV is given a list of measurements taken to ascertain
the loss of river water by seepage into the stream bed, that is, the rate
of diminution of the flow. The rate varies with the size of the flood
and the muddiness of the water, but in all cases it is surprisingly
high. A small loss is, of course, due to evaporation, but this must be
small, especially in the winter measurements, and in no case affecting
the results as much as one percent. The river bed has a wonderful
absorptive capacity, which has no parallel in humid countries. These
seepage measurements have great value because, as is demonstrated in
Chapters V and VI, they offer a direct means of estimating the mag-
nitude of the ground water supply of the valley. The seepage meas-
urements will therefore be continued in the future more diligently
than hitherto.

In close connection with the river absorption is the drying back
of the river bed, especially after a period of steady flow. As an
illustration, there was a continuous flow from the mountain canyons
for the first five months of 1909, yet never in that time did the flow
reach the Jaynes gaging station. On March 15 it ceased to flow to
the Oracle road crossing. By March 28 the river had dried back
one and a quarter miles farther east. On April 15 it terminated a
mile west of Fort Lowell and on April 30 no flow reached the
junction of the Sabino Creek with the Rillito,
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vicinity of Picacho Station, where it spreads out over the hot and
hard desert alluvium and evaporates. The flat southwesterly from
Picacho is the present-day playa of the Santa Cruz River.

The above discussion of stream flow and floods in the Rillito
Valley serves to show the unfavorable conditions for ordinary devel-
opment by ditches or canals. Often there is a year of practically no
flow. During many winters there is only a small flow for two or
three months. It may not reach to the Oracle road, and rarely does it
last there long enough to mature a crop of grain hay. The average
summer run-off consists of a series of quick flows of muddy water,
with an occasional flood which overflows the river banks. During
the most favorable summer seasons, there is a steady flow for four or
five weeks, scarcely long enough to mature ordinary crops. These
conditions are duplicated on many streams of the Southwest.

STORAGE RESERVOIRS

Less than five percent of the surface water of the Rillito Valley
is being utilized at the present time and without storage there must
always be a great waste of water during heavy floods. The topo-
graphy of the mountains and valley is not such as to afford cheap
storage. The mountain canyons are steep and narrow, and there is
no point in the valley where a large reservoir could be feasibly con-
structed. Small shallow reservoirs could be built at various places
in the valley, covering from five to fifty acres each, and, with maxi-
mum depth of from four to ten feet. With a canal of requisite carry-
ing capacity and a substantial heading in the river, these reservoirs or
tanks could be filled once a year and sometimes twice, and the stored
water could be used to mature crops that were grown nearly ready for
harvest by means of ditch water. To a limited extent such reser-
voirs would be profitable, but the unit cost of storage would preclude
their use to irrigate alfalfa through the entire dry season. Several
such tanks have been built in the valley to catch the erratic flows from
the little mesa washes. None of them have been successful. But the
Bingham tank near Fort Lowell, designed to store river water, has
proven of great value.

BEAR CANYON PROJECT

Three sites for large reservoirs in the mountains have been filed
on and surveyed. They are in Bear, Sabino and Tanque Verde can-
yons, and the respective watershed areas are thirteen, twenty-nine,
and thirty-seven square miles. Bear Canyon was surveyed in 1899,
by a corps of men under the direction of James Dix Schuyler of Los
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Angeles, and plans for a combined power and irrigation project were
prepared. The project is described by Schuyler in his volume on
Reservoirs,* from which many of the following data are culled:

Alti tude of base of dam 4,200 feet
Height of clam 200 feet
Length of dam at base 20 feet
Length of clam at top 435 feet
Radius of arch 400 feet
Masonry in dam 90,260 cu. yds.
Area of reservoir 215 acres
Capacity of reservoir 14,762 acre-feet.

It was proposed to carry the water from the reservoir for 3.65
miles in a cement pipe conduit, 32 inches in diameter, laid on a grade
contour, with a fall of three feet per thousand feet. One-fourth of
the conduit would be in tunnel. From the end of this pipe the water
would descend through a 22-inch steel pressure pipe, 5,000 feet
long, to the power-house, with a total drop of 1,470 feet. It was pro-
posed to construct a receiving and distributing reservoir below the
power-house, and the water stored there temporarily would be used
for irrigating valley land, or would be piped to Tucson for the city
supply.

It was further planned to build an auxiliary steam plant at
Tucson, with 1,000 horsepower capacity. The power from this plant
would be used to some extent in the building of the dam, the surplus
power being sold to take care of the first customers. After the com-
pletion of the dam, the auxiliary plant would- be needed only on
drouth years or on occasion of a breakdown.

To measure the run-off, a weir was built in 1899, at the mouth
of Bear Canyon. The notch of the weir was 25 feet long and 5 feet
deep. An automatic register was installed and records were taken
from July 25, 1899, to August 31, 190L The total run-off in that
time was computed by Mr. Schuyler to be 30,106 acre-feet, enough to
have filled the reservoir a little more than twice. The period covered
by this measurement was one of less than normal rainfall. As a result
of these measurements and allowing for the loss by evaporation from
the surface of the reservoir, the conclusion was reached that the safe
average water supply which could be utilized for power was 17.5
cubic feet per second, and the average available power was then com-
puted to be 2,300 horsepower.

The estimated cost was, in part, as follows:

» *Reservoirs for Irrigation, Water-power & Domestic Water Supply, page 350.—
Wiley & Sons, N. Y.



124 BuUvKTiN 64

Masonry dam ........................................................ $596,530
Power conduit ....................................................... 81,210
Pressure pipe ......................................................... 45,764
Power station and transmission line ......................... 120,340

Total $813,844

The cost of the dam would therefore be $40.40 per acre-foot of
water storage.

SABINO CANYON PROJECT

The Sabino Canyon reservoir site was surveyed in 1901, and a
project for developing 500 horsepower was designed. The general
outlines of this project were very similar to those of the Bear Canyon
project just described. The height of the proposed masonry dam was
200 feet, the length of the conduit about 5 miles and the available
drop 800 feet. The darn site is ideal, being but thirty feet wide at
the base, with nearly vertical walls of dense granitic rock, and taper-
ing downstream so that a dam would act like the keystone in an
arch when subjected to water pressure.

A weir was installed near the mouth of Sabino Canyon in June,
1903, and continuous records have been kept to the present time.
Within recent years the project has been organized under the name
of the Great Western Power Company, further surveys have been
made, two reservoirs have been planned, and the proposed power
capacity is now placed at 2,200 horsepower.

TANQUB V#RD# CANYON PROJECT

The Tanque Verde Canyon project was surveyed in 1906, The
following data give the principal features of the project:

Altitude, base of dam 3,400 feet
Height 180 feet
Radius of arch 800 feet
Masonry in dam 85,000 cu. yds.
Area of reservoir 210 acres
Capacity of reservoir 10,500 acre-feet.
Diameter of cement pipe conduit 24 inches
Length « « " « 2 miles
Fall " " « " 25 ft, per mile
Diameter of pressure pipe., , 18 inches
Length of ft " 5,000 feet
Total drop 680 feet
Assumed water supply 18 cu. ft. per second
Capacity of power-house 1,082 H. P.
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It is probable that one or all of the above projects are feasible
and will be profitable if rightly designed, constructed and managed.
The plans are not final at the present time, and undoubtedly the high-
est engineering talent will be required to determine in each case the
best height and type of dam, and other general features of a power
project. While these projects contemplate the use of the reservoired
water for irrigation purposes, yet they are primarily power projects
and by far the largest income will be derived from the sale of power.
For irrigation purposes alone, not one of the projects could be con-
structed at a cost under $100 per acre of land irrigated. This is so
high as to be prohibitory.

SANTA CRUZ RESERVOIR LAND COMPANY PROJECT

Another enterprise of a very different character from those de-
scribed was begun in 1908 and is being carried forward to completion
by the Santa Cruz Reservoir Land Company. A long, low earthen
dam has been built across the lower end of a typical desert playa lying
between the Santa Cruz and Santa Rosa valleys. A diversion dam
has been built at Sasco on the Santa Cruz River thirty-six miles
northwest of Tucson, and the floodwaters are led thence to the reser-
voir basin by means of a canal thirteen miles in length. The flood-
waters of Santa Rosa Wash are to be led to the reservoir by a similar
(projected) canal six miles in length.

The same company has plowed and seeded a large tract of land
lying under the reservoir. During the summer of 1909 several thou-
sand acre-feet of water was diverted from the Santa Cruz River into
the reservoir. While this project will derive a part of its water supply
from the Rillito tributary, yet such contributions will be of two
adverse kinds,—the muddy Pantano flows and the extreme floods from
the mountains, for never does a moderate flood of clear water from
the Catalina Mountains reach down to the Sasco diversion dam.



CHAPTER III

UNDERFLOW TESTS
THE MOTION OF GROUNDWATER

It is a matter of common knowledge that the great body of
underground water has a slow but distinct motion. It is a necessary
law of hydraulics, that wherever the surface of the groundwatcr lie&
at a slope, motion of the water must ensue. In some cases popular
belief has greatly magnified the motion, until the underflow is thought
of as an underground river, with high velocity, possibly with waves
and drift-wood. On account of the great resistance to percolation
through the small tortuous passages of a sand or other porous medium,
the kinetic energy derived from the fall is being constantly trans-
formed through friction into heat, and only a slow movement results.
The actual determination of the motion has always been an elusive
problem. Early efforts to actually trace underground currents em-
ployed some chemical substance like salts of chlorine or lithium or
the coal tar dyes. The substance selected was charged into the under-
ground water at a certain point and was then sought for at other
points where access was had to the groundwater as at springs or
wells. Samples of the water might be taken at intervals of time for
days or weeks, and subjected to chemical or spectroscopic tests to
determine the presence of the detective salt. Such tests were labor-
ious to make and gave very meager information as to the character of
the underflow.

LAWS AND FORMULAE OF PERCOLATION

Darcy discovered and published in 1856 two laws of flow which
have been the basis of all later formulae.

1. The velocity of flow through a column of sand varies directly
with the head or pressure, the length remaining constant.

2. The velocity varies inversely as the distance of percolation,
the head remaining constant.

Obviously these laws do not consider in any way the character of
the material, the size and uniformity of the constituent grains, the
porosity, the temperature, and other governing factors.

Hazen attempted to find the proper expression for the relation
between velocity of flow and the size of grain, and proposed the fol-
lowing formula:
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v = cd2 p (.70 -+ .031) meters per day.

In this formula, v is the velocity of flow in meters per day, in a
solid column of the same area as that of the sand, d is the "effective
size'1 of sand grain in millimeters, h is the head or pressure, I is the
length of column, t is the temperature on the centigrade scale, and
c is a constant. Hazen defined the effective size as that size, than
which 90 percent by weight of the material is coarser and 10 percent
is finer. Hazen's formula has been much used.

In 1899 Slichter, after an exhaustive study of the packing to-
gether of spheres, proposed another but similar formula,* which
makes provision for the porosity of the medium also. His form-
ula is:

q — 0.2012——cubic feet per minute,
in which

q = quantity of water discharged in cubic feet per minute
h = head or pressure in feet
d = effective size of soil grain, in millimeters
s = area of cross-section of column in sq. ft.
n = temperature factor
1 = length of column

k = porosity factor
The effective size used by Hazen was retained by Slichter, who also
prepared tables for the values of n and k.

The theoretical portion of these formulae is valuable as indicat-
ing the effect of slope, temperature and porosity, but the empirical
portion has been too slightly studied, and the formulse are of little
practical use. Hazen's "effective size" was perhaps applicable to
Massachusetts deposits of sand and gravel, but should not be adopted
elsewhere without special investigation as to its applicability. At the
time of making the first tests in the Rillito Valley, a sample of river
sand was taken and analyzed on a series of screens. The effective
size was noted and the porosity was also determined. The velocity
computed by Slichter's formula was 3 feet per day; while the actual
velocities from experiment were from 25 to 400 feet per day. It is
not likely that any formula for velocity of underflow can be safely
published for widespread use until the problem of analyzing the soils
has been most comprehensively studied in its relation to transmission
of water. The effects of the sharpness or roundness of grain, of the
various crystalline constituents, as for example, mica, and especially

*Nineteenth Annual Eeport TJ. S. Geological Survey, 1898.
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of the peculiar stratification of sand in situ due to its sorting by run-
ning water, seem quite incapable of mathematical expression.

ELECTRIC METHOD OF MEASURING UNDERFLOW

In 1901 Prof Chas. S. Slichter devised an electric method for
measuring the rate of movement of groundwater. This method pos-
sesses striking advantages over those previously used, and its opera-
tion is so direct and so positive that the determination of the underflow
through valley deposits becomes in many cases economically possible.

The method is illustrated in Fig, 14 on page 129. Small drive
wells, as of two-inch pipe, provided with perforated (screened) well
points are driven into the ground to definite depths. The direction of
flow being conjectured, one such well is situated upstream from the
others. It is called the salt-well. In each of the other, or down-
stream wells, a metal rod is placed, insulated from the well casing by
wooden spools. These rods are lowered by means of insulated water-
proof wire, and connecting wires are attached to the well casings
near the top of each casing. Dry cells, key switches and an ammeter
are provided. It is possible then to close a circuit through any two of
the connecting wires, as for example, the salt-well and one of the
downstream wells, and to read the strength of current, which must
depend largely on the electrical resistance of the groundwater between
the two wells. Similarly, the circuit through the wires from a well and
its inner insulated electrode can be closed, and the measured current
indicates indirectly the resistance of the groundwater standing within
the well casing. Using Slichter's nomenclature, the former is called a
casing circuit and the latter an electrode circuit Ordinarily pure
groundwater has a high resistance, and the initial ammeter reading-,
are therefore low, At a definite time the brine (or sludge) of some
salt which possesses high conductivity is poured or lowered into the
salt-well It escapes through the well point screen and immediately
mixes with the groundwater, whose motion it takes. At frequent
intervals ammeter readings are taken and the progress of the elec-
trolyte from the salt-well toward the downstream wells is evidenced
by the increase of current in the casing circuits. When the electrolyte
reaches the downstream well and penetrates within the casing, there
is a sharp increase in the current through that casing and its electrode.
The time elapsed from the salting of the upstream well to the arrival
at the downstream well enables the velocity of the flow to be com-
puted, the distance between the wells being known.

The observed ammeter readings are best interpreted when plotted
as graphs. The graph for Test No. 2, of Table XVII is shown in
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In the execution of underflow measurements, many precautions
must be observed. The wells must be driven plumb, else the assumed
distance between the well points will be in error. Since the direction
of motion of the groundwater cannot be foretold with precision, it is
customary to have two or three downstream wells, and sometimes the
salt is found to extend to more than one well The electrolyte sinks
as it advances in the underflow, and the salt-well must therefore be
less deep than the others. The screens must be free and open, 'other-
wise the salt will not enter the downstream wells, although it may
easily escape from the salt-well There is a tendency for fine material
to lodge in and obstruct the meshes of the screen, and it is therefore
advisable to attach a pitcher pump to each well and ascertain that the
screen is free before beginning a test. Other resistance than that of
the groundwater should be as small as possible, and polarization of
batteries should be guarded against.

The Slichter underflow meter consists of a small cabinet in which
an ammeter, six dry batteries, and switches for the various circuits
are ingeniously and compactly arranged. For measurements of very
slow velocities an automatic recording voltmeter with a switch-clock is
used in place of the ammeter. The clock is wired so that the hour
hand makes electrical connection on each circuit once in thirty min-
utes. A fully detailed description of the Slichter method is to be
found in Water-Supply and Irrigation Paper No. 140, issued by the
U. S. Geological Survey.

PRELIMINARY TESTS WITH IMPROVISED APPARATUS

The first underflow tests on the Rillito River were made in the
fall of 1905 in the river bed at points between the head of the Cole
ditch and the head of the Corbett ditch. The general location is
apparent in Fig. 50. The equipment for the work consisted of a set of
1^-inch pipes and well points, driving hammer, chains and lifting"
bar, and suspension galvanometers from the physical laboratory of the
University of Arizona. Fig. 14 is a general diagram of the apparatus
when wired ready for a test. The double key S was used for the
casing circuit and the electrode circuit alternately. By means of the
rheostat R enough resistance could be introduced to give moderate
deflections in the shorter circuit at the outset. Three extra dry cells
were required on the casing circuit. The commutator P was used to
get deflections both right and left, as the zero position was found to be
too unsteady and easily affected by any piece of iron in the vicinity.
Eleven tests were made with this outfit.
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The sixth test was made after a small flow of surface water in
the river and the slope of the water table may have been flatter than
previously. This would account for the decreased velocity. On the
other hand the salt did not appear to leave the salt-well at first, and
six minutes after salting it was probed with a rod and the pipe was
rotated with a wrench. The readings immediately rose. If allowance
is made for the six minutes, the velocity is found to be 450 feet per
day instead of 260.

The most serious difficulty in these preliminary tests was in get-
ting the underflow to enter and pass through the well points. The sand
surrounding the points was compacted by driving and clogged the
meshes. Moreover, the salt corroded the wire cloth strainers. The
salt was forced out of the salt-well by the water pressure in the pipe
but it could not be coaxed into the downstream well, and conse-
quently no electrode records could be obtained. In subsequent tests
the wells were cleared by pumping. On the whole, the actual results
obtained in this set of tests are not in themselves of great value.
They do, however, reveal the existence of very high velocities many

* times exceeding all previously recorded velocities. Moreover, the ex-
perience gained by way of obstacles encountered was of service in con-
ducting later tests and interpreting the results obtained from them.

OBSERVED RATES OF UNDERFLOW ELSEWHERE

So far as known no velocity of underflow exceeding one hundred
feet per clay had been observed prior to these tests. Slichter states
that the velocity of underflow is exceedingly slow and mentions
instances in which it has been computed to be from one-eighth to
three-eighths of an inch per minute.tf He himself has made many
tests of underflow using his own underflow meter. In the Rio Hondo
and San Gabriel rivers, California, he found velocities from 14 inches
to 58 feet per clay, and estimated that the average velocity of under-
flow through the alluvial deposits of the valley is between four and ten
feet per day.fr Nine tests in the Narrows of the Mohave River, Cal-
ifornia, ranged from 9 to 96 feet per day.c Numerous determina-
tions of the underflow along the south side of Long Island showed
velocities from a few inches to 12 feet per day, while seepage from
Wantagh Reservoir was at one point as high as 96 feet per day.cf

In 1904 Slichter made numerous tests of the underflow in the.
valley of the Arkansas River in western Kansas and an average of his

a Water-Supply and Irrigation Paper No. 67, TJ. S. Geol. Sur., 1902, p. 26.
b Water-Supply and Irrigation Paper No. 140, TJ. S. Geol. Sur,» 1905, p, 50.
c Water-Supply and Irrigation Paper No. 140, U. S, Geol. Sur., 1905, p. 55.
d Water-Supply and Irrigation Paper No. 140, U. S. Geol. Sur., 1905, p. 78.
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thirty- four determinations of velocity is 7.4 feet per day, while the
maximum velocity obtained was 22.'9 feet per day at one test station
near Sherlock, Kansas.* In 1905 he similarly studied the underflow
of the South Platte Valley at Ogalalla, Nebraska, and found the aver-
age velocity of the underflow to be 6.4 feet per 24 hours. f

The underflow of the Los Angeles River was tested by Mr.
Homer Hamlin, the present city engineer of Los Angeles.J His pur-
pose was to determine the total quantity of underflow with special
reference to its utilization as a water supply for the city. By means
of a line of test stations extending across the river bottoms near the
north edge of the city, and by testing each station at different depths,
he was able to approximate the total flow, which would be available
for continuous pumping. An average of 20 tests was 26.6 feet per
day, the maximum velocity being 96 feet per day at Station 16. He
also made shallow tests in the river sand at seven places north of Los

.Angeles, the average of the seven tests being 12.4 feet per day.
In striking contrast to these many tests are the velocities obtained

in the Rillito sands, many of them exceeding 100 feet per day. The
explanation of such high velocities lies, partly in the unusually steep
gradient of the water surface, but even more in the exceptional water-
transmitting character of the sand, and this character, in turn, is
explained by its proximity to the granitic mountains whence it came.
The sand is very coarse ; the grains are all polished crystals of quartz,
feldspar and mica, and are remarkably well sorted by the swift cur-
rent during floods, any silt and clay being carried far downstream.

UNDERFLOW TESTS ON MONTIJO CROSS-SECTION

These tests were begun December 28, 1905, and were continued
from time to time until August 7, 1906. The purpose of the tests
was to study the direction, location and distribution of the underflow
and to approximate its magnitude as closely as possible. The line of
test stations can be seen in Fig. 50. The location is one-half mile
east of the mouth of the Pantano Wash and three-fourths of a mile
northeast of old Fort Lowell. The cross-section is shown in Fig. 16.

Application was made to Professor Slichter, in charge of the
underflow tests for the U. S. Geological Survey, for a set of instru-
ments described on page 130, and they were kindly loaned with in-
struction as to their use. A new set of drive pipes two inches in
diameter was obtained and a heavy maul of hard Oregon pine was

*Water- Supply and Irrigation Paper No. 153, U. S, Geol. S^rTTso^
fWater-Supply and Irrig-ation Paper No. 184, IT. S, Geol, Sur,, 1906.
^Water-Supply and Irrigation Paper No. 112, U, S, Geol, Sur., 1905.
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were' pumped clear. The material raised was fine silt which gave a
bluish tinge to the water. One effect of the suction while pumping a
well was to lower the water level m the other wells, and this action
was very evident even when the affected well was four feet away
from and six feet higher than the pumped well.

It was hardly to be expected that a good test could be made m
such material A slow flow could only be determined by a long con-
tinued record and so the automatic recording apparatus consisting of
a Bristol voltmeter and a switch-clock was wired, covered with a large
box, and left over night The night was ver;y cold and failure
resulted from the congelation of the oil in the damping device of the
voltmeter.

A test was next tried with the hand apparatus. The complete
record of all the circuits is shown in Fig 20. The three upper curves
are of the internal electrode circuits. The electrolyte spread out so a^
to reach all of the three lower wells, but Electrode C was unable to
register because of a broken screen which permitted the well point to
fill up with sand, thus preventing the electrode from sinking to the
bottom of the well point. The curves are very consistent, and indicate
a slow forward movement together with a broadening of the salt
stream as it moves onward and downward. The records were con-
tinued until the salt wave had passed quite beyond the downstream
wells, as shown particularly by the upper curve.

The casing curves in this test, and in many other observed tests
in the Rillito sands, have no point of contraflexure; they consist of
straight lines, or tangents, followed by the usual convex curves. It is
to be noted, however, that the point of curve, or beginning of curve,
corresponds in time to the inflection point of the electrode curve and
the shape of the casing curves may be accounted for by the spreading
out of the electrolyte. If the point of curve be considered to indicate
the arrival of the flow, then Casing C shows a higher velocity than
either Casing B or Casing D. The retreat of the curves is somewhat
slow and may be due partly to poor circulation through Well A and
partly to the retention of the salt by adsorption to the silt particles
Two curves near the bottom of the figure are records of cross-circuits
between the downstream wells.

The failure of Electrode C record is an excellent demonstration
of the downward component of the electrolyte, as is shown in Fig. 21.
There was a longer screen on Well C than on Well A. The lower
half of the electrode was exposed to the underflow and was actually
lower than the bottom of Well A screen. The plotted readings in
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D were in coarse sand, while Well A had just penetrated it, most of
the screen being in fine sand or silt. As fast as the salt escaped from
the bottom of Well A it moved very fast to and thiough the down-
stream screens However, experiments b} Shchter show that the elec-
trolyte often leaves the salt-well veiy gradually and that theiefnre
long flat-topped curves are to be expected

The wells were next driven four feet deeper, the last six inches
being hard and tight. The first test here was unsatisfactory It
showed one very rapid but thin flow and one slow mam flow. The
well was allowed to stand undisturbed for four days. A second test
then gave regular curves showing a velocity of 66 feet per clay toward
Well B.

When pulled well points A and D were found considerably
damaged.

VOLUME OF UNDERFLOW THROUGH THE MONTIJO
CROSS-SECTION

A preliminary estimate of the volume of underflow was based on
the results presented in the last article. One purpose was to establish
approximately the amount of water available for the four underflow
ditches which head in the river bed at or just below this section.

It is evident at the outset that a distinction should be made
between Station 5 and the stations which were in the river bed proper.
Referring to Fig. 16, the line of division is taken at the steep bank,
though with no good reason, as the position of the bank changes from
year to year. The underflow south of that point is assumed to have
an average velocity of 15 feet per clay The south limit is arbitrarily
assumed at the section line, and the length of section in the sand and .
silt is 600 feet.

The river channel section is taken 400 feet wide. The velocities
obtained in this section vary within wide limits. They are averaged
at 75 feet per day.

The north section of 400 feet is governed by Station 4, and the
velocity is assumed to be 40 feet per day.

In the absence of more data the depth of underflow in the river
channel is considered as limited to 20 feet below the water level
Stations 4 and 7 could not be driven deeper, but it is probable that the
depth to hard formations increases toward the south.

The porosity is assumed to be 33 percent in the south and middle

Water-Supply and Irrigation Paper No 140, U. S. Geol. Sur» pp. 33-40.
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sections and 25 percent in the north section where the percentage of
bottldeis is piobably greatet The discharges are therefore,

South section 600x20x15x33 60,000 cubic feet per day
Middle section 400x20x75x.33 200,000 " " " "
North section 400x17x40x25 68,000

Total 328,000 " "

This is equivalent to a flow of 3 8 cubic feet per second.
No high degree of accuracy must be expected of the foregoing

computation. Not only are errors of the velocity determinations
involved in the final result, but also the still greater uncertainty as to
the thickness of stratum represented by each velocity test. The true
discharge may be greater or less than four second-feet The "prob-
able error/' using the term in its scientific sense, is probably not over
30 percent.

UNDERFLOW TESTS ON CROSS-SECTION NEAR FORT
LOWELL LANE

A small number of tests were made on a cross-section of the river
situated 500 feet west of the Fort Lowell lane. It is at this point
that the underflow drops rapidly into the deeper sand deposits of the
valley On August 15, 1906, the depths to water in the river bed
were as follows:

At section line . . 3 feet
500 feet west of section line (Station 8) 5 feet
1,000 feet west of section line . . . 9 feet

The three stations tested are shown in Fig. 50. Station 8 is in
the north channel, which at the present time is the main channel, and
stations 9 and 10 in the middle channel, which is now flooded only by
high water. There are three channels, and prior to 1902 the north
channel was cultivated, the middle channel was the main one, and the
overflow was carried in the south channel.

Great difficulty was experienced from boulders or cemented
gravel, especially at Station 8.

The list of tests is given in Table XIX.
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In the above discussions particular mention has been made of the
adversities encountered in conducting the underflow tests, and of the
considerations involved in the interpretation of the records. This has
been done for a double purpose. First, it gives a proper perspective
for judging the accuracy of underflow measurements, and their prob-
able error. Second, it will assist in determining the applicability of
the method to any particular locality, or will suggest modifications,
and will insure many precautions by the operator. Underflow tests
cannot be conducted in a purely routine manner; almost every test
presents individual features.

The accuracy of the final result can be influenced in several ways.
TIamlin states that if very large quantities of salt are used the normal
velocity will be increased. The practice of adding salt at frequent
intervals is unwise, as it can only lead to confusing and possibly
erroneous records. The upstream well should be salted but once, and
then with a moderate amount of brine or sludge of the electrolyte
used, and the electrical equipment should be sensitive enough to trace
this amount of the salt in its forward movement. Although the
underflow is in a definite direction, yet the moving salt, emanating
from a point grows into a broader, lens-shaped stream as it advances.
Sometimes the front of the lens is very irregular, as shown by Slich-
ter's experiments/11 and if a lateral lobe or wing, instead of the front
or point, strikes a downstream well, the recorded velocity will be tno
slow. Under ideal conditions the arrival at a downstream well will
be recorded at once, but in practice it oftentimes is not. The prob-
able error of a single result, using the term in its scientific sense, is
probably not over ten percent, and when larger error is made the
velocity is likely to be stated slower than its true value.

UNDERFLOW TESTS AT STATION 11

This station was located on the section line between Sections 26
and 27, Township 13 South, Range 14 East, and one thousand feet
south of the small stream then flowing in the river. Tests were made
at this station from March 9 to April 17, 1907,

The location is about one mile west of Fort Lowell Here the
unconsolidated sand deposits are wide and much deeper than in the
Narrows. It was desired to ascertain if these sands possess the same
high transmission velocities as had been shown in the immediate
river bed.

An American Well Works hydraulic drilling rig was used for

*W. S. & Irr. Paper No. 140, U. S. Geol. Sur.f pp. 33-40.
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well. Indeed, at the very bottom of the well the sand was coarse,
loose and very clean. When the sand bucket was lowered it filled
immediately with the material, which seemed to "run" with the water.
As the sand bucket was raised the material followed it up the casing
many feet so that it was very difficult to excavate down to the shoe
or to drive the casing. Had the rig been equipped with hydraulic
pumps for forcing the casing, rapid progress could have been made,
since the casing would then have sunk every time the sand moved
from under the shoe. Such sand is known as heaving sand and with
the proper equipment it is considered easy drilling. Fearing that the
casing threads would be stripped by further driving, the well was
stopped at a depth of 130 feet and it is not known how much deeper
the good water-bearing strata extend.

The log is a remarkably good one and demonstrates a very
abundant water supply, easily renewed, and far greater in amount
than is needed for the land immediately above it. There are only
three strata, totaling 21 feet, which would not yield abundantly. The
well at the Benedict pumping plant situated nearby has a high per-
colating capacity. It, however, is very shallow.

The material is practically all Catalina sand* and gravel below
the 45-foot level

NO. 5. THE; KIMBALL WELL,

This well is situated on the homestead of F. E. A. Kimball,
three and a half miles east of the University and two miles south of
the Rillito River. The well is dug to a depth of 84 feet, the water
level being at 77 feet. Drilling was commenced in the bottom of the
dug well. A column of 6-inch pipe was stood in the well, the tools
were lowered, and drilling was commenced with less trouble than is
usual when the hole is drilled from the surface of the ground. No
reason is seen for the custom of some drillers to charge from the
surface whether drilling begins there or not.

Drilling in gravel and boulders is sometimes troublesome, partic-
ularly if tough boulders such as quartzite are present. The difficulties
are minimized, however, with large casings 12 to 16 inches in diam-
eter, for the great weight of a heavy string of tools is quite effectual
in breaking up the boulders, while a light string of tools may pound
away for hours without results. Some drillers strive to bring up as
many unbroken boulders as possible, while other first-class drillers,
claim that it is more profitable in the end to pulverize everything in
the hole each time before sand-pumping*



































CHAPTER V

THE WATER TABLE
SHAPE OF THE WATER TABLE

If the underground water surface, the surface of the "zone of
saturation/' could be revealed, it would be found to resemble the
overlying earth surface in some main features. Usually there would
be the same general slope down the course of valleys with cross-
slopes toward the trough of the valley. But the water table would be
very much smoother than the ground surface since the tendency of
water to seek its level even by percolation is far greater than for a
land surface to become level under the various dynamic agencies of
wind and rain and temperature changes. On the other hand, the
water table does not remain fixed in position like the ground surface ,
but is subject to fluctuations due to the increase or decrease in amount
of the ground water. The determination of the position and shape of
the water table and its fluctuations is much facilitated in a region
where wells are numerous.

IN FOUR TOWNSHIPS SURROUNDING TUCSON

Iii the Rillito Valley and the nearby portion of the Santa Cruz
Valley the underground hydrography has been worked out by means
of numerous house wells together with open pits dug to water level
at intervals along the river beds. About one hundred and fifty wells
distributed through four townships have been selected for observation
and the depth to water level has been measured at various times.
Lines of levels have been run between the wells so that the altitude of
the water table at each place could be known. Thus the water con-
tours shown in Fig. 49 in dotted lines have been drawn upon the
map, each contour being five feet lower than the next one east of it.
Along each contour line the water table is level. The altitudes shown
are above mean sea level, Nogales datum.*

One-hundred foot surface contours also are shown in Fig. 49.
The depth to water in any locality in the valley can be obtained easily
from the contours. The ground surface slopes uniformly and the sur-
face elevation can be interpolated between the nearest contours. Sub-

*A more recent line of precise levels, Yuma datum, gives altitudes about
twelve feet higher.
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tracting the water table elevation from that of the surface at an)
given place gives the depth to water. In several instances alread)
advantage has been taken of this method for forecasting the nece^san
depth of house wells; and the method is obviously more reliable than
the guesses, however skilful, governed" by the motions of a forked
stick.

The direction of the forward movement of the groundwater i*>
indicated by the water contours, for the slope of the water table is at
right angles to the contours at all points and the underflow must fol-
low the lines of steepest descent. From Fig. 49 it is seen that the
general direction of flow is northwesterly. In the vicinity of each
river the contours curve so that they cross the river bottomland at
right angles to its course. This is very noticeable south and east of
the city where each contour may be cut into three nearly straight
lines, the end lines corresponding to the river valleys and the central
portion to the mid-valley slope or mesa. Two thalwegs or troughs
are thus created where the bends occur. The thalweg south of Fort
Lowell is very conspicuous.

The rate of fall of the water table varies considerably. Just
north of the city the slope is steep, about twenty-eight feet to the mile,
suggesting buried barriers, possibly extensions of the volcanic rocks
of the Tucson Mountains. Farther to the northwest the slope is much
flatter, about eighteen feet per mile, indicating freer underdrainage.
either more gravels or that the gravels are more porous.

Immediately at the Santa Cruz River to the southward from
Tucson the water contours curve sharply upstream. Here the under-
flow inclines toward the river. The river bed is from five to ten feet
lower than the general water level of the bottomland and must act
therefore exactly like a drainage canal in underdrawing the valley.
As late as 1890 there was little or no definite river channel along this
course, but the surface waters during flood time were spread out over
the bottomland. Between that date and 1906 the channel was cut
down rapidly and thus far the time has been too short to drain the
water far back from the channel. It is probable that as this under-
draining continues the water level will be lowered considerably along
the valley and eventually the sharp curves of the water contours will
disappear. It is not likely that the channel will become much deeper
since it has already cut through the soft alluvium and now rests on
coarse gravel.

Half a mile southwest of Tucson at the point of the mountain
around which the Santa Cruz River winds, underground water condi-
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tions change very materially. To the north of this point and west of
the city the river has little influence on the shape of the water table.
The contours appear- to be a part of the mid-valley contours. The
groundwater supply in this vicinity -flows diagonally across the river
course and, since the ground surface is fairly level right up to the
base of the mountain and the water table is highest near the river, it
is clear that a well intended for irrigation on the west side of the river
should be situated close to the river, or at least in the southeast corner
of the owner's field.

About three miles northeast of Tucson the Rillito bends sharply to
the north and again to the west. It is noteworthy' that the water con-
tours, however, cross the valley uninfluenced by the bend; the 2,345-
foot-contour runs nearly parallel to the river course. The general grade
of both the valley and the water table is about twenty feet per mile. But
on this bend the river bed falls about eighteen feet while the water
table falls ten feet, as a direct consequence of which the water table is
about eight feet nearer the surface below the bend than above it. It is
natural, then, that seepage water is found at the north bend for long
periods when the river bed elsewhere is dry. Likewise at the junction
of the Rillito and Santa Cruz rivers, the water level is much shallower
than, at the railway crossing three-fourths of a mile east of the junc-
tion. The depth to water is always . comparatively shallow on the
lower side of a winding river bend, and frequently such a place is
worthy of investigation as a head for an underflow ditch.

IN THK VICINITY OF FORT

A stretch of the valley land four miles long situated in the vicin-
ity of Fort Lowell has been separately mapped in Fig. 50. The map
shows the junctions of the" Pantano Wash and the Sabino Creek with
the Rillito. Twelve surface water ditches are shown, also, nine of
which head in the Rillito between the mouth of the Pantano Wash
and the Doe lane. The surface contours have ten- foot vertical inter-
vals and the water contours, the dotted lines, have five- foot intervals.
The Rillito runs close up to the bluffs or escarpment of the Catalina
bajada on the north side. The Pantano bottomland is nearly three-
fourths of a mile wide, is very flat and is bordered by an ' escarpment
on each side. The locations of the underflow test wells described in
Chapter III are shown by heavy dots pierced' by arrows, the arrows
indicating the direction of the underflow at the dates on which the
tests were made.

The shape of the water table here is very notable. The water
contours are parallel to the Pantano Wash and it is evident that the
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The effect of the Cole ditch is to depress the water table both up-
stream and downstream, more particularly the latter. The steep grade
of the Pantano Wash, about thirty-three feet per mile, is exhibited in
Fig. 51.

FLUCTUATIONS OF WATER LEVEL IN WELLS

The water table in the vicinity of the Rillito is greatly influenced
by the surface flows in that stream. The water level, as shown in
wells, rises and falls with the occurrence and passing of floods. In
wells situated near the river these fluctuations are very quick and
sharp. Curve No. 1 in Fig. 52 shows fluctuations in the f l a )ncs well
which is on the north river bank 200 feet west of the Fort lane. The
small circles give the elevation of the water level on the dates when
measurements were taken. Since it was impracticable to keep more
constant measurements, it is not to be supposed iliat all of the fluctua-
tions were obtained. The total range is about five feet. This is much
less than that of Curve No. 2 which is a record of the Westbrook
well, about a thousand feet northwest of the former well. The
Haynes well is situated on the crest of the underground "clam" men-
tioned above while the Westbrook well is situated below the "dam."

Curve No. 3 is of the Shepard well at Fort Lowell, one-half mile
south of the river. The first wave shown is just a year in length and
is an almost perfect sine curve. It resulted from a continuous flow
in the river from November to April. The only large floods during
this time were in November and December, and at the end of April
the river bed was dry. It is to be observed that the crests are clue
mainly to river flows in the winter, though minor crests were caused
by the summer floods of 1907 and 1908. Curve No. 4 is the record of
the Moreno well situated a mile west of Fort Lowell and three-
fourths of a mile from the river. The curve resembles the previous
one closely, but the Martin well, a mile still farther west and a mile
from the river, shows fluctuations only one-third as great as those at
Fort Lowell. Farther westward along the river valley the Samaniego
well, Curve No. 5, in the southwest quarter of Sec. 19, fluctuates
equally with the well at Fort Lowell, while the record of the Benedict
well on the Oracle road is similar to that of the Westbrook well,
Curve No. 2. At the Benedict well the water level is stated to have
been twenty-seven feet below the surface of the ground in 1904; in
1905 it was only nine feet below the surface. The Garcia well one
and a half miles farther down the river fluctuates widely, the Stein -
feld well north of Jaynes somewhat less and the well near the mouth
of the river very little. The Scribner well is three miles west of the
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ward from the river, in fact, wheie the water table intersects the
older fill, the individual flood waves are merged into fewer long
period waves, as illustrated in Curves Nos. 3, 4 and 5 of Fig. 53.
These curves are the records of the Curry, Gonzales and Allison wells
situated near the northeast corner of Sec. 4 and two miles southwest
of Fort Lowell The wells he in a straight line and are a quarter
mile apart from each other. The water level has risen steadily in all
three wells during the past four years but the rise has been much more
pronounced in the central or Gonzales well. In 1906 the water table
was very much depressed in the vicinity of the Gonzales well; now it
is nearly uniform. Apparently an old buried valley or valley slope
had been drained out during the long drouth period from 1899 to
1904, and has been slowly refilled from the more abundant floods of
1905—1907. A very close study of the water table extending over
many years would reveal other similar irregularities.

In the entire township southeast of Tucson the water level has
risen slightly during the past three years, the amount of rise decreas-
ing toward the southwest. In the northeast corner the rise has
amounted to about fifteen inches; along the railway to about nine
inches. Curve No. 6 is the record at the Jenkins well situated near
the center of Sec. 21. Evidently the groundwater in this township
comes from the seepage of the Pantano and Rincon washes.

Along thdt portion of the Santa Cruz shown in Fig. 49 there is
very little fluctuation of the water table. The total range is usually
less than one foot, but in a few localities it approximates two feet.

Referring again to Fig. 50 the stretch of river between the Doe
lane and the Fort lane is subject to very slight fluctuation. At the
mouth of the Ventana Wash the water table coincides with the river
bed at all times, and at the Baker well a quarter mile southward its
extreme variation is not over eighteen inches. To the east of this
well the records show a range of three feet at the Doe lane and six
feet at the Campbell pumping plant, while to the westward a third of
a mile the Angel well fluctuates three and a half feet. From the Ven-
tana Wash to the Fort lane the underflow, which is very free in the
coarse white sands of the Rillito, is supported at shallow depth by im-
pervious gravels and by cross-ridges of the Catalina outwash and per-
colation toward the south is somewhat retarded by the silty and
gravelly deposits of the Pantano,

Farther eastward beyond the limits of Pig- 50 there is consider-
able fluctuation of the water level. At the Lyne well, two miles east
of the Doe lane, the depth to water was twenty-three feet in 1904,
while in the spring of 1906 it was only six feet, indicating at this









CHAPTER VI

THE SUPPLY
An investigation of the character here described is beset with

difficulties and limitations that are unknown in the case of surface
hydrography. The measurement of the run-off of rivers, the survey
of \\atcrshcd areas, reservoirs and canals, are direct and positive, but
studies of the groundwater supply must be carried on by methods of
inference rather than by exact computations. The main problems in
the case of groundwater are

1. The extent and location of water-bearing strata
2. The quality of those strata
3. The maintenance of the supply
An additional consideration, in case irrigation is contemplated, is

the depth to the water table, from which the pumping lift can be esti-
mated.

These problems are approached through several means; the
geology of the region, logs of wells, measurements of the velocity of
underflow, study of* the water table, rainfall and other data. It ib
important to ascertain the source of the groundwater, and when pos-
sible to measure the supply at its source. However, groundwater
conditions are so variable, the valley fill is so complex, and the
amount of data is usually so limited, that any estimates of ground-
water supply must be very roughly approximate.

SOURCE OF THE GROUNDWATER

The regimen of the Rillito Valley groundwater can be stated
quite definitely. The underflow of the valley is of comparatively shal-
low depth; in the main it moves forward parallel to the axis of the
valley, but during flood-times the river sands fill up and there is an
important movement of water laterally toward the southwest; the
rainfall on the valley land has no appreciable effect on the water
table; neither is there any appreciable increment of underflow from
the foothills on the north side of the river; the source of the ground-
water is, therefore, in the river flows, which (except for a small per-
centage of the total volume) issue from the mountain canyons. So far
as observations go, the winter floods appear to have by far the greater
influence in maintaining the water supply of the valley. Muddy
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waters, particularly those of the Pantano Wash, contribute compara-
tively little seepage. The immediate vicinity of the river derives a
fresh supply from every flood; the longer the flow continues, the
farther the effect will reach away from the river and only the infre-
quent years of unusual floods can carry great groundwater supplies to
the southward.

An interesting confirmation of some of the above conclusions is
found in a record kept by E. L. Wetmore of the temperature of the
water in his well. The normal temperature is shown to be about
72^2° P., seepage of summer flows raises the temperature one or two
degrees, while the winter seepage lowers it from two to five degrees.
The water level fluctuates between depths of twenty and thirty-eight
feet, and no influence other than that of the underflow could cause"
the temperature to change at such depths.

LIMITATIONS DUE TO RUN-OFF AND SEEPAGE
The maximum amount of the seepage that is possible is the

amount of run-off. During years of light rainfall or when most of
the precipitation is in the form of snow, the seepage into the river
bed is equal practically to the discharge pf the mountain canyons. At
other times when rainfall is heavy and concentrated there will be
great loss of floodwater escaping to the Santa Cruz River. As stated
on page 113, the run-off at tfye mouth of Sabino Canyon has been
measured since June, 1903. The run-off of the other canyons—Bear,
Soldier, Fuller, Agua Caliente, Tanque Verde, and Rincon—can be
estimated by comparing their drainage areas and altitudes with the
drainage area and altitude of Sabino Canyon. Such estimates have
been given consideration in the study of the groundwater supply. In
order to check the estimates circuit trips have been made to the im-
portant canyons on several occasions when the stream flows were
shallow, and discharge measurements were made for the purpose of
comparison.

When one or more of the reservoir sites in the Catalina and Rin-
con mountains shall be utilized, the total available water supply of the
valley will be greatly increased. Floodwaters which would otherwise
be lost will be stored in such reservoirs, and moreover a larger per-
centage of the run-off of the other canyons will be caught in the
underflow. Power, also, generated from the stored water will be used
for pumping in the valley.

The high rate of percolation through the Rillito sands, as proven
by underflow tests, is assurance that the rate of seepage into the river
bed, at least during the early stages of floods, will also be high.
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Measurements of seepage into the river bed were given on page 119.
The velocity of percolation downward cannot be computed closely
since the area of covered river bed is not known, but the velocity was
approximately ten to twenty feet per day for the smaller flows and
fifteen to thirty feet for the larger ones. These are averages and
the velocity was probably less near Fort Lowell and greater farther
west. The velocity is also greater near the edge than in the center
of the channel. During heavy floods the seepage must be very great
because of the width of river bed covered with water and because of
the additional water pressure. The area of river bed west of Fort
Lowell to its junction with the Santa Cruz is about 300 acres. If the
velocity of percolation downward is assumed to be twenty feet per
twenty-four hours, then 2,000 acre-feet of water might be lost by a
heavy flood in a single day. Such a rate, however, would not be
maintained long on account of the decreasing "head." Seepage can
]v increased by diverting the water onto sandy areas that are not cov-
ered by floods.

It may be questioned whether the seepage loss, if measured at the
present time will indicate correctly the available water supply for
pumping. On the one hand, present data show a great leakage from
the valley, either toward the south or downward into the older forma-
tion, and this leakage must continue in the future. On the other hand,
the seepage loss of floods will be greater if the groundwater supply
lias been reduced by pumping; indeed, it is one of the important effects
of pumping that the recharge of the groundwater will be thus in-
creased. At present it may well be assumed that these two influences
are balanced,

GROUNDWATER RESERVOIR CAPACITY

Two geologic sections across the valley from north to south are
presented in Fig. 57. A considerable outcrop of the red partially con
solidated gravel beds is found near the base of the Catalina Moun-
tains. They are exposed, also, in the foothill washes, particularly in
the region of Section B-B. The beds are broken and tilted but are
mainly inclined to the south.

The main body of the valley fill consists of old sands and gravels
composed almost exclusively of gneissic and granitic detritus. In the
foothills this material is everywhere in an unsorted and compact con-
dition. In Wells Nos. 1, 2 and 3 (see Chapter 4) it was found to be
tightly compacted and quite impervious, and acts therefore like bed-
rock in supporting the water supply in the porous recent sands. In





THE .GROUNDWATER SUPPLY i9i

the vicinity of Tucson the old gravels are somewhat stratified, with
thin strata of water-bearing gravel.

But south of the Rillito Valley proper this same valley fill is
quite thoroughly cemented with a calcareous filling, as seen in the
logs of Wells Nos. 15, 18, 20 and 21. Some of the filling is in the
nature of calcite; much of it is a compact clayey or gravelly traver-
tine in beds of from three to a hundred feet in thickness. Both the
Pantano and the Santa Cruz drainage have contributed to this effect,
the lime originating in the limestone and the eruptive rocks which'
are abundant in both watersheds. The potash feldspar of the Cata-
lina formation has made the Rillito Valley alkaline rather than cal-
careous, and very little cement rock or "caliche" is found in the valley

The depth to which the old gravels were eroded in the Rillito
Valley is still an open question. The material drilled through in Well
No. 5, the Kimball well, is unlike both the main valley fill and the
recent fill. In Fig. 57 it is assumed to belong to the main fill, but it is
far superior in texture to the compacted material near Fort Lowell
The alternative theory, classifying the Kimball well as recent, implies
a much deeper erosion of the old valley. The thalweg south of Fort
Lowell may mark the line of a former eroded valley.

In the shorter cross-section (Fig. 57) every well is wholly and
unquestionably in the recent fill to its full depth, so that the line, of
separation can be merely guessed, being therefore drawn as a dotted
line. Quartzite and sandstone pebbles'from the Santa Rita Mountains
appear in the bottom of the shallow wells and to a depth of forty-five
feet in Well No. 4. There is a presumption from the log of Well
No. 4 that the recent fill was made in part before the Pantano Wash
became a tributary of the Rillito. But, whatever the age of these de-
posits or the sequence of events, the water-bearing quality of the sand
encountered in the Benedict well is ideal, and wells drilled in that
sand will yield extremely large flows of water. Furthermore the sand
was deposited by the Rillito when its bed was continuously below its
present elevation, and the identical deposit must extend both eastward
and westward through the valley, becoming shallower toward the east.
The width of the deposit can be ascertained only by drilling more
deep wells.. /•' . ' : . . . ' . . " . ; • " • • / • • ' • . . ' • • ; • • • . ' , • ' ' ; . " . • • " ' ' ' ; . . • . ' ' . • • ' ' . . • • ' • • • . • ' • • : ' ' ; . . • ' . ; • ' • • '

The character of the fill that is traceable to the Pantano Wash
is quite variable, , Ordinarily only pervious sands and gravels are en-
countered in the wells of the valley; however, some of the fill contains
reddish clayey material. In a well near the Bingham reservoir the
sand and gravel contained so much red clay matrix as to permit of
scarcely any inflow. Wherever these deposits occur in a well along
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the river valley it is advisable to continue deepening the well, while if
the compacted white gravel such as that in Wells Nos. 1, 2 and 3 is
encountered, it is quite useless to proceed.

The groundwater reservoir capacity in the Rillito Valley is equiv-
alent approximately to one-third of the volume of the recent sands and
gravels lying below the normal water table, excluding those portions
which contain the red clay matrix. This reservoir is believed to be
lens-shaped with a maximum cross-section north of the city of Tucson,
and growing narrower both eastward and westward, and shallower at
least eastward and probably westward.

WELLS

The groundwater supply of the Rillito Valley west of Fort Lowell
is limited, not by the storage capacity of the sands, for it is believed
to be ample, but by the rate of replenishment by seepage from the
floodwaters. The first essential, then, in conserving the groundwater
to the greatest possible use is to locate all wells near the river, and
the next essential is to space them at such distances from each other
that the entire length of the valley will be utilized without, however,
creating undue "interference" of the wells with each other. A line of
wells situated a mile south of the river would yield good flows, and
there would be a decided advantage in having them. But they should
not be used except in drouth years.

SPECIFIC CAPACITY

The specific capacity of wtlls in the Rillito Valley, that is, the
yield per foot of lowering per square foot of percolating area, has
been ascertained in a few cases only, since there are no deep drilled
wells in use and most of the shallow wells are of nondescript con-
struction. The following values for four of the wells described in
Chapter VII are approximately correct. The specific capacities are
given in second-feet.

Plant No. 1, owned by C. H. Bayless 0037 sec.-ft
Plant No. 4, owned by G. S. Manzo 0031 sec,-ft
Plant No. 5, owned by F. O. Benedict 0056 sec.-ft.
Plant No. 6, at the University Farm 0022 sec.-ft.

Average., 0036 sec.-ft

The yield of a deep drilled well may be estimated on the basis of
the average shown. Let a 15-inch well be assumed to be drilled 100
feet beneath the water level. If one-fourth of the casing surface is
effective percolating area, then the yield will be three and a half sec-
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ond-fect for ten feet draw-down. The specific capacities shown above
are relatively high indicating again "the high rate of percolation
through the Rillito "recent" sands. Drilled wells in these sands will
be relatively cheap for two reasons : first, the sand is free and readily
sand-pumped, drills being scarcely needed at all; second, because of
the high specific capacity.

It is of value to note the yield of large wells elsewhere in Ari-
zona. Eighteen 16-inch wells recently drilled by the U. S. Reclama-
tion Service south of Mesa, Arizona, yield on an average 0.32 second-
foot per foot of draw-down. The logs show an average of 134 feet
of boulders and gravel. Another line of nine wells drilled by the
Reclamation Service near Sacaton penetrates about 115 feet of gravel
and the average yield of the wells per foot of draw-down is 0.26
second-foot. The "Tempe Canal Company has a line of ten wells
spaced at 50- foot intervals. The wells are 200 feet in depth, 157 feet
of which is in sand and gravel. The total yield is 27 second- feet,
with fourteen feet draw-down. The yield of the Tucson city well has
been noted on page 171. The majority of drilled wells are not per-
forated one-half so thoroughly as they should be. Recently the water
supply of a deep well was trebled by re-perforating it, though the
well had been in use already a considerable time.

If the wells suggested for the Rillito Valley are located too close
to each other there will be interference, that is, a lowering of the
water table at one well due to pumping at another well. In general,
the disadvantage will inure to the downstream well. The distance to
which the influence of a pumping plant can extend depends on num-
erous factors, one of which is the duration of time between floods, for
each good flood period will wipe out previous pumping effects. Thus,
if two drouth years occur in succession there will be interference be-
tween wells which in a single season could not affect each other's
water supply.

Adopting the average velocity of underflow deduced from page
146, then grounclwater from a mile away might reach a pumping sta-
tion by natural flow during a season of pumping lasting from March
1 to July 15. The effect of lowering the water table by pumping
would be to increase the distance that the water might travel in the
given time. Hence, if the water is pumped out a mile farther up the
valley, the water table will be depressed at the end of the season at
the lower well on that account.

If wells are situated one-half mile apart along the valley, inter-
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ference might begin after about two months of pumping and the
effect would increase until the next flood season. But interference
under the assumed conditions would mean simply the pumping of the
underflow at one point instead of at another, and the average lift will
be less the shorter the intervals between the wells. The opposite
opposed factor in determining the economical interval is the increase
in cost of pumping due to increase in number of pumping plantb

The distance to which interference can extend upstream will de-
pend very much on the depth of the porous gravel strata, but ordi-
narily the distance will not be great. The barrier at the Fort lane is
sufficient to prevent the effect of pumping from being felt appreciably
upstream. The case is analagous to that of a dam for surface waters.
No amount of pumping west of Fort Lowell can affect the underflow
ditch heads east of the Fort lane.

USE OF THE GROUNDWATER RESERVOIR

EFFECT OF HE-WY CONTINUOUS PUMPING

The extent to which the reservoir will be drawn on will vary
greatly. In the Fort Lowell district the recent sands are compara-
tively shallow, but the annual seepage can be relied on with consid-
erable certainty. The following computations are assumptive merely,
but are suggestive. If a strip of land one mile wide is to be irrigated
by pumping and three feet depth of irrigation is to be applied be-
tween two flood seasons, then with a porosity of the sands taken at
one-third, the water table will have to be drawn clown nine feet. Re-
ferring to Fig. 55, the water table rose between December 1, 1906,
and March 12, 1907, eleven feet at the river (the right margin of the
figure), ten feet one-fourth mile away, eight feet one-half mile away,
five and a half feet three-fourths of a mile away (the left margin)
and it is fair to assume two and a half feet at a mile south of the
river,—an average rise of seven and a half feet. This is five-sixths
of the amount required for the irrigation of the overlying land, and
the reserve grottndwater below the Dec. 1, J06, level must be drawn
on for the small remainder.

The cross-section along the Oracle road shows about two and a
qu'arter miles of irrigable land and three-fourths of a mile of bottom-
land. With the same assumptions as before except that water for the
entire area is to be pumped from beneath the bottomland, the water
level would be lowered over the bottomland an average of twenty-
seven feet in a single season. On many years this amqunt would not
be replaced by seepage and the deficit in the reservoir would be car-
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riccl until a year of heavy fl< ods The Fort Lowell district often has a
stead) flow of surface water which does not reach down to the Oracle
road, and on the other hand, at the Oracle road there is a much
greater reserve of groundwater.

DROUTH PERIODS

It may be questioned whether it is right to draw more heavily
from the £>rounilwater supply than is reasonably certain of renewal
each year. Yet this question is not raised in the case of artificial
reservoirs. In their case the reserve is drawn upon during years of
less than average run-off. The one argument against such heavy
pumping is that it will increase the lift, and then the decision hinge*
( n whether the value of the increased water supply justifies the higher
cost of pumping. Through the drouth period ending in 1905 the
water table in many valleys of southern California was lowered far
below the normal position, in some cases as much as 100 feet, but
during the succeeding years of heavy rainfall the water plane has
recovered again by absorbing floodwater which otherwise would have
run to the sea.

In entering upon the project of utilizing the groundwater reser-
voir in the Rillito Valley it can be foreseen that after a series of
drouth years the unit cost of the water pumped will be high, too high
for certain crops. Thus, the result will be that at such a time the
acreage will be restricted in part, grain land presumably being left idle.

Of the water applied in irrigation over the entire valley a por-
tion will percolate downward to the water table, though the higher
the efficiency of irrigation the less this portion will be. It is the his-
tory of many irrigated sections that in the course of years the water
table rises as the effect of irrigation. Much of this water will find its
way back to the pumping plants again in periods of drouth. The in-
fluence of the return water will be to increase the storage of ground-
water and to mitigate the severity of times of shortage.

There are insufficient data at the present time for estimating the
acreage which can be irrigated in the Rillito Valley west of Fort
Lowell. The following computation may be considered as an opin-
ion. The area under consideration is twelve miles long. If the water
table over a strip one mile in width is depressed each year an average
of nine feet by pumping, the yield will be twenty-three thousand acre-
feet of water. This can probably be effected in the porous Rillito
sancl by a single line of deep wells parallel to the river course, other-
wise by two lines of wells. Records of the river discharge and seep-
age are too short to show how often or how seldom the water table
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would recover its natural position. Auxiliary floodwater ditches, pos-
sibly six or eight in number, should have a combined capacity of not
less than ISO second- feet. It can be assumed from present data that
the ditches will run full for fifteen days per year and half full for
thirty days in addition. The total resulting water supply (from wells
and flood ditches) will then be thirty-two thousand acre- feet, sufficient
for eight thousand acres.

The disposition of wells along the river course at regular inter-
vals from each other as proposed above can be brought about only by
systematic cooperative effort on the part of the landowners of the
valley. In no other way can all of the valley land or even a consid-
erable part of it be irrigated. In no other way can the petty annoy-
ances due to underpumping of private wells be obviated. The wel-
fare of the community as a whole demands that the development of
the groundwater shall be along broad and comprehensive lines rather
than dependent on conflicting individual interests.

THE UNDERFLOW DITCHES ALONG THE NARROWS

The nine underflow ditches which head along the Narrows have
been measured frequently since 1906. A list of measurements is
given in Table XXIII. The unit employed, the miner's inch, equals
one- fortieth of a cubic foot per second.

These underflow ditches, particularly those that have been flumed,
have demonstrated cheap and convenient small supplies of water.
Their first cost is moderate and if well built the cost of maintenance
is nil. An increase in the depth of an underflow ditch beyond a cer-
tain point is accompanied by rapid increase in cost of construction
with "diminishing returns" of water; and the underflow of a stream,
always limited in amount, can be more feasibly recovered by several
small headings than by a single large one. Undertakings to dam the
underflow of streams in the past have in every case proved very dis-
appointing but there are scores of places in the arid region where the
underflow rises to or nearly to the surface and where underflow
ditches could be constructed profitably. The following five points
may be laid down as criteria for successful underflow ditches :

1. Adjacent high mountains or other favorable watershed
2. Broad or deep sand reservoirs above- the ditch heads
3. Points t)f limited sand channel underlain by non-porous ma-

terial
4. Coarse sorted sand
5. Steep gradient.
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water which rises in the river bed within the limits of the map. The
contraction of the valley by the Tucson Mountain has much to do
with this water development, but the cutting down of the river chan
nel has undoubtedly had a great influence in increasing the flow in
recent years. The monthly discharge of the two ditches is presented
in Table XII. The record of the Manning Ditch is quite accurate,
but that of the Farmers' Ditch is estimated from incomplete data.

On account of the variableness of the flow these ditches, like
those near Fort Lowell, should have auxiliary pumping plants to
augment the supply during May and June and during drouth years.

Farther up the valley of the Santa Cruz and on some of its tribu-
taries there are, no doubt, many localities where basins or reservoirs
of groundwater exist. The stretch of valley near Sahuarita and the
San Rafael Valley are both worthy of close investigation. Along the
river course in the vicinity of Tubac and between Calabasas and the
boundary are excellent opportunities for the development of small
streams by underflow ditches. The best projects of the Santa Cruz
drainage area are near the sources of supply. The water will not
come down into the valleys very far; we must go toward the moun-
tains. Development must come through many small projects.



CHAPTER VII

INDIVIDUAL PLANTS

THE ECONOMIC ASPECT OF PUMPING

With the premise of an assured groundwater supply, the logical
question arises: can this water supply be pumped and delivered to
the land at such a cost as to make its utilization profitable? Stated
briefly, will pumping pay? The high water requirements of land in
southern Arizona and the absence of a good local supply of fuel com-
bine to make the cost of pumping relatively high. The advocates of
pumping usually point to other localities where pumping is success-
fully practiced, neglecting to consider in any wise the differences in
local conditions. Thus, California is looked upon as the exemplar and
justification of individual gasoline pumping plants. But it is vital to
remember that the development of those plants occurred under the
stimulus of a price of five to seven cents per gallon for distillate.
Indeed, in recent years the change in irrigation practice in California
is toward large community pumping plants. Again, the basis for
estimating the cost of pumping is poorly defined and while the advo-
cates of pumping usually state the cost of fuel and lubricating oil as
the cost of pumping, the opponents, on the other hand, point to the
liability of extraordinary costs of repairs or break-downs when crops
are suffering for water. Not a few of the opponents have tried
pumping and have failed. In some cases the wells have caved or the
engines have been ruined, often the cost of operating an inefficient plant
has exhausted all the profits of farming, and in some instances the
trouble has been poor farming rather than poor pumping. No
stronger argument against pumping is offered than that of deserted
and abandoned pumping plants.

Nowhere is it claimed that pumping is so cheap or so convenient
as ditch supplies from rivers wherever the latter are available. But
usually there is no choice. Running streams which have enough con-
stancy of flow to be worth developing were appropriated many years
ago and now the continued demand for more water compels resort to
pumping. And yet it is true that irrigation by pumping has an im-
portant advantage over ordinary ditch supplies. Well supplies are
continuous and fairly uniform throughout the year, and the water
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can be applied to the land in the growing season I at the most
strategic times, while on the other hand the river Ho /s of southern
Arizona are most abundant during the winter and during the summer*
rains, while the supply is least when water is most needed.

Economically, pumping depends upon several factors. The lift,
the price of fuel, the type of plant, the character of the land, or the
value of the crops raised may be the limiting factor. It is especially
noteworthy that in any given locality one type of plant or one method
may succeed where all others would fail.

The pumping plants for irrigation in the Rillito Valley are listed
in Table XXIV, arranged in order of their location from east to west.
Two-thirds of the number are in successful operation. All of them
are situated where the water is comparatively close to the surface.
Eleven additional plants (not listed) have been built and abandoned
within the past ten years. If all of the listed plants were kept in con-
tinuous operation at their rated capacities, the total discharge would
be 23.8 second-feet, sufficient for the irrigation of 2,800 acres of land.

TABLE XXIV.—LIST OF PUMPING PLANTS FOR IRRIGATION IN THE RIL-
LITO VALLEY IN 1909

Owner

G llvtoreno ----- ......
Carl Monthan
M Afiruilar -
Wright Bros
W H Baker
B Daily
F. Walmark
F A Baier
H. F. Brimmer
J. B. Douglas
D. B. Campbell
E Baker
H McMillan
N Bin°"liam - — -
G S Manzo
University Farm
F Ronstadt
D A Paul
J B McGuffin
W Hani
E AVetmore - «
C "Mi L/incoln
F. O. Benedict
Evergreen Cemetery
Bissett Bros.

Engine

Gasoline
Steam

Gasoline
do

Cf /ajarn

do
Gasoline

,-IA
Steam

Gasoline
Steam
Of/ao tfi

An,

dr»
do
Af\
do
do
do
do
do
do
do
do

Pump

2-in Pomona horizontal
4-in. Krogh horizontal
5-in. Jackson vertical
4-in Jackson horizontal
4~in Tackson horizontal
4-in Jackson horizontal
2-in. Los Angeles hor.
3i/2~in Teickson horizontal
4~in. American horizontal
2-in. American horizontal
S-in. Syracuse horizontal

S-in. Krogh horizontal

2^-in Bailie & Brandt hor
5-in Amf :vt"ir>pn xrpTf'ir'Sil

S-in Jackson vertical
DbL-Cyl.
4-in Jackson horizontal

Depth to
water

level in
June

Feet
18
3

13
12

c
8

29
5
7

21
8
Q

22
10
13
10
20
14
16
19
1Q
•31

22
35
30

Remarks

Underspeeded
do
do
rln

do

do

dn

do

do
do
do
do

do

An
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FUELS

The only local supply of fuel is that derived from native woods.
Mesquite and oak are excellent fuels, while palo verde and cottonwood
have comparatively low heating value. The price of mesquite is from
four to five dollars a cord. The supply is limited and each year it is
hauled from greater distances. Its use has been discontinued at many
power plants which formerly depended upon it. The oak is found
only at altitudes of about 5,000 feet.

There are considerable areas in Arizona which are covered with
creosote bush and other vegetation ordinarily considered valueless. It
is possible that some of it could be utilized in producer gas plants. A
half-shrub, Bigclowia hartwegii, has spread over large areas of valley
land within recent years. It is ignored by stock but being somewhat
woody and also resinous, it should have considerable fuel value. A
sample of it was collected in October, 1906, when mature and in seed.
It was air-dried for three months and was then submitted to Professor
Eolmoncl O'Neill of the University of California, who kindly deter-
mined its calorific value. His results were as follows:

Calorific value, calories, 4661
British Thermal Units, 8390
Percent of sulphur, 0.22

This compares favorably with wood. In fact, it is about equiva-
lent to oak in heating value. To determine the amount of the plant
which could be expected per acre, a small plot of average stand was
cut over and the dried sample weighed. It was equivalent to 3,300
pounds per acre. After two years the new growth is about one-half
the original height so that it would be possible to cut over the same
ground once in four years. Gas producers and scrubbers would re-
quire to be designed especially for such fuel, but there is no suf-
ficient reason why the plant, otherwise worthless, should not be util-
ized. This is equally true ^ the creosote bush.

Gasoline engines are used for power at nearly all individual
pumping plants in the Rillito Valley. They utilize for fuel an oil dis-
tillate having a gravity of about 55° Beaume, and called No. 1 engine
distillate. The price at Tucson varies from 16 to 22 cents per gallon,
A proper allowance for hauling and for leakage losses is 2 cents per
gallon, making the price at the ranch from 18 to 24 cents.

Efforts have been made to use unrefined oil with gasoline engines
by means of vaporizers attached to the engines. The Neher generator
(vaporizer) has come into limited use. It works quite successfully
on Santa Maria oil, gravity 26° Beaume, or on a special product
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called residium, consisting of crude oil with the asphalt base removed.
When vaporized in the Neher generator about five percent remains
as a heavy oil which may be burned under boilers or wasted. The
cost of these fuels in carloads at Tucson would be $2.25 per barrel.

From the standpoint of fuel for making steam, southern Arizona
is situated midway between the coal fields of New Mexico and the oil
fields of California, with an expensive freight haul from either place.
New Mexican (Gallup) coal is very soft bituminous, with a calorific
value of about 12,000 B. T. U. per pound. The California crude oil
is quite variable in calorific value. That from the Kern River aver-
ages 18,500 B. T. U. per pound. Los Angeles oil has considerably
less heat value, while the lighter oils such as Santa Maria and Coal-
inga run about 19,000. The heavier the oil the less the heat value.
Since, however, crude oil is bought and sold by volume (the unit
being the barrel of forty-two gallons) it follows that the heavier oils
tend to make up in pounds per barrel what they lack in calorific
value per pound. It is exceedingly important to obtain oil free from
water or as nearly so as possible, and every carload should be tested.
Generally speaking, from two and a half to three 'barrels of oil will
make as much steam as a ton of New Mexican coal and at present
prices the advantage is in favor of the oil. Both oil and coal arjC
cheaper for steaming purposes than wood, except at points far re-
moved from the railroad.

There is a small field of anthracite coal situated a short distance
east of Albuquerque, New Mexico, in which the coal has been anthra-
cized by contact with eruptions of volcanic rocks. The field has not
been carefully explored, but is believed to be very limited in area.
The quality is shown by the following analysis made by the Detroit
Copper Mining Co. of Morenci, Arizona:

Moisture 3.0 percent
Volatile matter 1.3
Carbon 86.2
Ash 9.5

100.0

Other analyses corroborate the percentage of fixed carbon and
further state the calorific value as 13,000 and 14,435 B. T. U. on two
different samples, both being of pea size. This is an exceedingly
valuable fuel and the only excuse for its non-use in southern Arizona
is the possibility of an early exhaustion of the supply. It can be pur-
chased at the present time at $3 per ton at the mine for pea sizet

and the freight rate to Tucson is $5 per ton. "



INDIVIDUAL PUMPING PLANTS 205

DESIGN OF PLANT

The small pumping plant for irrigating purposes should be very
carefully designed. The component parts,—the well, the pump, the
prime mover, the piping,—all bear definite relations to each other.
For example, the pump capacity should depend upon the water sup-
ply, and the engine power should be based on the discharge and the
lift. Likewise the size of piping should be such as to limit the 'lost
head" due to friction, elbows, and the energy of the discharge.

Unfortunately the usual irrigator's pumping plant is a make-
shift affair. Wells are usually too small, and pumps too large; the
cheapest and most inefficient pumps are usually purchased; engines
are installed under such conditions that their fuel economy is exceed-
ingly low, and scant attention is given to the piping and connections.
The reason for so poor design is due partly to insufficient capital but
even more to the rancher's unfamiliarity with the subject. The
rancher is an agriculturist and in buying and operating a pumping
plant he is "out of his province." Usually he is content if the engine
will run at all and the water is lifted into his ditch. Very few ranch-
ers know how much it costs them to pump an acre-foot of water nor
do they know in what respects their plants are poorly designed and
wasteful. Poor design of gasoline plants is particularly deplorable,
for the cost of operation is then largely the cost of fuel, whereas with
a steam plant the cost of attendance is of relatively high importance
and errors of design are of less consequence. As examples of poor
design the following typical cases may be. noted.

A 3j4-inch centrifugal pump was operating so overspeeded that
its discharge was nearly that for which a S-inch pump is designed
A few miles away another pump, an 8-inch centrifugal, was discharg-
ing exactly the economical capacity of a 5-inch pump. Its speed was
held back to 65 percent of what it should have been for the lift and
the discharge was only 36 percent of its proper amount. At each of
these plants the amount of fuel used could be reduced one-half by
substituting a well-designed plant.

One poorly-informed irrigator, who has an excellent water sup-
ply in his well, installed a 2-inch centrifugal pump, and an engine
with three times the power required for such a pump. It was impos-
sible to accomplish anything with the pitifully small stream of water.
The engine was large enough to operate a 3j4-inch purnp, the econom-
ical discharge of which is three times that of the 2-inch pump.

Another irrigator was observed to have around his well two boil-
ers two engines, and three pumps. He stated further that he had
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sent for a fourth pump and thought he might have to change engines
again. By this "cut and try" process a satisfactory plant may be
evolved but the process itself is ruinous.

The most common misfit is that of a large pump on a well with
insufficient water supply, so that the pump is necessarily under-
speeded. Better were it to place a small pump on a large well, but
"stock" pumps are cheap, and well digging below the groundwater
level is difficult. Professor B. P. Fleming states:1 "Not infrequently
the owner will assume that the discharge is equal to the rated capacity
of the pump. In no plant so far tested by the writer has the actual
discharge been found to equal either the estimated or rated discharge/'

Centrifugal pumps should be specially designed for the capacity
and the lift under which they are to be operated. A centrifugal pump,
like artificial teeth, should be fitted. Yet the same pump is installed
for 10-feet lifts and 60-feet lifts and for widely varying capacities.
Moreover the interior surfaces are left rough as cast, the runner has
an overhanging bearing, air leaks in through the oil cup, and the
pump is poorly balanced. Great improvement is needed in centrifugal
pump practice, though a few careful buyers already insist on efficient
pumps and not infrequently a buyer will save enough, by reason of
the smaller engine required, to pay the difference between a "stock"
ptimp and one that is fitted to his conditions.

To make fixed rules for the design of pumping plants is ob-
viously impracticable. No two cases are identical, and each case
should be treated separately by a competent designer. Nevertheless
a few principles which need emphasis will be stated.

1. The yield of wells is proportional to the percolating area, or
area of sand and gravel exposed beneath the water level. A large ex-
cavation above the water surface is of no avail. The question of
choice between a dug well and a drilled well frequently arises. Where
the stratum of water-bearing gravel is of considerable thickness or
there are several water-bearing strata, the drilled wells are preferable
and they should be perforated opposite all such gravels. In many
valleys of the Southwest, however, there is but one comparatively thin
stratum of good gravel, and in those cases a large dug well is neces-
sary. The element of risk during the sinking is much greater in the
case of drilled wells. Perforating of drilled wells is important, and
in most cases is done very imperfectly.

2. The yield is proportional to the amount of lowering of the
water level in the well. Since, however, every foot of lowering means

•Bulletin 7 1 , N e w Mexico Agri. Bxpt. Sta, p . 40. ~~ ~ " " ' ~" ""
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an additional loot of suction lift, the capacity of the well should be
large so that the lift may be kept as low as possible.

3. Centrifugal pumps should be accurately speeded. For a given
lift there is a definite speed which gives the best efficiency. Never
should a pump be undcrspeeded. The result of overspeedmg is less
fatal to economy.

4. Horizontal pumps are more efficient, better balanced, and
more easily lubricated than vertical pumps. The latter should not be
selected unless special conditions warrant their use, such as great
depth of well pit or fluctuating water table.

5. Check or flap valves are preferable to foot valves, especially
so for lifts of over forty feet. A straight-way gate valve opened and
closed by a handwheel is still better than the check valve. The gate
valve can be closed until the pump is primed and brought up to the
proper speed, and then opened.

6. Suction and discharge pipes should have a sectional area two
and a half times that of the pump openings. The velocity through
the piping will then be about four feet per second.

7. A bell on the lower end of the suction pipe reduces the lost
"entrance head" and decreases the tendency to suck up gravel.

8. A gasoline engine should work up to its rated capacity or
very nearly so. On the other hand, with a steam engine an excess of
power is advisable.

DEPRECIATION AND MAINTENANCE

A subject closely allied to the above discussion is that of the lack
of care which is generally given to a pumping plant (and other ma-
chinery) on a ranch and the consequent rapid depreciation. For in-
stance, there is a mistaken notion that a gasoline engine requires no
attention. It may run alone 'for forty-nine days and freeze up the
next day. It is true that a gasoline engine when half-loaded or under
requires little attention, but its fuel consumption is then very high
When properly loaded it needs almost constant attention. It should
be examined every hour or two to see if every part is getting the
proper amount of oil. Bearings should be kept in fine adjustment
else damage is done by pounding. The pre-ignition should be care-
fully adjusted. The circulating water should be kept hot, yet not too
hot. The governor should be regulated to give the right speed to the
pump. If that is impossible then the pulleys should t>e lagged or
changed. The feed valve should be adjusted to the load.

Instead of such care, however, the adjustments are usually let
alone as long as .the engine will run. Circulating water gets low, and
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does not circulate. The feed valve is set wide open. The speed ib
never changed. The oil cups get empty, and the piston or the crank
"freezes" fast. Many pumping plants in Pima County are not even
housed.

A distillate engine owned by a mining company was using 32
gallons of oil per 24 hours. By advancing the spark so as to give the
proper amount of pre-ignition the fuel consumption was cut down to
22 gallons per 24 hours. Had this engine been located on a ranch it
would still be operating at the higher rate.

It Is rare that a man who is a good farmer is also a mechanic,
or that a good mechanic is a successful farmer. This is an age of
specialism. The farmer is frequently unable to properly care for an
engine. In a case recently observed two men wasted two days in the
effort to put a gasoline engine in running order. A competent me-
chanic required less than twenty minutes to recognize and correct the
difficulty.

The life of a gasoline engine depends very largely on the atten-
tion which it receives. A mechanic, much of whose business is repair-
ing such engines, states that in a machine shop an engine will last
longer than ten years but on a ranch less than ten years. After six
or eight years the engine cylinder should be re-bored and a new
piston provided, the cost being about one-fourth that of a new engine.
The engine used on the drilling rig described on page 154 was a bor-
rowed one. It had been used previously eight years and had been
heated up and burned fast on several occasions. All of the working
parts were so worn that the foreman of a machine shop advised that
in his opinion "it would not pay to re-bore the cylinder. The engine
should be scrapped." A new 25-horsepower gasoline engine was
installed near Tucson in 1907. It was abused, and crippled, and
within a year it had to be returned to the selling agent. These are
isolated cases, but they point a warning. In the majority of cases
gasoline engines operate, though usually with a poor fuel economy.

In estimating the cost of pumping an allowance must be made
for the wear and tear or depreciation of the pumping plant, including
the well. This allowance is equivalent to a sinking fund for the pur-
pose of replacing the different elements of a plant as they wear out.
Such a charge is just as real as the cost of fuel or the cost of repairs,
and the charge is not small enough to be neglected. Professor J. N,
Le Conte, a recognized authority on gasoline pumping plants in Cali-
fornia, allows 13 percent of the first cost of a plant as the annual de-
preciation.*

*Meclianical Tests of Pumping Plants, Bull. 181, O. E. S., U. S. Dept. of
Agriculture, p. 51.
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Another charge, that for maintenance and repairs, is variable and
difficult of estimation. Very few farmers keep an accurate account of
these items. The Manzo plant, described on page 213, was built in
November, 1905, at a cost of $1,200. During- the following, three
years $269.29 was expended for maintenance and repairs including
batteries, as shown by an itemized statement. This was slightly more
than was expended for fuel and lubricating oil in the same time. It
does not include one item of $74 for sinking a pipe in the bottom of
the well; this item is new investment and is included in the cost of the
plant. Seven and one-half percent of the first cost was therefore
spent annually for maintenance and repairs. Many other plants will
show no better record. Moreover, no account can be kept of the
farmer's time lost in driving to town for supplies or with a broken
part, time which may be sorely needed in attending to crops.

In the discussions of cost which are to follow, the allowances
for depreciation, maintenance and repairs, interest on investment, and
taxes will be based on the following percentages of the first cost of
the well and pumping plant:

AVERAGE FIXED CHARGES ON SMALL PUMPING PLANTS
(Stated as percentages of investment)

Interest on investment •••• •• •
Taxes *

Totils

Gasoline
Without
gravity
supply

10
4
8
1

23

i plants
Auxiliary
to gravity

supply

8
7

8
1

19

Electric plants

6
1
8

. 1

16

At those plants where the wells are of the concrete caisson type,
the first two items will be reduced thirty percent. The reduction
would apply also to deep drilled wells, were there any such in the
valley.

Le Conte computes the repairs with the attendance as one of the
operating expenses. Fleming allows ten percent each for interest and
depreciation.*

*Bull, 71, N. Mex. Agri. Bxpt. Sta.» p. 63.
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TESTS

Tests have been made from time to time on representative pump-
ing plants in the vicinity of Tucson to determine the water-bearing
capacity of the well formations and the actual cost of pumping as
practiced. The necessary measurements have included the dimen-
sions and log of the well, the lowering of the water table while pump-
ing, the discharge, the lift, the fuel (or electrical) consumption, the
cost of installation, and the number of acres irrigated. No effort has
been made to determine the power developed in the engine.*

The discharge was measured over a Cippoletti weir in all cases,
and the lift from the water level in the well while pumping to the top
of the outlet was taken with a steel tape.

PLANT No. 1, OWNED BY C. H. BAYLESS

This plant consisted of a 12-horsepower Bates and Edmonds
"Peerless" gasoline engine and a 3J^-inch Jackson horizontal centrifu-
gal pump; the pulley diameters were 24 inches and 8 inches; suction
and discharge pipes were of 4J4-inches diameter; the suction had a
5-inch foot valve and a cast strainer; there was a short turn elbow
and eight feet of horizontal pipe on the discharge.

The dug well had a total depth of 24 feet. The upper 12 feet
was curbed with heavy 4-inch by 8-inch lagging and was 5 ft by
5 ft. 6 in. in sectional area; beneath it was a perforated steel cylinder
6 ft. 3 in. diameter by 7 ft. 6 in. high; in the center of this another
smaller cylinder 3 ft. diameter by 8 ft. high was sunk, but not its full
length owing to the great difficulty of the work; the small cylinder
extended 4 ft. 5 in. below the larger one. The normal water level
was 15.7 feet below the surface of the ground, and 18.65 feet below
the top of the discharge pipe.

The fuel used was No. 1 engine distillate. The speed of the
pump shaft could not be measured because of its position. The plant
was said to use one quart of lubricating oil per day of nine hours,
and to require one-half of a man's time in attendance.

*The most convenient unit of discharge, and the one used herein, is the
cubic foot of water per second, usually written second-foot or sec.-ft. The dis-
charges can be readily converted into other units by using: proper factors of re-"
duction. A second-foot is equal to forty Arizona miner's inches, or 449 gallons
per minute.

An acre-foot of water is the amount required to cover an acre a foot deep.
A second-foot of flow is equal (very closely) to two acre-feet in twenty-four
hours.

The useful effect of a pumping plant, that is, the theoretic work done "by the
plant, can be computed from the lift and the discharge, as follows: The useful
water horsepower equals

Discharge in second-feet X (static) lift in feet
8.8
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PLANT No. 2, OWNED BY T. C. STAPLBTON AND J. RUDASELL

The second plant consisted of a 6 H. P. Bates & Edmonds gaso-
line engine and a 3^-inch Jackson horizontal centrifugal pump; the
pulley diameters were 17% and 6 Inches respectively; suction and dis-
charge pipes were of 6-inch diameter; the suction was provided with
a foot valve and strainer; at the surface of the ground there was a
tee and 16 feet of horizontal pipe.

The well was dug 19 feet deep and curbed with 2-inch redwood.
In the bottom of the dug well a 12-inch casing was driven 14 feet
deeper, the lower ten feet being perforated with 5/6-inch holes. The
normal water level in the casing was 19.8 feet below the top of the
discharge outlet.

Gasoline had been used prior to this test, but the test was run on
a mixture of equal parts of gasoline and engine distillate. The speed
of the pump could not be taken, but the belt was tight.

Duration of test 3.67 hrs.
Water level drawn down at end of test 5,6 ft.
Percolating area, approximate 12 sq. ft.
Average discharge 44 sec.-ft
Yield of well per foot of lowering per sq. ft. of percolating

area 0065 sec.-ft.
Speed of engine 317 R. P. M.
Average lift 25.4 ft.
Useful water horsepower 1,27
Consumption of fuel oil during test 3.32 gal.
Consumption of fuel oil per acre-foot of water pumped...., 24.7 gal.
Consumption of fuel oil per useful horsepower-hour 712 gal.

PLANT No. 3, OWNED BY H. F. BRIMMER

This was a steam plant consisting of a 6-horsepower Ramsey
5x7 in. engine, a 10-horsepower Ramsey vertical boiler, a No. 4
American vertical centrifugal pump, 6-Inch suction pipe, and 4-inch
discharge; pulley diameters were 24 inches and 8 inches. The foot
valve and strainer were placed so low as to scarcely clear the gravel
bottom. The discharge had one elbow and short horizontal arm.

The well was dug ? feet by 9 feet and 10 feet deep and was
curbed with Douglas fir plank. A steel cylinder, not perforated, was
then sunk in the bottom. The cylinder was 4 feet in diameter by 8
feet long, but it was sunk only three feet into the gravel. The normal
water level was 6.45 feet below the surface, and 8.45 feet below the
top of the discharge.

Vacuum and pressure gages were attached to the suction and
discharge pipes respectively, as near as practicable to the pump, so
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that the lost head in the piping could be ascertained. The fuel used
was mesquite wood but no measurement of it was taken. One man
was required in constant attendance, the charge for which is twenty-
five cents per hour.

Duration of test 2.6 hrs.
Water level drawn down at end of test

in cylinder 4.2 ft.
in curb 3.2 ft.

Percolating area 13 sq. ft.
Discharge, measured by weir 555 sec.-ft.
Yield of well per ft. of lowering from each sq. ft. of percolat-

ing area 010 sec.-ft.
Speed of engine 240 R. P. M.
Speed of pump 657 R. P. M.
Slip of belt 10 percent
Lift, measured with tape , 12.7 ft.
Lift , measured with gages.., 28.8 ft.
Head lost in strainer, friction, etc 16.1 ft.
Useful water horsepower 0.80
Pump (gage) horsepower : 1.82

The difficulty at this pumping plant was that the developed water
supply was inadequate for the pump, though the unit yield of the well
was very high. Had the well been deepened a few feet, and a 6-inch
discharge pipe used, with a tighter belt, the fuel consumption per acre-
foot of water would have been cut down fifty percent.

PLANT No. 4, OWNED BY G. S. MANZO

This plant consisted of a 10-horsepower Bates & Edmonds gaso-
line engine and a No. 5 Jackson horizontal centrifugal pump; the
pulley diameters were 16 inches and 6% inches; suction and discharge
pipes were of 5 J4-inches diameter.

The well was dug 8 feet by 12 feet and 17 feet deep, after which
a steel cylinder 3 feet in diameter by 12 feet long was sunk 8 feet,
and a 6^-inch casing, not perforated, was driven to a further depth
of 17 feet. The lower four feet of the cylinder was perforated. The
log of this well is given on page 162. The normal water level at the
time of the test was 12.22 feet below the surface.

No. 1 distillate was used, and it was stated that one-fifth of a
man's time was sufficient to run the plant. The belt was tight.

Duration of test 3.5 hrs.
Water level drawn down at end of test 10.17 ft
Percolating area 32 sq. ft.
Average discharge I-015 sec.-ft
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Yield of well per ft. of lowering per sq. ft. of percolating
area ................................................................ . .................................... 0031 sec.- ft.

Speed of pump ..................................................................................... 642 R. P. M.
Average lift ........................................................................................... 25.2 ft.
Useful water horsepower ................................................................... 2.91
Consumption of distillate during test ........................................... 4.00 gal.
Consumption of distillate per acre-foot of water pumped ....... 13.5 gal.

PLANT No. 5, OWNED BY F. O. BENEDICT

This plant consists of a 12-horsepower Bates & Edmonds verti-
cal throttling gasoline engine with magneto; a 5-inch Jackson vertical
centrifugal pump ; pulleys 12 inches and 24 inches in diameter ; 7-inch
suction and discharge pipes, the latter having a horizontal arm 15
feet long.

The well was dug four and a half feet by six and a half feet in
section and twenty-six feet deep. In the bottom a steel cylinder
three feet in diameter by twelve feet long was sunk eleven feet
deeper. An effort was then made to drive a 14-inch pipe which was
twenty feet long, but it was driven only five feet. The normal water
level was 24.85 feet below the top of the discharge pipe.

No. 1 engine distillate was used. The attendance was stated to
cost seventeen cents per hour.

The plant was installed in March, 1909. During the summer it
was used to irrigate eighteen acres of garden truck fourteen times.
The owner also has a ditch-right and gets river water during a por-
tion of the year. It is intended to irrigate sixty acres of grain hay
after the river flow ceases in the spring.

Duration of test ..................................................................................... 7.5 hrs.
Water level drawn down ...................................................................... 8.3 ft.
Percolating area ...................................................................................... 30 sq. ft.
Average discharge .................................................................................. 1.395 sec~ft
Yield per ft. of lowering per sq. ft. of percolating area ............ 0056 scc.-f t.
Speed of engine ...................................................................................... 370 R. P. M.
Speed of pump ....................................................................................... 733 R. P. M.
Average lift .............................................................................................. 32.53 ft.
Useful water horsepower .............................................. . ..................... 5.16
Consumption of fuel during test ........................................................ 10.33 gal,
Consumption of fuel per acre-foot of water pumped .................. 11.94 gal,
Area irrigated ........................................... . ............. . ................................ 3,27 acres
Depth of irrigation ............................................................................... 3.18 in.

The above results indicate a relatively efficient installation. The
distillate consumed per useful water horsepower-hour was .267 gal.
The reasons for this good record are: first, the discharge was very
nearly that for which the pump is designed; second, the engine was
loaded close up to its full capacity.
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PLANT No. 6, AT THE UNIVERSITY FARM

This plant consists of a 12-horsepower Fairbanks, Morse & Co.
horizontal gasoline engine; a No. 5 Krogh horizontal centrifugal
pump; pulleys of 10-inches and 22-inches diameter; 6-inch suction
and discharge pipes, the latter having a long-sweep turn and 17 feet
horizontally. This plant is a borrowed one, and it is intended to re-
place the pump very soon with one specially designed for the condi-
tions.

The well is a concrete caisson eight feet in diameter and twenty-
five feet dee]), with perforations three-fourths of an inch in diam-
eter. The water level at the time of the test was 11.3 feet below the
surface, and 12.1 feet below the top of the discharge. The well was
sunk in July, 1909.

The fuel used was No. 1 engine distillate with a density of .760,
which is equivalent to 54.3° Beaume. The attendance required by
the plant was stated to be one-fourth of a man's time, the wage being
$2.50 per day. This is equivalent to seven cents per hour. The area
which had been irrigated in thirty-six hours was found to be 6.7
acres.

Duration of test - 3.9 hrs.
Water level drawn down 11.4 ft
Percolating area 50.5 sq. ft.
Average discharge 1.294 sec.-ft
Yield of well per ft. of lowering per sq. ft. of percolating

area 00225 sec,-ft
Speed of engine .' 245 R. P. M.
Speed of pump , 525 R, P. M.
Average lift - - 23.5 ft.
Useful water horsepower , 3.46
Consumption of distillate during test 4.53 gal.
Consumption of distillate per acre-foot of water pumped 10.84 gal.
Dentil of irrigation *. 6.9 in.

PLANT No. 7, OWNED BY PRESBYTERIAN INDIAN SCHOOL

The equipment of this plant comprises an 18-horsepower two-
cylinder Bates & Edmonds gasoline'engine, a No. 6 Jackson horizon-
tal centrifugal pump, 20-inch and 16-inch pulleys, 8-inch suction
and discharge pipes, the latter having an elbow and 55 ft. horizontally
to the outlet.

The dug well is 8 ft, by 8 ft. in section and 32 ft. deep. Its log
is given on page 172. There are, in addition, three six-inch drilled
wells, situated 46 and 108 feet southwest and 80 feet west of the dug
well, respectively, and connected with it by a siphon pipe, the outlet
end of which is placed just below the water level. On account of the
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very limited water-bearing area, the unit yield of this well is not com-
parable with those of the Rillito Valley. The normal water level at
the time of the test was 19.74 ft. below the top of the discharge pipe.

Both No. 1 distillate and gasoline had been largely used; the
former was used during the test. It is customary to have a man in
attendance while the plant is being run, the day man receiving $1.25
per day and the night man, $3.

Duration of test 2.83 hrs.
Water level lowered 6.56 ft.
Average discharge 85 scc.-ft.
Speed of engine 336 R. P. M.
Speed of pump " 418 R. P. M.
Average lift by tape 26.2 ft.
Average lift by gage 27.6 ft.
Useful water horsepower 2.53
Consumption of distillate during test 5.84 gal.
Consumption of distillate per acre-foot of water pumped 29.1 gal.

The very poor showing at this plant is due to the fact that the
pump is much too large for the well. Either the water supply
should be increased to double the present capacity of the well or the
six-inch pump should be removed and a smaller one substituted. An
idler pulley should also be removed and a smaller engine would do
the work more economically than the one now in use.

PLANT No. 8, OWNED BY W. R. PERRY

This plant and the next one are operated by electric motors and
derive their current from the lines of the Tucson Gas, Electric Light
& Power Co. The equipment consists of a 20-horsepower constant-
speed three-phase Westing-house motor; a 6-inch Jackson vertical
centrifugal pump suspended in timber frame; pulleys of 16 and 7
inches diameter; 8-inch suction pipe, and 10-inch discharge pipe
bolted to a horizontal trough.

The well was first dug thirty feet deep to the water plane and
was curbed with timber. A concrete caisson eight feet in diameter
by ten feet high was then built and was sunk about nine feet when it
rested on hardpan. A sump was excavated in the hardpan and a hole
was drilled thirty-five feet into it, without however adding to the
water supply. The normal water level is 30.18 feet below the floor
of the discharge trough.

The plant is used to supplement a ditch supply. It waters sixty
acres about four times per year. The attendance consists of four
visits per day, the two intermediate ones being to examine and oil the
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pump. Fifteen gallons of lubricating oil are used per year. The
belt was tight.
Duration of test 9.5 jirs>

Water level lowered 9.47 ft
Average discharge ;... .953 sec.-ft.
Speed of pump 553 R. P. M.
Average lif t , static 39.3 ft.
Useful water horsepower 4.26
Current rsecl, by wattmeter, dunng test 95.9 K. W. hrs. = 128.4 H.P.hrs.
Current used per acre-foot of water pumped 127 ICW.hrs.
Current used per a ere-foot of water lifted one foot ' 3.23 K.W.hrs.
Efficiency of plant 31.5 percent
Area irrigated during test 1.69 acres
Depth of irrigation . 5.37 in.

Shortly after this test and as a result of it the pump was over-
hauled and several stones were found lodged in the runner.

PLANT No. 9, AT THE UNIVERSITY OF AEIZONA

This plant consists of a 3^-inch two-stage Jackson centrifugal
pump, direct-connected to- a 15-horsepower Westinghouse Type C
motor; suction and discharge pipes are 5 inches in diameter.

The open well is dug to a depth of 103 ft,, which is 16 ft. below
the water level. In the bottom a drilled hole extends 43 ft. deeper
and is cased with GjHi-inch pipe, perforated with 3-16th inch holes.

The plant requires very little attention. The laborer who irri-
gates the grounds closes the switch in the morning as he goes to his
work and opens it at night. The pump is oiled each morning and
the motor once a week. Scarcely thirty minutes of time per day
should be charged against the pumping. Twenty gallons of lubri-
cating oil are used per year.

Duration of test 2.83 hrs.
Water level lowered - 7.2 ft.
Percolating area 251 sq. ft.
Average discharge ". 536 sec.-ft
Unit yield of well 0003 sec.-ft
Speed of shaft 1168 R. P. M.
Average lift, static , , «: 96.35 ft
Average lift, gage 102.16 ft
Useful water horsepower 5.87
Current used, by wattmeter , 12.35 K. W. = 16.55 H. P.
Current used per acre-foot of water pumped 276.5 K.W.hrs.
Current used per acre-foot lifted one foot 2.87 KW.hrs.
Efficiency of plant - 35.5 percent

A test was made on this plant while pumping into an elevated
tank. It is interesting because it shows that an increase of 17 percent
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in the (gage) lift without increasing the speed, has the effect of re-
ducing the efficiency to a very low point.

Average discharge 198 sec.-ft.
Average lift, gage 119.9 ft.
Efficiency of plant 20.4 percent

PLANT No. 10, AT THE CANOA KANCH

This plant was built in 1907. It is of a type which is frequently
urged for the development of the Rillito and similar valleys.

The plant consists of two 13-inch by 15-inch 60-horsepower slide-
valve Ames engines; two return tubular boilers; feed-water heater;
two 10-inch Jackson vertical centrifugal pumps, with 10-inch suction
and discharge pipes, the latter bolted to a trough.

There are four drilled wells 230 ft. in depth. They are con-
nected in two pairs of two wells each, with intervals of 55 ft. be-
tween the wells of a set, and 110 ft, between the sets. The line of
wells is approximately at right angles to the river course.

The fuel used was mesquite wood. The plant was in charge of
an engineer who received $75 and board per month and a fireman
who received $40 and board.

Discharge 3.9 sec.-ft.
Speed of pump 600 R. P. M.
Lift by tape 53.5 ft.
Useful water horsepower 23.7
Consumption of fuel per day of nine hours ...., 3.5 cords
Consumption of fuel per acre-foot of water pumped 1.2 cords

SUMMARY OF TESTS

The cost of pumping at the above-named pumping plants is ex-
hibited in Table XXV. The order of arrangement is according to
the capacities of the pumps, the smallest being placed first.

For the sake of uniformity certain constants are assumed. For
example the price of gasoline varied considerably since the dates of
the tests extended over several years; the price is here taken at 18
cents per gallon or 20 cents per gallon including hauling and leakage.
The cost of lubricating oil has been found, in several instances, to be
close to ten percent of the cost of distillate, and is so taken. With
the exception of one plant, it was not known how much water was
required per acre, hence for land that is dependent entirely upon
pumped water, the amount is assumed to be four acre-feet as given
on page 97. The attendance for distillate plants is reckoned on a
basis of one-fourth of a man's time.
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those plants which are used only in the driest months to supplement
ditch supplies.

It is not to be denied that the figures as given are in some cases
greater than the actual costs. Thus, at several of the plants only one
crop per year is raised on a part or all of the land. The effect of
course is to reduce the cost of fuel but not the fixed charges. At one
plant the alfalfa was literally starved for water and a very small
yield resulted. But where the land is in alfalfa or raises two crops,
one in summer and one in winter, and is adequately irrigated, then
the costs as shown do obtain.

It is not to be denied, either, that the same quantities of water
could be pumped more cheaply if the plants were better designed and
were properly operated and were fully utilized. Thus the cost of
pumping at Plant No. 7 ought to be cut down about one-half. If it
be assumed that a rancher has met the above conditions, in short, that
he has an ideal gasoline pumping plant and uses it night and day
through the irrigating season, then his cost of pumping should not
exceed $17 for thirty feet lift or $22 for forty feet lift. However, if
the number of individual pumping plants in the valley should be
quadrupled the new plants would likely be no more efficient than the
present ones.

The fixed charges are seen to be an important element of the
cost. The proper way to keep them low is by utilizing the plant as
much as possible. Paradoxical though it may seem, it is the idleness
of many plants which produces the largest item in the cost of pump-
ing. Very rarely does a rancher run his plant over one-third or half
of the time, thus two or three neighbors might easily combine to
own and use one pumping plant. The alternative of buying smaller
plants is not to be recommended, since they are inefficient in them-
selves and a small stream of water cannot be handled advantageously
in the field. *

The cost of pumping at Plant No. 9, the high-lift plant, is seen
to be excessive. None but the most valuable crops could withstand
such a charge. Much of the finest land in southern Arizona is sit-
uated where the depth to water is over one hundred feet and no ordi-
nary pumping project is feasible for its development.

Similar tests to those above, for the purpose of ascertaining the
cost of pumping for irrigation, were made in 1904 by S. M. Wood-
ward of this Station.* His investigations were confined to the cost of
operation, including fuel, attendance, oil, and repairs. The results
are very comparable with those in Table XXV. The operating cost

*Bulletin 49, Arizona Experiment Station.
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\vas found to vary from $1.18 per acre-foot of water at a large steam
plant with a discharge of 9.6 sec.-ft. to $16.02 at a small steam plant.
At the gasoline plants the operating cost varied from $3.76 to $6.5o
per acre-foot, the lift varying from 26'to 47 feet. In comparing
these figures with those of Table XXV, it must be noted that the
costs in the table are for four acre-feet, the annual requirements of
an acre.

Very exhaustive tests of the same character have been made on
the pumping plants of California.* In the case of distillate-centrifu-
gal plants of less than ten useful water horsepower, it was found that
the consumption of distillate per useful water horsepower-hour aver-
aged .521 gallons. The corresponding average for the six gasoline
plants of Table XXV is .490 gallons. The fuel costs, however, are
not comparable, since the distillate used at the California plants cost
but live or six cents per gallon delivered, as against eighteen to
twenty-four cents in Arizona.

While the main contention in this chapter deals with the profit-
ableness of gasoline plants, other forms of power which have been
tried in the Rillito Valley should be mentioned. In one case a 16-foot
windmill was installed on a low lift but it was found to pump
scarcely enough water for one acre. Wind velocities are usually low
in valleys. Two hot-air engines have been tried, and are fairly satis-
factory for pumping on a small scale, as for house and garden ser-
vice. The fuel (mesquite) costs somewhat less than fuel for gasoline
engines of equivalent power but the cost of attendance is greater and
the first cost of the engine is relatively high.

The cost of pumping at Plants Nos. 3 and 10, using steam
power, is unquestionably higher than that at gasoline plants. The
cost at Plant No. 8 indicates that at the price charged for electric cur-
rent, pumping would not be profitable save for high-priced crops
such as vegetables and small fruits.

In general it may be affirmed that irrigation by pumping with
small individual plants and with lifts below forty feet, costs from $25
to $40 per acre annually. An extension of the present agricultural
area must be based primarily upon alfalfa, and alfalfa cannot be
profitably grown with the above cost of water. And yet the small
pumping plant has its field of usefulness. It is justified under Ari-
zona conditions: first, for intensive agriculture, where the lift is rea-
sonable; second, for combined domestic, stock-watering and (limited)
irrigation uses, especially in isolated localities and where the ground-

*Separate'No. 2, Ann. Rep. of Irr. & Drainage Inv., IT. S. Dept. of Agricul-
ture, 1904. and Bui. 181, O. E S., IT. S. Dept. of Agr., 1907.
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water supply is small; third, as an adjunct to ditch supplies to tide
over the dry months ; provided, in all of these cases, that cheaper
water is not obtainable.

COOPERATIVE PUMPING

Individual ditch irrigation gradually gives way to cooperative
canal projects. Similarly, cooperative pumping in time must sup-
plant individual pumping in those communities where many small
farms require limited amounts of pumped water for irrigation. In
the two cases there are the same obstacles in the way of organization
and management, the same apathy and distrust to be overcome. But
cooperation is in many localities necessitated by economic considera-
tions, for land which cannot be irrigated at a profit tinder the indi-
vidual pumping system, can be under cooperative pumping.

As an illustration of cooperative pumping on a small scale, the
case of three neighboring ranchers will be discussed. It will be as-
sumed that they unite to install Plant No. 4 described on page 213.
Each rancher irrigates fifteen acres. All expenses may be divided
equally or one man may assume responsibility for the plant and sell
water to the other two men at a reasonable profit. Possibly one
man's ranch is situated above the ditch ; he should rent fifteen acres
of the lower land. The operating expenses of the pumping plant will
be proportional to the acreage, but the fixed charges will not be
appreciably more for forty-five acres than for fifteen acres. Hence,
the fixed charges per acre will be reduced to $6 and the average cost
of pumping per acre will be reduced from $32 as shown on page 219
to $20.

SUCTION GAS POWER PLANTS

Another example of cooperative pumping will be the case of five
ranchers who desire to raise alfalfa as well as high priced crops.
Each rancher is assumed to irrigate eighty acres, divided as follows:
60 acres of alfalfa, 10 acres of grain, 5 acres of garden, and 5 acres
of orchard.

The maximum water requirements will be in June, when 200
acre-feet of water will be required. Assuming 600 hours of pumping
during the month, the pump discharge must be four cubic feet per
second. The well may consist of a concrete-lined pit in the bottom
of which are two feeders, each feeder being a 12-inch perforated
casing driven a hundred feet in depth. An 8-inch horizontal centri-
fugal pump of high efficiency will be installed.

The lift while pumping will be assumed at thirty feet. Then 27
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brake horsepower will be required. Gasoline engine power will be
too expensive. A suction gas producer and a 3o-horsepower gas
engine will be purchased. Hard coal from Madrid, New Mexico,
will be used as fuel, and the consumption will not exceed 1% pounds
of coal per brake horsepower-hour. The cost of the coal will be $10
per ton, delivered at the ranch. This plant will require an engineer,
and his services will be estimated at 30 cents per hour. The invest-
ment will be as follows:

Well pit and feeders $1,400
Pump and piping, installed 500
Producer and engine, installed 3,000
House 300

Total $5,200

The cost of the plant per acre is therefore $13. The fixed
charges at 19 percent amount to $2.47 per acre. To lift an acre-foot of
water will require 144 pounds of coal. If four acre-feet are applied
annually on each acre, then 576 pounds will be used per acre. The
cost of pumping per acre will be as follows:

Fixed charges © 19% $ 2.47 fr

576 Ibs. of coal 2.88
Attendance 3.60
Lubricating oil and other supplies 60

Total I $9.55

In case the lift while pumping- is forty feet, then the cost of
pumping will be approximately one-third more or $12.73 per acre
annually.

The suction gas power plant is of comparatively recent develop-
ment and a brief description will therefore be given. The gas engine
differs very little Irom gasoline engines, save that the cylinder and gas
channels are much larger and the weight of the engine is greater
The gas producer or stove is a brick-lined vertical furnace with air-
sealed feeding hopper at the top and grate below. Preheated air is
saturated with vapor by being passed over hot water in a vaporizer
and is then led to the grate. The fuel burning under a restricted air
supply furnishes a rich gas which escapes at the top of the producer,
passes through scrubbers of coke, sawdust, and dripping water to
remove the tar and dust, and thence goes direct to the engine. There
is no Intervening gas storage reservoir. The whole plant acts as a
unit. The producer feeds the engine, and the engine by the suc-
tion of its admission stroke furnishes the draught for the producer.
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The different producers on the market vary chiefly in detail**
as the location of the vaporizer and the process of cleaning the raw
gas.

The ideal fuel for suction plants is charcoal but the supply is
necessarily very limited. Soft coal contains much tar which passe^
off with the gas and chokes the engine. Anthracite is the fuel most
used and when quite free from volatile matter makes a rich, clean
gas. Coke can also be used either alone or mixed with anthracite.
Tests at a suction gas plant near Kingrnan, Arizona, showed Cernllos
coal to be superior to coke, and similar trials at a suction gas power
pumping plant for irrigation near Rocky Ford, Colorado, gave the
same conclusion.

Manufacturers guarantee a fuel economy of lJ/£ pounds or less
of anthracite coal per brake horsepower-hour at full load These
guarantees are not excessive, and many tests have shown better per-
formances. The author made a fuel test on a suction gas central
power plant in Colorado in July, 1908, and found the consumption to
be 2% pounds per horsepower-hour. The load curve during the test
was very poor, however, and the producer, which was customarily
cooled down and cleaned out once per week, was at the end of its run.
Twenty-six percent of the fuel used was coke, the rest being Cresta
Butte coal. A 43-horsepower suction gas power plant at the Univer-
sity of Iowa showed a fuel economy on maximum load of 1 12
pounds of Pennsylvania anthracite pea coal per brake horsepower-
hour.^

The recent development of a successful gas producer for crude
oil fuel provides another possibility of cheap power for small com-
munities of ranchers. The International-Amet producers in the Rec-
lamation Service pumping plant at Yuma, Arizona, ate said to oper-
ate continuously with a fuel consumption of one gallon of crude oil
per 6T/2 brake-horsepower.

*Private communication from Prof. W H Meeker.





226 BULLETIN 64

thousand acres. The surface and hydrologic conditions are sufficiently
uniform so that the separate tracts can be accepted on the same basis.
The irrigable lands lying east and southeast of this district, as also
other lands in the Santa Cruz Valley, might be included in the project,
under modified conditions.

Complete but tentative plans have been matured for the irriga-
tion of 8,000 acres lying in this district, the water supply to be de-
rived mainly from the underflow of the valley by pumping, but with
auxiliary ditch supplies direct from the river during the flood seasons.
A series of pumping stations will be installed along the river bottoms
at intervals of about one-half mile. The wells will be drilled or sunk
as open caissons or drilled in the bottom of open caissons, depending
on the depth of the water-bearing gravels. There will be at each
plant a specially designed centrifugal pump driven by an induction
motor, in most cases direct-connected on the same shaft. Electric
power will be generated at a central power plant situated on the line
of railway and will be transmitted at high voltage to the score or
more of pumping substations. A small canal will lead away from
each substation into the irrigated district so as to cover from 200 to
500 acres of land, and part of the canals will have headings in the
river so as to draw surface water when it is to be had. The duty of
water on the land is assumed at four acre-feet per acre annually while
the maximum requirements will be six inches depth of application in
June. The three main elements of the project,—the substations, the
transmission line and the central station,—will be separately de-
scribed.

SUBSTATIONS
The substations will be placed at intervals of about one-half mile

along the river and out of reach of floods. In Fig. 60 provision has
been made tentatively for twenty-four substations, seven of which are
on the north side of the river. All but the first two (near Fort
Lowell) are on the bottomland. The last substation is shown at the
margin of the map; it should be situated about one-third of a mile
northwesterly from the point shown, and on the north bank.

Table XXVI gives the minimum, maximum and average
lifts at each station as nearly as can be foreseen from the limited
study of the water table fluctuations in the neighboring wells. Allow-
ance has been made for a draw-down, or lowering of the water level
while pumping, of eight feet for the minimum lift, and twelve feet
for the maximum lift, and the fluctuations have been assumed to be
ten feet greater than observed due to continued pumping during the
spring and early summer.
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TABLE XXVI—LTST OF SUBSTATIONS

No.
(From oast

to west)

1
2
3
4 . .
5
6
7
8
9

10
11
12
13
14
15
16
17 .
18 . . . .
19
2 0 - .
21 . -
22
23
24 - ..

Capacity

Sec.-ft,
4
4
3
4
3
4
3
3
3
3
2
4
4
3
4
2
4
3
3
3
$
3
2
4

Minimum

Ft.
48
3R
14
28
14
24
16
25
16
16
14
17
18
15
20
22
23
25
27
28
26
28
26
20

Static lift

Average

Ft.
CO

48
26
3Q
25
74
26
35
27
27
95
?9
32
29
34
36
37
33
40
41
39
40
38
32

Maximum

Ft.
f.n
O/
CQ
•JO

38
4Q

ŷ f / f

9C

41
1Q

•2Q

36

41
4^
43
4.0
40
50
C1

53
54
5?
5?
50
44

Diameter of
PUHIT} 3Ill&t
and outlet

Ins.
8

7

7

7/
7

7
7

7
8
rt
ft

7
7
7
9
7
6
8

The capacities given in the second column are based on the prob-
able acreage under each pump, the rate being one second-foot per
hundred acres, which allows a 6-inch irrigation in June with six hun-
dred hours of pumping. The sizes of the pumps are based upon the
capacities and each pump will be designed to have a high efficiency
curve covering the average and the maximum lifts.

A consideration which demands special care is the maintenance
of high efficiency during the fluctuations of the lift. It is necessary
that the speed shall be varied frequently to meet the changing condi-
tions. It is futile to use variable speed motors, as the change in
speed would then be gained only at the expense of wasted power.
The only practicable way will be by changing the speed of the prime
movers in the power-house. This is not possible on an ordinary com-
mercial circuit for light and power purposes, since constant speed is
then the great desideratum, but on a circuit devoted wholly to the one
purpose of pumping, it is entirely feasible. In the case of a few sub-
stations where the fluctuations in the lift are extreme, the motors

.may be belted to the pumps so that the driving pulleys can be
changed from time to time. Belt transmission, however, introduces
an added loss of power of at least five percent.
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the pumping uni ts ami the caisson-* of some wellb will be low-
ered during the first dn nth \ears which occur. When the fluc-
t u a t i < ns of the \\ater table are thus determined and the caisson in
each ca«e is sufficiently deep, a concrete fli or will be laid over and
around the top of the caisson. This floor can be made water-tight
and the pumping unit can he permanently installed from five to fif-
teen feet below the extreme high water level. Where the fluctuations
are knovui tn be slight, the permanent installation can be made at the
outset.

The pumps will be of the horizontal type with heavy channel-iron
sub-base, arranged to carry the motor also. The runners will be con-
structed of bronze cast in two pieces, finished all over and inside and
riveted with countersunk rivets. Renewable bronze wearing1 rings
wil l be provided on the runners and on the inside of the pump cas-
ings. The runners will be of specially-designed curvature. The two
bearings will be of the ring-oiling type, and situated outside of the
stufiino boxes, The larger pumps will have double suction, with stuf-
fing box in each suction elbow. Pumps of lower grade will be used
\ \hi le sinking the caissons,

The motors \ \ i l l be designed for 400-volt, three-phase, 60-cycle
current but w i l l operate on current of any frequency between 52 and
68 \ \ i th corresponding voltages. Flexible leather shaft couplings will
he UHkd. There will be a straight-way double-seated gate valve in
each discharge pipe. Discharge pipes will be connected to pumps by
expanding* nozzles and all bends will be of long radius. There will
le no Foot valves or strainers, but expanding bells will be used at
inlets and outlets to prevent the ordinary losses of head at entrance
and discharge and to prevent gravel from being drawn into the suc-
tion pipes.

TRANSMISSION LINE

The three-phase transmission line will be carried on cedar polc^
thirty-live feet long, spaced forty to the mile. The poles will be pro-
tected at the surface of the ground by concrete collars. The normal
hii;h voltage will be 11,000 volts and the copper will be designed at
all points so that the line loss does not exceed one percent per mile at
maximum load and temperature, There will be six 125-K. V. A.
single phase step-up transformers arranged in two banks in the trans-
former room adjacent to the power-house. The step-down transform-
ers will be three-phase and they may be designed with three taps on
each side, so that current of varying voltage may be used for minor

of speed and power at the motors. A telephone system
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will be installed between all stations, the wires being attached to the
same poles about ten feet underneath the high tension wires.

CENTRAL STATION

The power plant will be situated immediately adjacent to the
Southern Pacific Railway. A steam-engine electric plant with crude
oil fuel Is now proposed as promising the greatest fuel economy and
reliability. The plant will be housed in a firepioof building with
steel frame and roof and brick walls

The rated capacity of the power plant will be 550 tiue kilowatts
at a power factor of 80 percent This capacity is based upon the
pumping of 4,000 acre-feet of water in June through an average
static lift of 40 feet with 648 hours of operation. The useful horse-
po\\er needed will be

4,000X43,560X1000X40
16X35,OOQX6QX64S-"

The efficiencies of the pumps and piping will be 65 percent, of the
motors 85 percent, and of transmission 88 percent. Therefore, the
power required at the switchboard will be

340
k g \ x QC\ / oo~7GQ horsepower, equal to 523 kilowatts
Cu X oO X oa

The capacity will be divided between two equal main units, and
ordinarily the plant will be shut down unless at least one engine is
three-fourths loaded There will be runs of from five to twenty days
in the fall and winter. From March 1 to July 15, and again in Sep-
tember and October, the plant will be in almost continuous operation.

The plan of the power plant is shown in Fig 62, and the eleva-
tion is shown in Fig 63 The power equipment will consist of
Three Babcock & Wilcox safety water-tube boilers of 200 boiler

horsepower each, with wrought steel superheaters designed for
120° F. superheat, the sidewalk to be double so as to give a 2-
inch air space One boiler will be sufficient for an engine unit,
and the third boiler will be the reseive

One fuel economizer containing 2,880 square feet of effective heating
surface.

A reinforced concrete chimney 100 feet high and 5 feet inside diam-
eter.

Two main steam engines, each direct-connected to an alternator These
engines will be of the horizontal cross-compound, positive-driven
Corliss-valve, medium speed, side crank, condensing type. Be-
tween the cylinders of each engine will be a reheating- receiver to
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Two 350-K. V. A. engine-type electric generators to furnish three-
phase 2,200-volt 60-cycle alternating current.

Two exciters, one engine-driven and one motor-driven, each of 40-
. kilowatt normal capacity.

Two sets of surface condensers. In the top of each set will be an
auxiliary set of- tubes through which the condensate will be
pumped in order to extract some heat from the exhaust steam.
There will be 900 square feet of effective cooling surface and 75
square feet of reheating surface in each set. The air and tail
pumps will be motor-driven and capable of maintaining a vacuum
of ll/2 inches absolute. For the circulating water motor-driven
centrifugal pumps will be used.

One feed-water filter tank.
One open type feed-water heater which will receive feed-water and

the exhaust steam from auxiliaries.
One feed-water purifier.
Two steam-driven boiler feed-pumps.
Two steam-driven oil-pumping systems.
Two crude oil storage tanks of riveted sheet steel, each of 40,000

gallons capacity.
Phosphor bronze and hardened steel will be used on wearing sur-

faces of engines and all other materials will be selected with reference
to special fitness. Metallic packing will be used in the main engines
and in all steam auxiliaries. All wearing parts will be adjustable.
Old style wrist plates and dashpots will be eliminated. All losses of
power will be prevented in so far as possible. The heat of the boiler
gases will be largely extracted in the economizers, condensation in
the engine cylinders will be obviated, and there will be no exhaust of
steam to the atmosphere.

The operation of the plant can be better understood by tracing
the cycle of the steam and the feed-water. Referring to Figs. 62 and
63, the feed-pumps (11) take their suction from the heater (10) and
discharge the feed-water through the economizer-(6) and the purifier
(13) to the boilers (2). /The steam passes through the high pressure
cylinder, the reheating receiver, and the low pressure cylinder (1),
thence by a short lead to the condensers (4). The condensate is
pumped through the Volz heaters in the top of the condensers, thence
to the filter tank (9), from which it drains by gravity to the heater
(10). From this point the cycle begins again, and the water is used
thus over and over. Under normal load the temperature of the con-
densate will be about 95° P. This will be raised to approximately
1.10°-P. in the Volz heater, to 140° P. by the exhaust steam in the
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open heater, and to 220° F. in the economizer, while the temperature
of the superheated steam will be about 500° F.

The entire plant equipment is of the most economical type and of
the highest grade throughout. At three-quarters load or at full load
it will give a fuel economy, including losses, of not less than 185 kilo-
watt-hours at the switchboard per barrel (333 Ibs.) of oil, the oil
being of 18,500 B. T. U. The plant will be easily operated,—in fact,
one man standing near the center can watch the entire plant. The
substantial character of the machinery in every particular will insure
constant operation under all conditions and accidents and repairs will
be at a minimum. Depreciation, also, will be very slow; thus the
engines will be good in thirty years; the boilers, in fifty years.

The plant is so arranged as to easily permit of future enlarge-
ment. A third engine and a fourth boiler are showTn in Fig. 62, in
dotted lines, as also additions to the breeching and economizer. The
new engine panel will require that one end wall of the engine room
be moved outward, or the additional space can be provided in the
original building and used as workshop and storeroom.

FIRST COST OF COMPLETE PROJECT
The cost of the complete project is given in the following state-

ment, estimated closely on the basis of prices in 1909.

STATEMENT OF COST
Power plant

Machinery, erected complete to and including
switchboard and including all foundations..$ 89,500

Steel-concrete chimney 3,000
Building , 8,000
Twenty acres of land 400
Dwellings 3,800

Transformers
Six step-up, 750 K. V. A 5,500
Twenty-four step-down, total 700 K. V. A :. 7,800

- Transmission line
Fourteen miles @ $950 13,300

Substations
Twenty-four acres of land 500
Twenty-four wells, including concrete curbs

and fireproof roofs 25,700
Twenty-five pumping units erected 19,700
Suction and discharge piping and valves 1,900
Switches, wiring and lights 500
Twenty-four meters 400

Total cost for 8,000 acres ...$180,000
Cost per acre - - * $22.50
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If, when the proposed wells are completed and tested, it is evi-
dent that a greater or lesser area than 8,000 acres can be safely in-
cluded in the project, then the power and pumping equipment can be
re-designed in the right proportions. If the area is cut down to 6,000
acres then the power units will be three-fourths as large as described
herein. The costs, however, will not be cut down quite one-fourth,
but possibly one-fifth, and the unit costs per acre will be slightly
larger than shown.

In the course of ten or fifteen years an additional investment for
a permanent diversion dam and a floodwater ditch of large capacity
to replace the smaller headings may be deemed justifiable. A further
improvement that should be contemplated from the outset is the lay-
ing of 16 to 24-inch cement pipe conduits for the ditches leading away
from the pumping plants, or at least that portion of them lying on
the porous bottomland. Temporarily the seepage from these ditches
can be reduced by silting them up by means of Pantano floodwater,

COST OF OPERATION

In the following statement the annual cost of operation is pre-
sented. The cost is that of the water when discharged at the power-
house, and is based on pumping four acre-feet per acre per year,, as
might be necessary on years of low rainfall. If the amount of water
derived from the ditch headings during flood seasons is such that only
three acre-feet per acre need be pumped then the fuel item will be
approximately three-fourths of the amount shown in the estimate,
and such saving will be sufficient for the maintenance of wing dams
and the operation of floodwater ditches,. The labor item presupposes
that high wages are paid to experienced competent men. The ordi-
nary labor force will consist of a chief engineer, an assistant engineer
(for night service), two firemen, a substation mechanic, and a helper.

STATEMENT OF COST OF OPERATION

Maintenance, \l/2 percent of first cost $ 2,700
Taxes, 1 percent of first cost 1,800
Fuel @ $1.85 per bbl 28,800
Labor 6,000
Supplies 6CO
Superintendence and office expenses 3,000

Total for 8,000 acres ...$42,900
Annual cost per acre $5,36

In order to show the cost of pumping as here proposed in direct
comparison with the cost of individual pumping as given on page 219,
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two additional Items should be included with the above estimate
They are depreciation for which five percent of the first cost should
be allowed, and Interest on the investment which should be taken at
six percent. These items amount to $19,800 or $2.47 per acre,
making a total cost of pumping of $7.83 per acre.

ORGANIZATION AND MANAGEMENT

In order to secure the advantages of the cooperative plan de-
scribed above, it is necessary that the owners of the lands in the
Rillito Irrigation District associate themselves together into a Water
Users' Association similar in principle to the many associations of like
name that are organized under the U. S. Reclamation Act. A corpor-
ation of that Character and composed of several hundred landowners
must be managed by a board of directors, whose powers are defined
and limited in the charter and by-laws of the association.

It is incumbent upon the landowners to subscribe in cash the
amount of money required to drill and test the twenty-four wells con-
templated in the project. This should be done before any other in-
vestment is made, even if several years are required. Then with the
water supply ascertained and directly demonstrated, the rest of the
project can be designed in the right proportions and its cost can be
met, if necessary, by hypothecating the lands that are to be benefited.
A bond Issue of $170,000 will allow of the full equipment of the sys-
tem Including the twenty-four ditches. If such Issue Is repaid in six-
teen equal annual instalments and the rate of interest is six percent,
then the annual charge per acre for such repayment will be $2.11.

In order that progress may be made In clearing the land and pre-
paring it for irrigation each well, when finished and tested, can be
leased to the landowners in its vicinity, who will thus be enabled to do
some intensive farming while clearing the land. The project should
not be opened until 4,000 acres of land are ready for water, and at
the outset the Investment can be decreased by installing only one
main engine and two boilers at the power-house, and possibly by not
equipping a few of the substations. Although the usual and popular
method of distributing the cost is by charging a flat rate per acre yet
it Is far preferable from the standpoint of economy to measure the
water delivered to each landowner and to base the charge on the
amount used, with a minimum charge which can be based on the
least possible amount needed for the land.
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ADVANTAGES OF COOPERATIVE PUMPING

The advantages to be derived from cooperative pumping may be
summed tip as follows:

1. Economy
2. Relief of farmer from responsibility and care of plant
3. Largest use of underground water supplies, with a minimum

of under-pumping of one well by another
The economy is due to various factors. In the first place, the

cost of large machinery units is proportionately low; and since the
machinery is cared for by competent mechanics, the depreciation is
low; then again, owing to high efficiency of the machinery and the
use of the cheaper grades of fuel the cost of fuel is low; and more-
over, since large units are practically as easy to operate as small ones,
the cost of attendance is low in proportion to the output. These
factors will be illustrated, as follows.

Prices were recently obtained on two engines of the same type,
one of fifty horsepower, the other of five hundred horsepower; the
factory prices were $32 per horsepower for the former and $14 per
horsepower for the latter. An 8-inch standard centrifugal pump
throws seven times as much water as a 3-inch pump but costs only
three times as much. The small pumping plants listed on page 219
cost on the average over $50 per acre irrigated, a relatively high
charge for providing a water supply. The most expensive plants of
all are those purchased by the ten-acre rancher. Possibly his engine
is of no more than four horsepower, but the cost of the plant per acre
irrigated will be found very high.

The depreciation of large first-class steam power plants is cus-
tomarily taken at five percent per annum. Le Conte allows ten per-
cent on small "steam pumping plants and five percent on large plants.*
The life of machinery is twice as long under the favoring conditions
of a power-house as on a ranch.

The amount of fuel consumed to produce a certain amount of
power must manifestly depend upon the efficiency of the machinery.
The efficiency varies greatly not only with the type, but with the con-
dition of the machine and with the rate at which it is driven. The
finest steam engines use about twelve pounds of steam per indicated
horsepower-hour; many small slide-valve engines use over fifty
pounds. Table XXVII gives a selected list of efficiencies of power and
pumping machinery. In all cases they are good but not unreasonable,
the machines being supposedly in good order and trnder operating,
not test, conditions. The term, mechanical efficiency, as used in the

*Bull. 181, O. E. SM U. S. Dept. Agr., p. 52.
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table, means the ratio of brake power to indicated power; the term,
thermal efficiency, means the ratio of power developed or saved to the
theoretic power in the fuel.

Several important facts are strikingly shown in the above table.
For instance, it appears that small gasoline engines at full load pro-
duce about seventeen percent of the theoretic power of the fuel oil,
while at one-half load only ten percent of the theoretic power is saved?
and overload is in their case impossible. Boilers burning" crude oil
fuel have their maximum efficiency at about ten percent overload.
Boilers vary very slightly over a wide range of loading. The thermal
efficiency (or steam consumption) of compound condensing engines is
best at slightly under full load, although the friction loss is least at
full load. Motors increase in efficiency with the loading, but the
change is very slight. Large units of all classes are more efficient
than small ones. The table will be found useful for ready reference
in planning pumping plants, or in connection with specifications.

The saving of large plants in the matter of attendance is consid-
erable. An engineer and a fireman frequently care for oil-burning
power plants of over a thousand horsepower, while on the other hand
a cheap fifty horsepower plant may give two men no rest.

The relief of the farmer from the responsibility and care of a
pumping plant is an item which cannot be measured in dollars. The
farmer already has an endless variety of functions, some of which will
be neglected in order to maintain a well and engine in running order,
to provide the necessary fuel and other supplies, and to puzzle and
experiment for a day at a time over a stalled engine. Much valuable
time will be saved to him by having the water delivered to him at his
headgate ready for use.

The further advantage of maximum use of the groundwater with
the least interference of wells has been dealt upon in Chapter VI.
This is a matter affecting the public welfare. Under the laws of the
arid region the ultimate ownership of surface streams and the under-
flow of streams remains in the state, and the state should permit only
such development of the water resources as is consistent with their
proper and thorough utilization.



SUMMARY

The Rilllto Valley is in general appearance a typical arid valley
of the Southwest,—the study of which has elucidated certain facts
relating to the origin, the movements, the concentration, the storage)
and the economic development of the groundwater supply, which are
of more or less general application in-the region.

Investigations relating to groundwater supply must be prose-
cuted through the following means: the geology of the region, logs
of wells, pumping tests, measurements of the velocity of underflow,
studies of the water table, rainfall, and, in some cases, through stream
gaging and seepage determinations.

1. The rainfall of the Rillito watershed ranges from an average
of twelve inches in the valley to over thirty-five inches on the tops of
the adjacent mountains.

Practically all of the rainfall in the valley is quickly lost by evap-
oration. Never does it affect the underlying water table directly.
There is little run-off from the valley into stream channels. (Only
one percent of the rainfall on the Santa Cruz watershed appears as
run-off at Tucson.)

Of the greater rainfall on the mountains, a considerable percent-
age is discharged from the mountain canyons. Records show greater
average discharge in winter than in summer. After issuing from the
rocky canyons onto the valley fill, the stream flows rapidly diminish,
being absorbed into the porous gravel deposits, which are in some
places of shallow depth and in other places broad and deep, affording
extensive storage capacity. The entire flow is usually absorbed within
a comparatively few miles.

Desert rivers rise in the mountains and disappear on the plains.
As the distance along an arid valley increases away from the moun-
tains, the smaller and more unreliable the surface water supply be-
comes. The water should be used on upstream areas, close to the
mountains, and the best irrigation projects are often on the tributaries.
The Rillito Valley possesses the advantages of high mountains within
its watershed and of being situated close to them.

Studies of .the water table prove that the groundwaters of the
Rillito Valley are derived exclusively by seepage from the stream
flows.
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2. Groundwaters everywhere are in slow but positive motion, the
direction being ordinarily toward and along the axis or trough of a
valley. Measurements of the velocity of underflow by the electric
method are practicable for loose sand and gravel deposits.

The application of the electric method to the recent sands and
gravels of the Rillito near Fort Lowell has revealed the existence
there of much higher underflow velocities than any others on record.

At the principal section tested, just above the mouth of the Pan-
tano Wash, the high rate of movement is restricted to the vicinity of
the river and to shallow depths, so that, despite the high velocities,
the quantity of underflow is not great. Nevertheless, small underflow
ditches can be developed in this and similar situations. Large under-
takings of this kind are unwise, while small ditch heads in favorable
locations will succeed.

Bed rock, a dyke, a lava flow, consolidated gravels, a clay deposit,
or other "accident of nature" may furnish the favorable condition.
Bends in the stream course which cause it to descend along a ground-
water contour produce favorable locations for developing the under-
flow by gravity ditches.

3. The section of the Rillito Valley, as exposed by five deep test
wells, together with numerous shallow wells, consists of a porous
gravelly recent fill underlain by an older, nearly impervious main val-
ley fill

The water-bearing gravel of the recent fill is clean, coarse, well-
sorted and porous, and affords extensive groundwater storage, its
shape being lenticular with its greatest cross-section midway between
Fort Lowell and the mouth of the river.

The main fill is compacted, and nearly impervious and sustains
the groundwater at shallow depths. In arid valleys where the main
fill is pervious, the underdrainage may exceed the inflow and conse-
quently no groundwater may exist except at great depths.

In the Santa Cruz Valley in the vicinity of Tucson the main fill
is impervious, but the overlying, porous, recent sands and gravels are
restricted to a single thin stratum. The Pantano Wash between Vail
and Fort Lowell has no underflow, and the wide area east and south-
east of Tucson has no water supply adequate for irrigation purposes.

4. The water table between the Rillito and Santa Cruz valleys,
as shown by groundwater contours, has the shape of a broad, flat-
bottomed trough, sloping northwesterly. The inflow to the ground-
water supply conies principally from the Rillito whose function is
therefore analagmis to that of an irrigating ditch. The Santa Cruz
acts as a partial drainage for this water table.



SUMMARY 241

The fluctuations of the water table are extreme beneath the
Rillito bottomland, becoming less with distance away from the river
Waves of ilow starting from the river during flood seasons have been
traced underground away from the river toward the south.

5. The use that can be made of a groundwater reservoir depends
(a) upon the reservoir capacity; (b) upon the renewal, either contin-
uously or through floods, of the supply; and (c) upon those factors
which affect pumping operations. Such a reservoir is analagous in a
measure to a surface water reservoir, and the extent to which it can
be drawn upon during a series of dry years is of- great importance.

The porous character of the Rillito fill, the high rate of underflow
observed, well sections, pumping tests and seepage measurements
unite to demonstrate a large groundwater supply, of which, however,
existing data do not permit exact computation.

The wells of the Rillito Valley should be arranged in a line
parallel to and not far from the river course. The intervals between
wells should be rationally determined.

The effect of interference between wells is mainly in a down-
stream direction.

6, The development of Rillito groundwaters must be mainly by
pumping. Individual pumping plants as now existing and in use, are
poorly designed, ttnintelligcntly operated, and furnish water only at
very high cost per acre-foot.

Under an ideal small gasoline plant the cost of water, though
less, would still be so high as to preclude general farming. Small
steam plants are even more expensive to operate than gasoline plants,
and sufficient wind power for irrigation is not possible in the valley
bottoms.

Pumping with gasoline fuel will be profitable on low lifts, with
4-inch (or larger) pumps, provided sufficient land and labor are avail-
able to keep the plant in nearly continuous use and operations are re-
stricted to high-priced crops.

Small communities should combine to own and operate large
pumps driven by gas engines, using New,Mexican anthracite coal or
California crude oil as fuel.

Large communities will require a central power plant and electri-
cal distribution to substation pumping plants properly distributed
throughout the district to be irrigated. Large units, high efficiency
and power economies should characterize such installations; in fact,
the farmers should avail themselves of the highly-developed power
practices of light and traction companies, manufacturers, and other
heavy power users.



242 BU^ETIN 64

Cooperation for the purpose of developing pumping projects pre-
sents many advantages, the controlling and compelling one being that
of economy.

In order to exhibit the proper course of development for the Ril-
lito Valley, a definite acreage is assumed and a complete power and
pumping project is designed therefor. It comprises a central power
station, transmission line, twenty-four substations situated at intervals
of about one-half mile along the river valley, and ditches leading from
the pumping plants out into the irrigated district with provision for
the use of floodwater when it is available.

The first cost of the project per acre irrigated is less than half
as great as that of the small pumping plants now in use, and the cost
of the water is about one-fourth as great per acre-foot pumped.

A strong organization of the landowners is needed in order to
carry out the enterprise. A separate corporation to develop and fur-
nish water might be more easily organized, but a landowners' co-
operative project would be preferable in the end. The ownership of
the wells and of the power and pumping equipment should be appur-
tenant to the land.

Water storage in the CataKna Mountains is possible, but the cost
will be very high per acre-foot of water stored. There are valuable
power possibilities in connection with such storage and combined
power and irrigation projects are feasible. Storage reservoirs cannot
obviate the necessity for pumping since only a few canyons can be
thus controlled ; on the other hand, they will promote pumping by
furnishing cheap power.

It is believed that there are many valleys in southern Arizona
where hydrologic conditions approximate those of the Rillito Valley,
and whose irrigation and agricultural development must follow the
same general lines. Small areas, from a few score to several thou-
sand acres in extent, can be brought under cultivation by cooperative
projects, and their irrigation must be by pumping supplemented by
flood flows.
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