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WATER RESOURCES OF LOWER COLORADO RIVER-SALTON SEA AREA

GEOHYDROLOGIC RECONNAISSANCE OF THE
IMPERIAL VALLEY, CALIFORNIA

By O. J. LOELTZ, BURDGE IRELAN, J. H. ROBISON, and F. H. OLMSTED

ABSTRACT

The Imperial Valley occupies a broad lowland in the southern, wider
part of the Salton Trough section of the Basin and Range physio-
graphic province. The trough is a landward extension of the depression
filled by the Gulf of California, from which it is separated by the broad,
fan-shaped subaerial delta of the Colorado River. Much of the land sur-
face is below sea level, and the valley drains northwestward to the
Salton Sea, which was 232 feet below mean sea level in 1968. The Impe-
rial Valley is bordered by the Chocolate Mountains on the northeast,
the Peninsular Range of Baja California and southern California on the
southwest, and the Salton Sea on the northwest; it is contiguous with
the Mexicali Valley in Mexico on the southeast.

The Salton Trough, which evolved during Cenozoic time, is a struc-
tural as well as a topographic depression in which the surface of the
basement complex lies thousands to tens of thousands of feet below the
basement-complex surface in the bordering mountains. The basement
complex is composed of plutonic rocks of early and late Mesozoic age
which intrude Mesozoic and older metamorphic rocks. The Salton
Trough is traversed by the San Andreas fault system. Development of
the trough involved both folding and warping as well as faulting; much
of the folding is related to movement along the major faults. Struc-
tural relief caused by folding, faulting, and warping is inferred to ex-
ceed 14,000 feet.

The pre-Tertiary basement complex of the trough is overlain by a
thick sequence of predominantly nonmarine sedimentary rock that
ranges in age from Eocene to Holocene. The Cenozoic rocks beneath
the south-central part of the Imperial Valley probably are more than
20,000 feet thick. Rocks as old as Eocene crop out in the bordering
mountains, but none of the fill in the central part of the trough appears
to be older than about middle Miocene, and most of it is Pliocene and
younger. The sedimentary and volcanic rocks of Eocene and Miocene
age that are exposed in the mountains are moderately to strongly
deformed and are semiconsolidated to consolidated. Consequently,
these rocks constitute an insignificant part of the ground-water reser-
voir.

A marine unit, the Imperial Formation of late Tertiary (Miocene or
Pliocene) age, is extensively exposed in the western part of Imperial
Valley, but apparently it was not penetrated in an oil test hole 13,443
feet deep in the central part of the valley. The Imperial Formation is
overlain by a thick heterogeneous sequence of nonmarine deposits.
Some of the deposits were derived locally, but most were brought in by
the Colorado River. Generally, the river deposits consist of silt, sand,
and clay, as contrasted with the locally derived deposits of coarse sand
and gravel near the margins of the valley.

The last major marine invasion of the Salton Trough is probably
represented by the Imperial Formation. Subsequent incursions of the
Gulf of California appear to have been minor and of short duration.

The hydraulic phases of this study were concerned principally with
water in the heterogeneous sequence of nonmarine deposits in the up-
per few thousand feet of the ground-water reservoir. At depths greater
than a few thousand feet, the ground water commonly is too saline for
irrigation and most other uses, and the hydraulic connection between
the water in the deeper deposits and the water in the upper part of the
ground-water reservoir is poor. Short-term pumping tests at several
sites indicate that in both the eastern and the western parts of the
Imperial Valley moderate to high yields can be obtained from wells
that tap several hundred feet of the marginal alluvial deposits or
deposits of the Colorado River. Transmissivities of several hundred
thousand gallons per day per foot are characteristic of these deposits.
Wells with specific capacities of 50 gallons per minute per foot of draw-
down or more may be attainable in the more favorable areas. In con-
trast, the fine-grained deposits that are characteristic of the central
part of the valley are likely to have transmissivities of only 1,000 to
10,000 gallons per day per foot to depths of 500 feet. At greater depths,
transmissivities are likely to be even less for a similar thickness of
deposits. The maximum transmissivity computed from pumping tests
was 880,000 gallons per day per foot at well LCRP 6, near the head of
the Coachella Canal on the East Mesa in the southeastern part of the
valley. Other tests indicate that the transmissivity of the deposits
decreases westward and northwestward from well LCRP 6. The extent
of the high transmissivity eastward from LCRP 6 is not known but
probably is several miles.

Soil-moisture studies indicate that in an area of rising water levels in
fine-grained alluvial deposits outside of irrigated areas, about 40 per-
cent of the volume of the material in which the rise occurs acts as a
storage reservoir. Beneath mesas and other areas where the deposits
are not all fine grained, the storage capacity under similar conditions
may be more nearly 30 percent. Smaller quantities of water per unit
volume than those indicated by the foregoing percentages can be ex-
pected to be released from storage as water levels decline.

Although the Colorado River was a major source of recharge under
natural conditions, the areas where the recharge occurred varied widely
depending on whether the river was flowing to the Gulf of California or
to the Salton Trough. The last uncontrolled flooding of the Salton
Trough by the Colorado River occured in 1905-7, when the present
Salton Sea was formed. Importation of Colorado River water for irri-
gation beginning in 1901 caused the rate of recharge to the shallow part
of the ground-water reservoir to increase over that prevailing under
natural conditions. Much of the additional recharge in the irrigated
area is due to leakage from the numerous conveyance channels and to
the application of irrigation water in excess of crop requirements.

Recharge to the ground-water system from excess irrigation water is
estimated to be more than 400,000 acre-feet annually. However, this
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added recharge is balanced largely by discharge from the system
through an extensive drainage network, and therefore it does not ap-
preciably affect the aquifers several hundred feet or more below the
land surface.

In 1942 the All-American Canal became the sole means for diverting
Colorado River water to the Imperial Valley; in 1948 the Coachella
Canal, which supplies water to the lower part of Coachella Valley, was
completed. Leakage from these canals is a major source of recharge to
the ground-water system. Leakage during 1950-67 totaled about 4.5
million acre-feet from the All-American Canal and 2.7 million acre-feet
from the Coachella Canal.

Along the All-American Canal the water-level rise generally was
more than 40 feet between 1939 and 1960; along the Coachella Canal it
was about 40 feet near the head of the canal and gradually increased
northward to more than 70 feet.

Recharge to the ground-water reservoir by underflow from tributary
areas is small compared with recharge from the imported Colorado
River water. Ground-water underflow from tributary areas in the San
Felipe Creek drainage basin in western Imperial Valley is about 10,000
acre-feet per year. Total recharge to the ground-water system from pre-
cipitation within the valley is estimated to be somewhat less than
10,000 acre-feet per year.

Ground water generally moves toward the axis of the valley and
thence northwestward toward the Salton Sea. The principal area of
discharge is the central, cultivated part of the valley. Ground water
also is discharged to the lower reaches of the Alamo and New Rivers
and through numerous small springs and seeps. Some of the springs
probably are associated with discharge of ground water along the San
Andreas fault system, and many are associated with leakage from the
Coachella Canal.

Wells discharge only a small part of the ground-water supply,
because most of the hundreds of used wells furnish only small stock or
domestic supplies. Many of the wells are in a 6- to 10-mile-wide
flowing-well area between the Alamo River and the East Highline
Canal that extends about 30 miles northward from near the inter-
national boundary. A few wells yield hot water used to heat homes, but
most are utilized only for domestic and stock purposes. The average
rate of discharge is about 10 gallons per minute, and the total average
annual discharge is only a few thousand acre-feet. Most of the few wells
that are used for irrigation are in the lower Borrego Valley, where
alfalfa is the principal crop. A few hundred acre-feet of ground water is
pumped for industrial, private, and public supplies in the western part
of the valley near Ocotillo and Coyote Wells.

The chemical quality of the ground water in the Imperial Valley dif-
fers greatly. Total dissolved solids range from a few hundred to more
than 10,000 mg/1 (milligrams per liter). Generally, ground water that is
derived locally from precipitation and that has not yet reached the
more saline deposits of the central part of the valley contains only a few
hundred milligrams per liter of dissolved solids. Highest concen-
trations of dissolved solids commonly occur in areas where ground
water is discharged principally by evaporation.

Water from 10 wells on the Chocolate Mountains piedmont slope in
eastern Imperial Valley contained 360 to 4,930 mg/l dissolved solids.
Samples of water from wells in the Pilot Knob Mesa-Sand Hills area
downslope from the piedmont area contained 370 to 2,080 mg/1 dis-
solved solids. Water from 51 wells on the East Mesa, southwest of the
Pilot Knob Mesa-Sand Hills area, contained 498 to 7,280 mg/l dis-
solved solids; more than three-fourths of the samples contained less
than 2,000 mg/1, which indicates that water of this quality or better can
be obtained in much of the area. In areas of substantial recharge
because of leakage from canals, the chemical quality of the water
resembles that of Colorado River water, which is characterized by sul-
fate as the predominant ion. Where recent leakage has not been sub-
stantial, sodium or bicarbonnate is the principal ion.

The extent to which ground water that is satisfactory for domestic or
irrigation use occurs in the central part of Imperial Valley is not known,
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but on the basis of past attempts to develop usable water in this part of
the valley, such occurrence is thought to be extremely limited. Con-
centrations of fluoride higher than the concentration recommended for
drinking water are common, as are concentrations of boron higher than
those recommended for certain agricultural crops. Test wells drilled to
depths of 500 to 1,000 feet in the southern and western parts of the cen-
tral Imperial Valley yielded water containing about 5,000 to 10,000
mg/l dissolved solids.

In the western part of Imperial Valley, water suitable for irrigation
probably can be obtained in much of the lower Borrego Valley. Ground
water beneath the developed area of Coyote Valley generally contains
less than 400 mg/l dissolved solids. The principal undesirable charac-
teristic of the water is the high concentration of fluoride; half of the
samples analyzed contained more than 2 mg/l fluoride. Concen-
trations of dissolved solids apparently increase to the east. Test well
LCRP 8, perforated from 135 to 560 feet, yielded water that contained
about 2,000 mg/1 dissolved solids; two test wells a few miles farther east
vielded water containing about 5,000 mg/l dissolved solids.

INTRODUCTION

The Imperial Valley in southern California is the
largest desert irrigation development in the United
States. Half a million acres of otherwise parched desert
lands have been transformed into one of the most pro-
ductive agricultural areas in the Nation by the impor-
tation of Colorado River water. This importation is but
one of many diversions of the river water that are being
made by the Colorado River basin States. Recognizing
that the ever increasing demands for Colorado River
water might exceed the available supply, the U.S. Geo-
logical Survey in 1950 undertook a comprehensive study
of the water resources of the upper Colorado River
region, and in 1960, of the lower Colorado River region.
This report on Imperial Valley is one of a series of reports
resulting from the latter study. It presents the results of a
reconnaissance of the geology, hydrology, and chemical
quality of the ground water in the valley. The surface-
water resources are described in other chapters (Hely
and Peck, 1964; Hely and others, 1966; Hely, 1969;
Irelan, 1971) of U.S. Geological Survey Professional
Paper 486, the principal medium for publishing the
results of the series of investigations.

Original plans included a study of the water resources
of the Coachella Valley, Calif., which is in the Salton Sea
area northwest of the Imperial Valley. However, shortly
after the investigation began in 1960, the California
Department of Water Resources also began an investi-
gation of the ground-water resources of the Coachella
Valley. To avoid duplication of work, the Geological Sur-
vey and the California Department of Water Resources
reached an informal agreement whereby investigations
in the Coachella Valley by the staff of the Geological
Survey were reduced in scope to assisting the California
agency and to drilling two deep test holes. A report on
the Coachella Valley was published in 1964 by the Cali-
fornia Department of Water Resources.

The investigation of Imperial Valley was made under
the general supervision of C. C. McDonald, project
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hydrologist for the Lower Colorado River Project from
1960 to 1968. J. H. Robison, geologist, was principal in-
vestigator from 1961 until 1966. F. H. Olmsted, geolo-
gist, assisted materially in completing the geologic sec-
tion of the report. O. J. Loeltz, hydrologist, was responsi-
ble for the hydraulic phase of the investigation; Burdge
Irelan, chemist, prepared the chemical-quality-of-water
phase of the report. G. R. Vaughan and R. H. Westphal,
of the Lower Colorado River Project staff, aided in the
field investigations.

PURPOSE OF THE INVESTIGATION

The broad objectives of the investigation of Imperial
Valley were (1) to describe the geology in relation to the
occurrence of ground water, (2) to define the hydraulic
characteristics (transmissivity and storage) of the
aquifers, (3) to determine the sources of ground water,
(4) to determine the direction of movement of ground
water, (5) to determine the principal means by which
ground water is discharged, (6) to determine the chemi-
cal quality of the ground water in various parts of the
system, and (7) to relate differences in chemical compo-
sition of the water to differences in the sources of
recharge and to man-caused and natural processes.

LOCATION AND CLIMATE

The Imperial Valley is a broad lowland in southeast-
ern California just north of the boundary between the
United States and Mexico (fig. 1). Most of the central
part of the valley is below sea level and drains north-
westward from the international boundary, which is near
sea level, to the Salton Sea, a saline lake whose surface
in 1968 was about 232 feet below mean sea level.

The climate of Imperial Valley is characterized by ex-
treme aridity and high summer temperatures. Average
annual precipitation is less than 3 inches in a large part
of the valley (Hely and Peck, 1964). Summer maximum
temperatures commonly exceed 40°C (104°F), and
winter minimums seldom are below 0°C (32°F).

PREVIOUS INVESTIGATIONS

The earliest geologic and hydrologic studies that in-
cluded Imperial Valley were the regional reconnaissance
studies by Mendenhall (1909a, b). Brown (1923) made a
more detailed study, which included a general descrip-
tion of the geography, geology, and hydrology of the
Salton Sea region. Other geologic studies include those
by Woodring (1932), Tarbet and Holman (1944), and
Dibblee (1954). In the 1960’s, during the present study,
the results of many other geologic studies were published
or made available to the writers.

METHODS OF INVESTIGATION

More than 300 wells were inventoried, and selected
well data — such as depth of well, date drilled, depth to
water, and discharge — are given in table 3. Drillers’ logs
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of wells are given in table 4. Both of these tables are in
the “Basic Data’ section of this report.

Eight deep test wells in the Imperial Valley and two in
the Coachella Valley were drilled for the U.S. Geologi-
cal Survey by commercial well drillers. (All Geological
Survey test wells are noted in this report by LCRP —
Lower Colorado River Project.) The drilling of the two
wells in the Coachella Valley was supervised by employ-
ees of the California Department of Water Resources; all
other test drilling was supervised by employees of the
Geological Survey. Electric logs were obtained for the
test wells drilled with hydraulic-rotary equipment. Pum-
ping tests were made on the Geological Survey test wells
that were completed as permanent wells and on several
privately owned wells. Lithologic, electric-resistivity,
electric-potential, gamma-ray, and temperature logs of
these test wells and information on well construction,
static water level, and water movement under static con-
ditions are shown on plate 2.

Many small-diameter test wells, some of which are
almost 200 feet deep, were bored by the Geological Sur-
vey using a power auger. Many of the holes were com-
pleted by casing with pipes fitted with sand points.
Water levels were measured periodically in these and
numerous other wells. Continuous graphic water-stage
recorders were installed on most of the Geological Sur-
vey test wells, on several of the Imperial Irrigation Dis-
trict test wells, and on a few strategically located pri-
vately owned wells.

Water samples were collected from the test wells,
many of the augered wells, and many previously existing
wells. Chemical analyses were made of these water
samples, either in a field laboratory at Yuma, Ariz., or in
the Geological Survey’s laboratories at Albuquerque, N.
Mex., or Tucson, Ariz. Also, the results of hundreds of
chemical analyses made prior to the present study were
assembled and evaluated. Selected results of all chemi-
cal analyses are given in table 5, in the ‘“Basic Data” sec-
tion of this report.

Large water samples from three test wells on the East
Mesa, after being processed in Yuma according to stan-
dard procedures for concentrating their carbon content,
were sent to Washington, D.C., for radiocarbon dating.

Gravity and seismic-refraction surveys were made by
the Geological Survey. A generalized geologic map for
the area was compiled from reconnaissance geologic
mapping and from published geologic maps.
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large store of hydrologic data in its files.

Several local water-well drilling companies — notably
Coachella Valley Pump and Supply and the Desert Drill-
ing Co., which are near Indio, Calif. — provided well logs

and other pertinent information. Farmers and other land
owners were most cooperative in permitting access to
their lands and wells and in furnishing information
about their wells.
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Ficure 5. — Composite column of Salton Trough, showing inferred time relations of strati-
graphic units.

Maniobra Formation is exposed in the Orocopia Moun-
tains, about 5 to 10 miles beyond the northern limits of
the geologic map (pl. 1). The formation consists of about
4,800 feet of fossiliferous marine clastic rocks of early to
middle Eocene age, ranging from coarse conglomerate
and breccia in the lower part to siltstone and sandstone
in the upper part.

In the Orocopia Mountains, the Maniobra Formation
is overlain unconformably by about 5,000 feet of non-
marine sedimentary rocks and intercalated andesitic

K9

flows and sills of Oligocene(?) age (Crowell, 1962, p. 28).
Similar, probably correlative rocks are exposed in the
Chocolate Mountains northeast of Imperial Valley and
in the Vallecito-Fish Creek Mountains and Jacumba-
Coyote Mountains areas southwest of the valley
(Durham and Allison, 1961).

The volcanic rocks in the Chocolate Mountains are
herein grouped in two units (pl. 1 and fig. 5): (1) older
volcanic rocks, consisting of pyroclastic rocks and minor
flows of andesitic to rhyolitic composition; and (2) basal-
tic andesite or basalt, a ridge-capping sequence of dark-
gray to dark-brown flows and flow breccias. These vol-
canic rocks are associated with predominantly conglom-
eratic nonmarine sedimentary rocks. Volcanic rocks in
the southeastern Chocolate Mountains and nearby
Laguna Mountains east of the area shown on plate 1
have potassium-argon ages of 23 to 26 million years, indi-
cating a middle Tertiary age for these rocks and associ-
ated nonmarine sedimentary rocks (Olmsted and others,
1973).

In the Vallecito-Fish Creek Mountains and Carrizo
Wash-Coyote Mountains areas on the southwest margin
of the Imperial Valley, the sedimentary and volcanic
rocks of middle Tertiary age include (1) the Split Moun-
tain Formation of Tarbet and Holman (1944), (2) the
Alverson Andesite Lava of Dibblee (1954), and (3) the
Fish Creek Gypsum of Dibblee (1954). The Split Moun-
tain Formation of Tarbet and Holman (1944) was rede-
fined by Woodard (1961), who excluded the lower 1,800
feet of arkosic arenite (sandstone) and sedimentary brec-
cia below an unconformity at the type section. Woodard
(1961, p. 74) described this restricted Split Mountain
Formation as consisting of two nonmarine members of
very coarse grained sedimentary breccia separated by a
middle member of marine arenite, which includes the
Fish Creek Gypsum of Dibblee (1954) as an evaporite
facies. The Alverson Andesite Lava of Dibblee (1954) un-
derlies the Split Mountain Formation as redefined by
Woodard (1961) and overlies the lower part of Tarbet
and Holman’s (1944) Split Mountain Formation.

IMPERIAL FORMATION

The Imperial Formation was redefined and renamed
from the Carrizo Formation by Woodring (1932, p. 7). He
defined the Imperial Formation as having a basal
member of “conglomerate, sandstone, coralliferous lime-
stone, and at places basalt flows and flow breccias” and
a siltstone member of “buff siltstone with occasional
hard beds of very fossiliferous limy sandstone.” Wood-
ring (1932) described the Imperial Formation at the type
locality to be ‘‘the entire series of marine deposits
bordering Carrizo Mountain, and to exclude overlying
nonmarine beds.”
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Christensen (1957) described the Imperial Formation
in its type area bordering the Coyote Mountains as
follows (top to bottom):!

Unit Thickness

(ft)

Description

Member __ 600-900  Upper one-third: Reddish, tan, and yellow
silty sandstone and tan, green, and gray
claystone and siltstone. Grades upward and
laterally into sand and clay of Palm Spring
Formation. Some wood fragments and
marine fossils.

Lower two-thirds: Gray calcareous siltstone
and light-tan and yellow fine-grained arko-
sic sandstone. Flag and spheroidal weather-
ing.

Member _ _ 900-1,500 Cream to buff arkosic sandstone and gray-

green and light-gray calcareous siltstone.
Sandstone contains Ostrea, Anomia, and
Pecten. Locally recrystallized into coquina
limestone that crops out as cuestas. Sand-
stone weathers dark brown; siltstone
weathers yellow with green cast.

20-250 Gray, light-tan, and olive-drab siltstone.
Weathers yellow and greenish yellow. Thin
lenses of fine-grained buff sandstone.

(Undesignated)<10-150 Buff cobble conglomerate. Lithologically het-

erogeneous. Lenses of buff sandstone.
Opysters, corals.

(Undesignated)<10-150 Red to brown massive cobble conglomerate

and yellow to pink volcanic conglomerate.

Member _ _

Although exposed extensively on the west side of
Imperial Valley, the Imperial Formation has not been
recognized in several oil test wells, one as deep as 13,443
feet, in the central part of the valley (see Muffler and
Doe, 1968) and was not recognized in U.S. Geological
Survey test well LCRP GA (total depth 2,519 ft) on the
East Mesa. In the Parker-Blythe-Cibola area along the
Colorado River northeast of Imperial Valley, Metzger
(1968) named and described the Bouse Formation, a Pli-
ocene marine unit whose stratigraphic position and gen-
eral lithology suggest possible correlation with the Impe-
rial Formation, although the microfaunas of the two
units generally are dissimilar (Smith, 1968). The Bouse
Formation also has been recognized in the subsurface of
the Yuma area, just southeast of the Imperial Valley
(Olmsted and others, 1973). The apparent absence of the
Imperial Formation in the intervening central Imperial
Valley (although it may be present below the depths
reached by oil test wells) is a problem of major paleo-
geographic significance.

The age of the Imperial Formation is uncertain; esti-
mates range from early Miocene for the lower part
(Woodring, 1932) to possible early Pleistocene for the up-
per part (Allison, 1964). Metzger (1968) presented evi-

'The members, as Christensen described them, were assigned names, but since these names
have no official status @nd do not fully correspond with the units of Woodring (1932), they are
not indicated here.
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dence that the possibly equivalent Bouse Formation is
Pliocene. The present consensus is that at least part of
the Imperial Formation is Pliocene.

UPPER TERTIARY AND QUATERNARY PREDOMINANTLY
NONMARINE DEPOSITS

Overlying the marine Imperial Formation is a thick
hetreogeneous sequence of predominantly nonmarine
deposits. In some tributary valleys and marginal parts of
the Imperial Valley these deposits are derived locally,
but most of the deposits in the central part of the valley
were brought in by the Colorado River. The deposits are
many thousands of feet thick; Muffler and Doe (1968)
reported that the Standard Oil Co. Wilson No. 1 oil test
well near the center of Imperial Valley, between Braw-
ley and Holtville was still in deposits of the Colorado
River at its bottom depth of 13,443 feet.

In general, the deposits of the Colorado River are finer
grained than the locally derived deposits and consist pre-
dominantly of silt, sand, and clay, as contrasted with the
locally derived coarse sand and gravel. Muffler and Doe
(1968) stated that the deposits of the Colorado River are
characterized by dominant quartz and calcite and sub-
ordinate dolomite, plagioclase, potassium feldspar, and
the clay minerals montmorillonite, illite, and kaolinite;
minor constituents are magnetite, zircon, leucoxene, cli-
nozoisite, biotite, and chlorite. According to these
authors (Muffler and Doe, 1968), the deposits derived
from the margins of the basin are markedly different
from the deposits of the Colorado River in that they con-
tain much more feldspar, less clay, and very little or no
calcite or dolomite.

The deposits overlying the Imperial Formation have
been subdivided by previous workers into several for-
mations and informal units. In places the formations and
units are separated by unconformities, but in general
they are not well-defined time-stratigraphic units, and
they appear to intergrade laterally (fig. 5). Each forma-
tion is therefore a crudely defined rock-stratigraphic unit
and represents a particular facies. The various for-
mations and informal units are described briefly in the
following paragraphs.

The Canebrake Conglomerate of Dibblee (1954) is a
coarse pebble and cobble conglomerate composed of pre-
Tertiary granitic and metamorphic detritus of local deri-
vation. It occurs along the west margin of Imperial
Valley, where it is generally several thousand feet thick;
basinward it grades into the Imperial Formation and the
overlying Palm Spring Formation.

The Palm Spring Formation, named by Woodring
(1932, p. 9-10) for exposures in lower Vallecito Creek,
comprises many thousands of feet of fluvial and deltaic
sand, silt, and clay deposited by the ancestral Colorado
River. The Palm Spring Formation overlies the Imperial
Formation gradationally, and its lower part contains
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10° southwestward and has an altitude of nearly 500 feet
at its northeast end. Remnants of a high shoreline
farther north, on the west side of the Salton Trough, oc-
cur as far north as Travertine Point; but north of San
Felipe Creek the shoreline is not apparent, probably
because it is concealed by younger alluvial fans.

The youngest and most prominent shorelines are those
associated with Lake Cahuilla, a name given by Blake
(1856) to the prehistoric lake that antedates the pres-
ent, much smaller lake, the Salton Sea. The last main
stages of Lake Cahuilla, which, prior to 1962, were the
only ones with published reference, had altitudes of 42 to
45 and 47 to 50 feet above mean sea level (Stanley, 1962).
Unlike the older, higher shorelines, the shorelines of
Lake Cahuilla are virtually undeformed.

Stanley (1962), Hubbs (in Hubbs and others, 1963),
and Thomas (1963) all believed that the higher shore-
lines represent fresh-water lakes. The morphology, tufa
coating, and molluscs associated with these shorelines
all seem to indicate a fresh-water ecology. However, one
of the present authors (Robison, 1965) noted several
problems involved in this interpretation. One involves
the containment of fresh water in the basin, or exclusion
of sea water from the Gulf of California. The present
divide between the drainage southward into the Gulf of
California and northward into the Salton Sea has a mini-
mum altitude of 47 feet (Arnal, 1961, p. 445) — about the
right altitude to contain the latest stages of Lake
Cahuilla, but far too low to account for fresh-water
bodies at the higher levels of the older shorelines.
Another problem involves the maintenance of sufficient
inflow to keep the water in the lakes fresh. As Menden-
hall (1909b, p. 18-19) pointed out, the average flow of the
Colorado River (the predominant source of inflow at
present and probably also during moister stages of the
Pleistocene and Holocene Epochs) probably was insuffi-
cient to maintain a fresh Lake Cahuilla — the lake
probably was somewhat brackish. The area within the
older shorelines is greater than the 2,000-square-mile
area covered by Lake Cahuilla; therefore, the older water
bodies necessarily would have been more brackish than
Lake Cahuilla if the Colorado River was the primary
source of water.

Another problem is the satisfactory explanation of
events that are thought to have occurred within the time
span indicated by dating of fossils and tufa deposits of
the higher shorelines and early Lake Cahuilla. Fossils
from one of the higher shorelines yielded a radiocarbon
date of 37,100 +2,000 years B.P. (before present) (Hubbs
and others, 1963, p. 262).The oldest tufa deposits from
Travertine Point, 100 feet below the Lake Cahuilla
shoreline, gave a date of 13,040 + 200 years B.P. (Hubbs
and others, 1963, p. 260). If these ages are valid, the
maximum time interval between the high stage and an
early stage of Lake Cahuilla was about 25,000 years. If
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the higher shorelines represent lakes and not an arm of
the Gulf of California, then during the 25,000-year inter-
val a topographic divide separating the Salton Trough
from the Gulf of California was removed, and the higher
shorelines were faulted and tilted. The problem of how
the divide was removed does not, of course, exist if the
higher shorelines are actually marine rather than lacus-
trine. The reconnaissance nature of the present study
did not allow further study toward determining more
definitely the nature and age of the higher shorelines and
the hydrologic events that followed their formation.

The dates of the last main stages of Lake Cahuilla
have been well documented from radiocarbon evidence.
A radiocarbon date of 1,510 + 180 years B.P. was ob-
tained from tufa associated with a beachline at an alti-
tude of about 43 feet; other dates range from several hun-
dred to about 1,900 years B.P. (Hubbs and others, 1963,
p. 269-270). The Indians in Coachella Valley have
legends about a large body of water (Lake Cahuilla)
which disappeared slowly — probably by evaporation
after the Colorado River ceased to flow into the Salton
Trough and began to flow into the Gulf of California.
When the first white men entered the region, the floor of
the trough (Salton Sink) was a dry salt flat.

The most recent major hydrologic event was a series of
uncontrolled inflows of floodwater of the Colorado River
into the Salton Trough during 1905-7, thereby forming
the present Salton Sea. Diversion intakes on the Colo-
rado River below Yuma, Ariz., which has been con-
structed in the late summer of 1904 to increase the
amount of water available for irrigation in the Imperial
Valley during that low-flow period, were breached by the
spring flood of 1905. The diversion intakes were greatly
enlarged by repeated floods, so at times virtually the en-
tire flow of the river was westward and northwestward
into the Salton Sea by way of the Alamo and New
Rivers. In early 1907 the river was finally brought under
control and diverted to its former course to the Gulf of
California. At its maximum extent, the Salton Sea
reached a stage of about 195 feet below mean sea level,
covered an area of more than 500 square miles (less than
one-fourth that of Lake Cahuilla), and had a depth of
more than 80 feet (Hely and others, 1966).

HYDROLOGY
THE GROUND-WATER RESERVOIR

The ground-water reservoir in Imperial Valley con-
sists of Cenozoic valley-fill deposits; these deposits are
underlain by rocks of pre-Tertiary age that are referred
to as the basement complex. Although the valley fill
probably is more than 20,000 feet thick, the hydraulic
phases of this study are concerned principally with the
heterogeneous sequence of nonmarine deposits in the up-
per few thousand feet of the ground-water reservoir. The
studies were limited to depths of several thousand feet
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because at greater depths the water is too saline for irri-
gation and most other uses and because the hydraulic
connection between the water in the deeper deposits and
the water in the upper part of the ground-water reser-
voir is poor.

Near the margins of the valley, the deposits are
derived locally and range from boulders to clay; coarse
sand and gravel predominate. Colorado River deposits,
which for the most part consist of sand, silt, and clay,
underlie the central part of the valley and extend to the
margins of the locally derived deposits.

WATER-BEARING CHARACTERISTICS OF THE ROCK
DEFINITION OF TERMS

The term “aquifer” is applied to any water-bearing
formation or rock unit that is capable of yielding an ade-
quate water supply. The adjectives “excellent,” “good,”
“fair,” or ‘“‘poor’” may be used to denote the degree to
which the yield from an aquifer is adequate; but they are
not specific enough for a quantitative appraisal of an
aquifer or for comparing one aquifer with another. To be
more specific, the water-bearing ability of an aquifer may
be expressed in terms of the aquifer’s transmissiv-
ity. In this report, transmissivity is expressed as the rate
of flow in gallons per day through a 1-foot-wide vertical
strip of the entire saturated thickness of the aquifer un-
der a unit hydraulic gradient at the prevailing temper-
ature of the water.

The water-bearing ability of an aquifer may also be ex-
pressed in terms of field hydraulic conductivity. As used
in this report, the field hydraulic conductivity is the rate
of flow in gallons per day that will occur through a 1-foot-
square cross section of the aquifer under a unit hydrau-
lic gradient. Generally, the horizontal hydraulic con-
ductivity of an aquifer is greater than the vertical
hydraulic conductivity. This is especially true for allu-
vial materials because of size sorting and the alinement
of platy and ellipsoidal grains that occur during depo-
sition of the material. The vertical hydraulic conductiv-
ity of some aquifers that consist of many different strata
ranging from clay or silt to sand or gravel may be only
hundredths or thousandths of the horizontal hydraulic
conductivity. Horizontal hydraulic conductivities in
Imperial Valley probably range from a fraction of a
gallon per day per square foot for clay and silt to several
thousand gallons per day per square foot for well-sorted
sand and gravel.

Transmissivities commonly are computed from the
results of controlled pumping tests. They also can be com-
puted on the basis of the width of a vertical section through
which ground water is moving at a known rate under a
known hydraulic gradient, or on the basis of the specific
capacity, which is the rate of yield per unit drawdown, of a
well (Theis and others, 1963, p. 331). In many areas the
specific capacities of wells are the only data available for
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computing transmissivity. If only lithologic or good
driller’slogs areavailable, transmissivity canbe estimated
if the relation between hydraulic conductivity and some
physical parameter, such as median grain size, is known.
Such a relation has been established for alluvial material
in the Arkansas River valley, Arkansas (Bedinger and
Emmett, 1963). To the extent that the relation is
applicable to the materials of the area being investigated
or that a new relation can be established, the
transmissivity can be computed by summing the products
of the different hydraulic conductivities and the
thicknesses of the strata to which they apply. All the
aforementioned methods were used in varying degrees dur-
ing this study.

In this report, most of the transmissivities computed
from pumping-test data are for a section of the aquifer
that is not much thicker than the strata tapped by the
wells. The extent to which the computed transmissivi-
ties are representative of the entire saturated thickness
must be judged on the basis of the thickness of the dif-
ferent kinds of material tapped by the wells and the
thickness and kinds of material that comprise the entire
reservoir.

In many areas of the Imperial Valley the transmissiv-
ity of the entire thickness of saturated material is of little
significance in the development of irrigation or munici-
pal water supplies. As stated earlier, the hydraulic con-
nection between the deposits at great depth and those in
the upper part of the reservoir is so poor that the two
parts are virtually completely isolated. However, the oc-
currence of highly transmissive material at depth may
be greatly significant for other types of development,
such as the generation of electrical power by utilizing the
thermal energy of ground water, or the recovery of speci-
fic minerals from the deep water. The feasibility of
developments of these types is beyond the scope of this
study.

Another important characteristic of a water-bearing
rock is its capacity to store or to release water in response
to changes in head. A measure of this characteristic is
called the storage coefficient (formerly termed “coef-
ficient of storage’’) and is a dimensionless number that is
defined as the volume of water that is released from or is
taken into storage per unit surface area of an aquifer per
unit change in the component of head normal to that
surface (Ferris and others, 1962, p. 74).

When water is confined — that is, when it occurs un-
der artesian conditions — the changes in storage that
result from changes in head are attributed entirely to
compressibility of the water and of the aquifer materi-
als. Storage coefficients under artesian conditions are
small and generally range from about 0.00001 to 0.01.
However, in Imperial Valley, the upper limit may be sev-
eral times higher because of the unusually great thick-
ness of the deposits.
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When water is unconfined — that is, when it occurs
under water-table conditions — the changes in storage
that result from changes in head are dependent mainly
on the drainage characteristics of the aquifer material.
In an unconfined aquifer the volume of water involved in
gravity drainage ordinarily is many hundreds or even
thousands of times greater than the volume attributable
to compressibility of the aquifer materials and of the
water in the saturated zone, so the volume of water in-
volved in gravity drainage divided by the volume of the
zone through which the water table moves is the specific
yield. Under dewatering and unconfined conditions, the
storage coefficient therefore is sensibly equal to the
specific yield. However, when water is going into storage
— thatis, when the water table is rising — the storage coef-
ficient may exceed the specific yield if the material in
whichthe water is being stored contains less moisture than
it canretain against gravity drainage. In this instance, the
upper limit of the storage coefficient is the porosity of the
material. Generally, however, storage coefficients under
water-table conditions range from almost zero to a few
hundredths for clay and silt, and from 0.2 to 0.4 for clean
sand and gravel.

Storage coefficients, especially those for artesian
aquifers, are commonly computed from the results of
controlled pumping tests. However, the computed coef-
ficients have little significance if the field conditions dif-
fer markedly from the conditions that were assumed in
deriving the mathematical formulas used for computing
the coefficients. The pumping-test data obtained during
this study either were not adequate or were otherwise
considered unsatisfactory for computing meaningful
storage coefficients.

A neutron moisture probe, in conjunction with access
tubes driven to depths of several feet below the water
table, was used to determine storage characteristics of
several types of material in Imperial Valley. Con-
struction details and the scientific principles that relate
neutron-probe data to moisture content at a particular
depth are explained in previous water-resources reports
on the lower Colorado River area (Metzger and others,
1973; Olmsted and others, 1973).

The method is especially useful for determining the
capacity of materials to store water when water levels are
rising. Water levels have been rising for 20 or 30 years in
the parts of Imperial Valley where the ground-water res-
ervoir is recharged by leakage from the All-American
and the Coachella Canals. The average difference
between the moisture content of the material above the
capillary zone and that of the material below the water
table is an indicator of the quantity of water that will go
into storage as the water table rises. The results of the
neutron-probe moisture studies are given in a later sec-
tion entitled “Soil-Moisture Studies.”
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PUMPING TESTS

Short-term pumping tests were made at several widely
scattered sites to obtain data for computing transmis-
sivity. Although some of the short-term tests did not pro-
vide adequate data, most of the tests were satisfactory.
The pumping-test sites are shown in figure 7, and perti-
nent data from the tests are listed in table 1.

The test data were analyzed by the Theis (1935) non-
equilibrium formula. The reliability of the computed
transmissivity is classified arbitrarily as follows: Good, if
the difference between computed transmissivity and
true transmissivity is thought to be less than 25 percent
of the values listed; fair, if the difference is between 25
and 50 percent; and poor, if it is more than 50 percent
(table 1). None of the computed transmissivities are con-
sidered significant to more than two figures, and most, to
only one figure. The classification takes into account not
only the degree to which the test data conformed to theo-
retical values, but also other known factors that might
influence the results, such as the theoretical relation
between transmissivity and specific capacity previously
mentioned and consistency of results obtained from
drawdown data and from recovery data.

The data indicate that in the eastern and western
parts of Imperial Valley moderate to high yields can be
obtained from wells that tap several hundred feet of the
marginal alluvial deposits or deposits of the Colorado
River. Transmissivities of several hundred thousand gal-
lons per day per foot seem to be characteristic of these
deposits, and wells with specific capacities of as much as
50 gallons per minute per foot of drawdown or more may
be attainable in the more favorable areas. In the central
part of Imperial Valley, the two pumping tests that were
made by the Imperial Irrigation District prior to this
study indicate that the transmissivity of the fine-grained
deposits that are characteristic in this part of the valley
is likely to be only 1,000 to 10,000 gallons per day per foot
to depths of 500 feet. The geologic studies suggest that at
greater depths the transmissivity may be even lower for a
similar thickness of deposits.

The exceptionally high transmissivity and hydraulic
conductivity computed for deposits at well LCRP 6 (fig.
7; table 1) indicate that some of the Colorado River
deposits at the site are very permeable. The values are
similar to those obtained from pumping tests of large-
yielding wells in the Mexicali and Yuma Valleys. The
lower transmissivities and hydraulic conductivities at
wells LCRP 11, 12, and 18 (fig. 7; table 1) indicate that
the permeability of the deposits decreases westward and
northwestward from well LCRP 6. The eastward extent
from well LCRP 6 of the region of high transmissivity is
not known, but consideration of possible past courses of
the Colorado River suggests that it probably is several
miles.
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FIGURE 7. — Location of pumping-test and soil-moisture-test sites.

SOIL-MOISTURE STUDIES

The moisture content of soil profiles was determined
at 18 sites in Imperial Valley (fig. 7). A neutron probe
was lowered inside access holes of 1.62-inch ID steel tub-
ing, generally driven to depths of about 16 feet below the
land surface, and a counting rate was determined at 1-
foot intervals. From the counting rate the moisture con-
tent of the material at a particular depth was deter-
mined on the basis of the relation shown in figure 8. This
relation was inferred from specific relations between
laboratory determinations of moisture content or poros-
ity of samples and the respective counting rate obtained
with the soil-moisture meter for the samples in the field;
it is valid only for the conditions under which the data
were obtained. Experiments during this study showed
that the relation changes if different methods are used
for installing the tubing or if other kinds and diameters
of tubing are used. Figure 9 shows graphs of the counts
per minute that were obtained with the soil-moisture
meter at different depths below the land surface at sev-

eral sites in the valley. In the zone of saturation — that
is, below the water table — the rate generally is 7,000 to
8,000 counts per minute, which corresponds to a
moisture content of 41 to 48 percent by volume of the
material. The high counting rate sometimes persists for
several feet above the water table, which indicates that
the lower part of the capillary fringe is saturated or
nearly saturated. At three of the sites the counting rate
was 1,000 or less per minute for a part of the depth
tested. The low counting rate is related to the slight
moisture content of the material above the capillary
fringe; 1,000 counts per minute corresponds to a
moisture content of somewhat less than 5 percent.
The difference between the average moisture content of
the saturated material and that of the material above the
capillary fringe is an estimate of the quantity of water that
will go into storage per unit volume of material as water
levels rise in an area where the capillary fringe does not
reach the land surface. Table 2 lists the moisture content
below the water table and above the capillary fringe and
the difference between these contents at each site where
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T ABLE 1. — Results of pumping tests

[Type of test: D, drawdown; R, recovery. All wells completed in Quaternary alluvium.
LCRP, Lower Colorado River Project of U.S. Geol. Survey]

Specific
Date Ty, Interval Draw- capacity Transmissivity Conformance Indicated average
Well Owner or name of ?e tested (ft Yield down in gpm  computed from of test data Rehabnllty field hydrauhc
(fig.7) test test belowland  (gpm) (ft) per foot of tests to theoretical of
surface) drawdown  (gpd perft) values transmissivity (gpd persq ft)
Western Imperial Valley
128/ 9E-22A2 __ T.M.Jacobs ___ 7-29-63 R 285~ 667 1,450 14 100 290,000  Excellent _____ Good _______ 760
128/11E-18J1 . __ LCRP19 _____ 52064 R 310- 650 150 4 38 100,000  Fair __—_____ Fair ________ 300
18)2.__LCRP19A"____ 52064 R 35- 55 45 85 5 37000  ___do _________ do _____C 1,800
14S/11E-32R .. _LCRPS8 ______ 5-11-62 R 135~ 165 250 13 19 130,000 Good _______ Good _______ 480
218- 258
310- 354
390- 416
430~ 560
Central Imperial Valley
158/14E-18C ___ Imlgerial Irrigation 5-9-58 R 140- 440 160 86 2 2,200 Good _______ Good _______ 7
istrict.
17S/15B-10N __ _ ___ do - 51658 R 110~ 450 % 68 1.3 1700 ___do . ____ do ______ 5
Eastern Imperial Valley
128/16E-9A __ _ _ Southern Pacific 7-9-63 R 150-1,000, 975 43 23 62,000 Excellent _____ Good _______ 73
Co. 7963 D  150-1,000 675 27 2 47000  Good __________ do ______ 55
158/18E-15M __ _ LCRP11 _____ 51063 R 309- 894 1,000 20 50 220,000 _do ____ZZC27C do _____C 380
51063 D  309- 894  L,000 20 50 220,000  Excellent _____ ___ do ______ 380
16S/18E-32R __ _ LCRP18 _____ 62964 R 140- 630 900 21 3 140000 ___do _________ do __ZZTC 240
16S/19E-11D ___ LCRP12 _____ 51463 R 300- 610 990 2 41 240,000  Good __________ do ___Z°7 770
168/20E-31K __ _ LCRP6 ______ G262 R M- 410 10% 12 85 850,000  Excellent _____ ___ do _____C 10,000
1 52
S262 D M- 410 L0 12 85 880,000  Good __________ do ______ 10,000
10- 520
165/21E-16B ___R.G.Winder ___ 12-4-62 R 598 806 1550 36 43 130,000  Poor ________ Poor _______ 3,000
12462 D 598 806 1,550 36 43 1590000  ___do _________ do ____°C 2,800
'May be too high by a factor of 2.
60 . . .
T f TABLE 2. — Moisture content and storage capacity of alluvium
[All quantities in percent by volume]
Average moisture content
Field No. Storage
50— { (fig. 7) Location Below Above capacity
g water table capillary fringe
)
-
o] 1 _____ 12S/14E-4K ___ 44 _———— ————
> 2 ___C T 138/13E3E____ 4 oIt oIC
- 3 _ 13S/16E-35M _ —— 2 .
@ a0 S 15/15E-35A _ a1 o
- 5 T 158/16E-27D ___ 45
Z 6  158/16E-29D ___ 4“4 o
pr 7 ZZCCC 159/16E-29Q 4
Q / 8 _____ 16S/12B-IM ___ 44
x / 9 _Z11C 168/12E-11E ___ 43 I
o / 10 ____Z 16S/13E-2H ___ 45 _ClC _C
> 30k / B 16S/14E-TK ___ 43 R .
z y 12 2200 16S/14E-19D ___ 46 ooz ToIo
R 13 . ___ 16S/15E-35P _ _ _ 41 —_——— ————
= / 4 _____ 16S/16E-3D ___ 41 ——— - o
Z / 15 _ 7 16S/16E-12P _ 4 IzT oo
¢ / 16 _____ 16S/16E-12Q ___ 43 40
z y; 17 ___C 17S/15E-5J ____ 43 8 35
S Y 18 2222 17S/15E-10C _ __ 44 o .
w 200~ N Average __ ___ _ 43 4 39
[+ 4
=)
I
5 such determinations were possible; the average for each of
E . . . .
10 - | the determinations is also given.

[— The average moisture contents for deposits in the
Imperial Valley compare favorably with moisture con-
tents for flood-plain deposits in the other valleys in the

o 2' A els alz o lower Colorado River area in which similar studies were

COUNTS PER MINUTE, IN THOUSANDS made. For example, at 11 sites in Parker Valley, Ariz.,

FIGURE 8. — Relation between counts per minute obtained with the soil-moisture meter and | the average moisture content was 45 percent in the zone
ist tent of the soil. The line is dashed where the relati t determined f . . .

this study, | ton The e s cashedwhere fhe refation was not Cetermined ™ | of saturation and 6 percent in the zone above the capil-
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DEPTH BELOW LAND SURFACE, IN FEET
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lary fringe, which indicates a storage capacity of 39 per-
cent. In Palo Verde Valley, Calif., average values for 16
sites for corresponding zones were 44 and 12 percent,
indicating a storage capacity of 32 percent (Metzger and
others, 1973). In the South Gila Valley east of Yuma,
Ariz., the indicated storage capacity was 37 percent, and
in Yuma Valley, it was about 42 percent. In contrast, the
indicated storage capacity of shallow deposits beneath
the Yuma Mesa was only about 28 percent (Olmsted and
others, 1973). The lesser capacity of the mesa deposits for
storing water probably is due to the smaller percentage
of fine-grained material they contain. The capacity of
the shallow deposits of the East Mesa of Imperial Valley
for storing water likewise may be less than the average of
39 percent determined for the material in the valley.

In summary, the soil-moisture studies indicate that in
an area of rising water levels in fine-grained deposits out-
side of irrigated areas, the storage capacity is about 40
percent of the volume of the material in which the rise
occurs. Beneath mesas and other areas where the depos-
its are not all fine-grained, the storage capacity may be
more nearly 30 percent. Smaller quantities of water per
unit volume than those indicated by the foregoing per-
centages can be expected to be released from storage as
water levels decline, the quantities being dependent
largely on the fineness of the material and the length of
the drainage period. The storage capacities of materials
beneath irrigated areas are likely to be less than beneath
nonirrigated areas because of the incomplete gravity
drainage of irrigation water in the profile above the cap-
illary fringe.

SOURCES OF GROUND-WATER RECHARGE

The most important source of ground-water recharge
in Imperial Valley is the Colorado River. Minor sources
are underflow from tributary areas, precipitation, and
local runoff.

COLORADO RIVER

The Colorado River has been recharging the ground-
water reservoir of Imperial Valley since its delta was
built sufficiently high to exclude the Gulf of California
from the Salton Trough. However, the areas where the
recharge has occurred have varied widely depending on
whether the river was discharging to the Gulf of Califor-
nia or to the Salton Trough.

When the river was flowing to the Gulf of California,
recharge in Imperial Valley was principally underflow
from Mexicali Valley and underflow through the allu-
vial section between the Cargo Muchacho Mountains
and Pilot Knob. When the river was flowing to the
Salton Trough, a substantial amount of recharge also
resulted from the infiltration of river water in the east-
ern part of the Imperial Valley.
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IMPORTED WATER

Recharge to the shallow part of the ground-water res-
ervoir, as it occurred under natural conditions, was in-
creased by the importation of Colorado River water to
the Imperial Valley for irrigation beginning in 1901.
Development of an agricultural economy based on irri-
gation was interrupted occasionally, notably by the un-
controlled flooding of the valley by the Colorado River in
1905-7, when the present Salton Sea was formed. How-
ever, irrigation agriculture continued to expand until, in
the latter part of the 1960’s, more than 430,000 acres of
cropland was being irrigated. Much of the additional
recharge in the irrigated area is due to leakage from the
numerous conveyance channels and to the application of
irrigation water in excess of crop requirements, the latter
practice being necessary to prevent an excessive ac-
cumulation of salts in the root zone.

The quantity of recharge resulting from the appli-
cation of excess water is difficult to determine. How-
ever, it may be estimated by multiplying (1) the rate of
water delivery (in acre-feet per year per acre) by (2) the
irrigated acreage (in acres), by (3) a rule-of-thumb figure
of 25 percent as the minimum amount of water, in excess
of crop requirements, needed to prevent an excessive
accumulation of salts. Because 430,000 acres is irrigated
and consumptive use is about 4 acre-feet per year per
irrigated acre (Hely, 1969, p. 33), the recharge is esti-
mated to be more than 400,000 acre-feet per year. How-
ever, this recharge to the ground-water system is
balanced largely by discharge from the system through
an extensive drainage network, and therefore it does not
greatly influence recharge to aquifers several hundred or
more feet below the land surface.

LEAKAGE FROM CANALS

The completion of the All-American Canal, which per-
mitted the diversion of Colorado River water to Imperial
Valley by an all-American route rather than through
Mexicali Valley by the Alamo Canal, greatly increased
the opportunity for recharge to the ground-water system.
In February 1942 the All-American Canal became the
sole means for diverting Colorado River water to the
Imperial Valley. Six years later the Coachella Canal was
completed and thereafter supplied water to the lower
part of Coachella Valley.

The canals are major sources of recharge because (1)
they are unlined; (2) they are as much as 200 feet wide;
(3) they flow across many miles of sandy terrain, es-
pecially in the eastern part of Imperial Valley; and (4)
the water surface in the canals is much higher than the
general ground-water levels along their alinement. In the
Sand Hills area of the East Mesa the stage of the All-
American Canal is about 80 feet above precanal ground-
water levels; the difference between precanal levels and
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canal stage is similar at the head of the Coachella Canal
and northward.

The rate of leakage of water from these canals cannot
be determined precisely. However, the records of
measured canal flows corrected for diversions and evap-
oration losses give a rough estimate of the rates of
leakage. In 1948 the Imperial Irrigation District assumed
responsibility for operation of the All-American Canal
and the upper 50 miles of the Coachella Canal; since that
time the canal flow, diversions, and evaporation losses
have been recorded. Water losses in selected reaches of
the All-American Canal and the upper end of the Coa-
chella Canal, as compiled by the Imperial Irrigation Dis-
trict, are shown in figure 10.

Errors in measurement probably account for a large
part of the annual variations in the leakage rates as indi-
cated on the graphs (fig. 10). The plotted values are
residual differences in canal flow in the reaches and,
therefore, include the net effect of any errors in measure-
ment. The annual flows in the upper end of the All-
American Canal generally are 3 to 4 million acre-feet,
and at the head of the Coachella Canal, they are about
0.5 million acre-feet. A small percentage of error in flow
measurement, therefore, can account for much of the
year-to-year variations in computed rates of leakage.

The total quantity of leakage from the All-American
Canal between Pilot Knob and the East Highline Canal
and from the Coachella Canal in the reach above the 6A
check can be estimated as follows. The average annual
rate of leakage from the All-American Canal from 1941,
when the canal was first used for conveying large flows to
Imperial Valley, to 1950 probably was about the same as
the average annual rates for the first 3 years shown in
figure 10. The rates were about, 90,000 acre-feet per year
for the reach Pilot Knob to Drop 1 and about 130,000
acre-feet per year for the reach Drop 1 to East Highline
Canal, or a total of about 220,000 acre-feet per year.
From 1950 through 1967 (fig. 10), the leakage from the
two reaches was about 140,000 acre-feet per year.
Through 1967, therefore, the total leakage from the All-
American Canal between Pilot Knob and East Highline
Canal was nearly 4.5 million acre-feet. The leakage from
the Coachella Canal in the reach above the 6A check
averaged nearly 150,000 acre-feet per year; thus, from
1950, when the canal was first used to near capacity,
through 1967, leakage amounted to about 2.7 million
acre-feet. The ground-water recharge to the East Mesa
as a result of leakage from these canals thus was about 7
million acre-feet through 1967.

The leakage caused ground-water ridges to form
beneath the canals almost immediately, and in time, the
tops of the ridges intercepted the canals. The leakage
also spread horizontally, thereby causing water levels
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over large areas to rise many tens of feet. Eventually
much of the recharge due to the leakage, especially from
the All-American Canal, caused additional discharge to
drains and areas of natural discharge, rather than con-
tinuing to add to the quantity of ground water stored in
the system.

The rise in water levels that resulted from leakage
from the canals between 1939, before the canals were
completed, and 1960 is shown in figure 11. In 1960 the
All-American Canal had been in operation for 18 years,
and the Coachella Canal, for 12 years.

Along the All-American Canal the water-level rise
generally was more than 40 feet, and along the Coa-
chella Canal it was about 40 feet near the head of the
canal and gradually increased northward to more than
70 feet (fig. 11). Throughout most of the length of the
East Highline Canal the change in water levels was
small.

UNDERFLOW FROM TRIBUTARY AREAS

Recharge to the ground-water reservoir by underflow
from tributary areas is small compared with recharge
that results from the importation of Colorado River
water. The tributary areas that provide the major part of
the underflow are the Mexicali Valley and the areas
drained by Pinto and Coyote Washes and Carrizo and
San Felipe Creeks (pl. 1). Of these, the two that contrib-
ute most of the recharge are the Mexicali Valley and the
area drained by San Felipe Creek. Upper limits for the
probable magnitude of the inflow can be estimated on
the basis of the transmissivity of the deposits through
which most of the flow occurs, the hydraulic gradient,
and the width of sections. Most of the ground-water in-
flow from Mexicali Valley occurs through a section that
extends westward from Calexico, Calif., to the moun-
tains, a distance of about 12 miles (pl. 1). The average
hydraulic gradient is about 5 feet per mile, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>