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WATER RESOURCES OF LOWER COLORADO RIVER-SALTON SEA AREA

GEOHYDROLOGY OF THE YUMA AREA, ARIZONA AND CALIFORNIA

By F. H. OrLmsTED, O. J. LoELTZ, and BURDGE IRELAN

ABSTRACT

The Yuma area includes the upstream part of the Colo-
rado River delta within the United States, in one of the
driest desert regions of North America. Except for very
minor irrigation by the Indians and the Spanish before
about 1850, irrigation with Colorado River water began in
the late 19th century. By 1966, about 100,000 acres was
being irrigated, chiefly in the river valleys (flood plains)
and on Yuma Mesa (a river terrace). Ground water has
been the source of supply only in South Gila Valley east of
Yuma and in small areas outside the established irrigation
districts in the other river valleys and on Yuma Mesa.

The valley lands were the first to be irrigated, and only
a very small acreage was irrigated on Yuma Mesa before
1923. After the middle 1940’s the irrigated area on Yuma
Mesa expanded rapidly so that by 1966 more than 20,000
acres was under irrigation. About two-thirds to three-fourths
of the total of more than 5 million acre-feet of Colorado
River water imported for irrigation on the mesa from 1922
through 1966 either went into ground-water storage to
build a widespread ground-water mound or induced ground-
water movement into the valleys west and north of the
mesa. Drainage wells were installed in the 1950’s and 1960’s
in eastern Yuma Valley and in the 1960’s in South Gila
Valley in order to alleviate drainage problems aggravated
by the growth of the ground-water mound.

Irrigation with Colorado River water in Mexicali Valley,
the northern part of the Colorado delta in Mexico, began
shortly after the turn of the century. By 1955, more than
500,000 acres in the valley was irrigated. This area re-
quired more water than the 1.5 million acre-feet of Colorado
River water guaranteed annually to Mexico under a 1944
treaty plus the small supplementary supply pumped from
private wells. Accordingly, the Mexican Government author-
ized the drilling of several hundred wells to augment the
total supply. Pumpage of ground water increased during the
next decade, so that by 1965 nearly 1 million acre-feet was
pumped, of which about two-thirds came from Government
wells. Ground-water pumpage is now carefully controlled
by the Mexican Government, and the total area irrigated
with ground water and surface water is restricted to about
415,000 acres—substantially less than the maximum area
irrigated in the 1950’s.

The Yuma area straddles the dividing line between the
Sonoran Desert section and the Salton Trough section of
the Basin and Range physiographic province and is char-
acterized geomorphically by low north-northwest-trending
mountains separated by much more extensive deszert plains

through which are cut the present valleys (flood plains) of
the Colorado and Gila Rivers. The landforms include seven
major types: (1) Mountains and hills, (2) dissected old
river deposits, (3) dissected piedmont slopes, (4) undissected
piedmont slopes, (5) river terraces and mesas, (6) sand
dunes, and (7) river valleys.

Mountains and hills composed of dense pre-Tertiary
crystalline rocks and hard volcanic rocks of Tertiary age
form the higher, more rugged exposures; less consolidated
sedimentary and volcanic rocks of Tertiary age form the
lower, more rounded hills. Some of the mountain blocks are
buried or nearly buried by alluvium, particularly those in
the southern and western parts of the area.

Dissected old river deposits lie at some distance from
the mountains; the chief example of this landform type is
the “Upper Mesa,” a generally westward-sloping desert plain
southeast of Yuma Mesa.

Dissected piedmont slopes characterized by broad desert
pavements cut by numerous washes lie along the margins of
the hills and mountains.

The undissected piedmont slopes, also near the hills and
mountains, are distinguished from the older, dissected pied-
mont slopes by the general absence of desert pavement and
by the shallow depth of incision of the most recent washes.

The river terraces and mesas are remnants of an exten-
sive former valley and delta plain of the Colorado River
and its major tributary, the Gila. The surfaces of the ter-
races and mesas lie about 60-80 feet above the present river
valleys except in the extreme western part of the area,
where the terrace surfaces slope west or southwest toward
the axis of the Salton Trough at gradients steeper than those
of the river valleys. Yuma Mesa represents the principal
river terrace in the area. Others are Imperial East Mesa,
Wellton Mesa, and several distinet smaller terraces that
extend upstream along both the Gila and the Colorado
Rivers.

Windblown sand is extensive in the Yuma area, although
in only two sizable areas has the sand accumulated to form
dunes more than 10 feet thick. The larger area, known as
the Sand Hills or the “Algodones Dunes,” lies northwest of
Yuma between the Imperial East Mesa and Pilot Knob Mesa;
the smaller tract of dunes—the “Fortuna Dunes”—is in the
southeastern part of the area, near the international
boundary.

The river valleys (Holocene flood plains of the Colorado
and Gila Rivers) were flooded periodically before dams and
reservoirs were constructed upstream on both the Colorado
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and the Gila Rivers. The principal valleys within the area
of intensive investigation are Yuma Valley, “Bard Valley,”
South Gila Valley, and North Gila Valley.

The earth materials of the Yuma area range from dense
crystalline rocks to unconsolidated alluvium and windblown
sand. These materials are grouped in 10 generalized strati-
graphy units: (1) Crystalline rocks (pre-Tertiary), (2)
nonmarine sedimentary rocks (Tertiary) including a new
formation, the Kinter, of Miocene age; (3) volcanic rocks
(Tertiary) (4) older marine sedimentary rocks (Tertiary),
(5) Bouse Formation (Pliocene), (6) transition zone (Plio-
cene), (7) conglomerate of Chocolate Mountains (Tertiary
and Quaternary), (8) older alluvium (Pliocene and Pleisto-
cene), (9) younger alluvium (Quaternary), and (10) wind-
blown sand (Quaternary).

The crystalline rocks, which form a large part of the
mountains and hills and unconformably underlie the Tertiary
and Quaternary rocks, comprise a wide variety of meta-
morphic, plutonic, and dike rocks, of which granite and
quartz monzonite and various kinds of gneiss and schist are
the most abundant. The ages of most of these rocks have
not been established, although all of them appear to ante-
date the Laramide orogeny (Late Cretaceous to early
Tertiary).

The nonmarine sedimentary rocks (Tertiary) consist of
strongly to weakly indurated clastic rocks ranging from
mudstone and shale, in part of lacustrine origin, to mega-
breccia and boulder conglomerate. For the purpose of this
report all these rocks are grouped in one major unit, al-
though detailed mapping in the Laguna Mountains and
northernmost Gila Mountains resulted in the delineation of
three mappable units: red beds, breccia and conglomerate,
and the Kinter Formation (chiefly fanglomerate, with sub-
ordinate breccia, arkosic sandstone and mudstone, and
tuffaceous beds). Stratigraphic relations with radiometrically
dated volcanic rocks indicate that the red beds and the
breccia and conglomerate are pre-Miocene; the Kinter For-
mation is designated Miocene on the basis of a potassium-
argon date of 23 =2 million years for an interbedded ben-
tonitic ash and of stratigraphic relations with overlying units.

Associated with the nonmarine sedimentary rocks is a
suite of volcanic rocks that includes an older andesitic se-
quence (flows and tuffs), pyroclastic rocks of silicic to
intermediate composition ranging from soft pumiceous ash-
fall tuff to densely welded ash-flow tuff (ignimbrite), basaltic
andesite or basalt of the Chocolate Mountains (a sequence
of dark-gray flows and flow breccias), flows and vent tuff of
the Laguna Mountains, and scattered masses of basalt or
basaltic andesite of uncertain stratigraphic position and age.
Potassium-argon dates for several of the volcanic rocks
range from about 25 to 26 million years, indicating a prob-
able middle Tertiary age for the unit,

The older marine sedimentary rocks consist of more or less
indurated fine sandstone and interbedded gray siltstone and
claystone which occur entirely in the subsurface in the
Yuma area. Fossils include foraminifers and mollusks indica-
tive of a marine environment but not diagnostic as to age.
The age of these beds and their correlation with units of
other areas are uncertain, but their stratigraphic position
suggests that they probably intertongue with the Kinter
Formation in the upper part of the nonmarine sedimentary
rocks.

The Bouse Formation, a younger marine unit which prob-
ably is unconformable on the older marine sedimentary rocks,
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includes fossiliferous silt and clay, subordinate fine sand,
hard calcareous claystone, and, locally in the basal part,
calcareous sandstone or sandy limestone, tuff, and possibly
conglomerate of local derivation. The fine-grained clastic
beds are predominantly greenish to bluish gray and contain
small gastropods, pelecypods, and ostracodes, as well as
several species of Foraminifera which indicate brackish to
marine environments but are not diagnostic as to age.
Other evidence, in part from the Parker-Blythe-Cibola area,
indicates a Pliocene age, although a definite assignment
within the Pliocene is not yet possible. Except for one small
area of exposures 2-3 miles southeast of Imperial Dam, the
Bouse Formation occurs entirely in the subsurface in the
Yuma area.

Throughout much of the Yuma area, the Bouse Formation
is overlain by a transition zone in which marine strata like
those of the Bouse alternate or intertongue with nonmarine
strata like those in the overlying older alluvium. The tran-
sition zone reflects the fact that marine or estuarine condi-
tions did not cease abruptly but recurred at intervals for
some time after the ancestral Colorado River entered the
area,

The conglomerate of the Chocolate Mountains occurs only
in the northern part of the area, on the flanks of the Choco-
late Mountains. This unit, which is composed predomi-
nantly of volcanic detritus from nearby exposures of Ter-
tiary volcanic rocks, includes strata probably equivalent
in age to the upper part of the nonmarine sedimentary rocks
(Kinter Formation) but also in part equivalent in age to
the lower part of the older alluvium.

The older alluvium is composed of basin-filling fluvial
deposits of the Colorado and Gila Rivers and of local ephem-
eral streams. The unit is actually a complex of alluvial fills
separated by unconformities representing degradational
cycles that resulted in extensive scouring. It is the most
widely exposed unit in the Yuma area and reaches a maxi-
mum thickness of more than 2,000 feet in the southwestern
part of the area. Its age ranges from Pliocene to late Pleis-
tocene.

The older alluvium comprises a great variety of granular
materials ranging from clay to cobble and boulder gravel;
sand is predominant at most places. These materials are
classified by primary source as deposits of local origin,
deposits of the old Colorado and Gila Rivers, and deposits
of mixed origin., In addition, relatively thin stream-terrace
and piedmont deposits cap the older, thicker fills at many
places. The deposits of local origin occupy the margins of
the area and consist of poorly sorted, obscurely bedded gravel,
sand, silt, and clay which were deposited probably as allu-
vial fans. The stream-terrace and piedmont deposits are
similar to the deposits of local origin, which they cap near
the mountains, and are characterized by broad surfaces of
so-called desert pavement. The deposits of mixed origin con-
sist of intergradational or intertonguing deposits of local
origin and old river deposits. The deposits of the old Colo-
rado and Gila Rivers, which constitute the greatest bulk of
the older alluvium, consist of relatively well sorted sand and
subordinate silt and clay, at many places containing anasto-
mosing tonguelike and ribbonlike bodies of gravel. The
gravel includes abundant well-rounded pebbles and cobbles
of siliceous rocks, chiefly quartzite and chert, which appear
to have been derived from the Grand Canyon region and
even farther upstream.

The younger alluvium comprises all the alluvial deposits
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of the most recent cycle of deposition. These deposits are
classified in three categories according to the dominant
agent of deposition: (1) Deposits of the Colorado and Gila
Rivers, (2) alluvial-fan deposits, and (3) wash and sheet-
wash deposits. The river deposits consist predominantly of
sand and silt and underlie the present river flood plains;
locally a basal gravel may be present at depths exceeding
100 feet. The alluvial-fan deposits, which consist of poorly
sorted detritus derived from nearby exposures of granitic
rocks, occur only near the southeastern and northwestern
corners of the area. The wash deposits are thin, occur in
channels cut into the older alluvium and prealluvial rocks,
and consist of sand and gravel and thin lenses of silt. The
sheet-wash deposits are similar to the wash deposits but
oceupy broader, less well defined areas.

The windblown sand oceurs as dunes, principally in the
Sand Hills and in the “Fortuna Dunes,” and as relatively
thin sheets on Yuma Mesa and “Upper Mesa.” Small dunes
occur also in Yuma Valley and “Bard Valley.” The wind-
blown deposits consist of well-sorted fine to medium sand
which is probably derived from nearby sandy alluvium or,
for the deposits of the Sand Hills, from old lacustrine or
marine beaches.

Structurally, the Yuma area is characterized by north-
northwest-trending mountains separated by broader basins
filled with Cenozoic deposits possibly as much as 16,000 feet
thick in the “Fortuna basin” west of the southern Gila
Mountains and Butler Mountains. Some of the mountain
masses, especially in the western Sonoran Desert and east-
ern Salton Trough, are buried or nearly buried by the
Cenozoic deposits. Presumably the mountains and basins are
separated by faults, but most of the present mountain
fronts are fault-line scarps rather than fault scarps; the
faults lie basinward and are concealed by alluvial fill,

Early deformational episodes, which were Laramide and
probably pre-Laramide (pre-Tertiary), resulted in faulting
(including thrust faulting), folding, and metamorphism, In
the Sonoran Desert—the eastern part of the Yuma area—
structural activity continued into the Tertiary, and by
middle Tertiary time the mountains and basins assumed
approximately their present configuration. Subsequent def-
ormation has involved only minor warping and normal
faulting, probably associated with regional subsidence along
the southwest margin, adjacent to the Salton Trough.

In the Salton Trough in the southwestern part of the
area, deformation has continued to the present, especially
on and near the faults of the San Andreas system. Move-
ment on these faults has involved large right-lateral com-
ponents as well as apparently sizable vertical displacements.
A major fault in this system, herein named the Algodones
fault, has been delineated in the present study from topo-
graphie, geophysical, and hydrologic evidence. In the south-
eastern part of the area this fault forms a partial to nearly
complete barrier to ground-water movement and is a feature
to major hydrologic significance. Other faults, parallel or
en echelon to the Algodones fault, have been identified from
seismic and temperature data,

The ground-water reservoir consists of two major sub-
divisions: (1) poorly water-bearing rocks of Tertiary age,
and (2) water-bearing deposits of Pliocene to Holocene age.
The first subdivision constitutes the lower part of the reser-
voir and includes (1) the nonmarine sedimentary rocks, (2)
the voleanic rocks, (3) the older marine sedimentary rocks,
(4) the Bouse Formation, (5) the transition zone, and (6)
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the conglomerate of the Chocolate Mountains. These units
contain some water, but much of it is highly mineralized,
and the rocks are too poorly permeable or lie at too great
a depth beneath most of the area to be significant sources
of ground water. Local exceptions include fresh-water-
bearing nonmarine sedimentary rocks, in the northern part
of the area, and a conglomerate in the basal part of the
Bouse Formation, also in the northern part of the area.
(Fresh water is defined herein as water containing not
more than 1,800 mg/1 (milligrams per liter) of dissolved
solids or having a specific conductance of not more than
3,000 micromhos.)

The units of the second subdivision, which form the upper,
principal part of the ground-water reservoir, include (1)
the older alluvium, (2) the younger alluvium, and (8) the
windblown sand. However, beneath the river valleys and
Yuma Mesa, the upper part of the reservoir is most con-
veniently subdivided into three zones, two of which cross
stratigraphic boundaries. In ascending order, these zones
are (1) the wedge zone (lower, major part of the older
alluvium), (2) the coarse-gravel zone (uppermost gravel
strata of the older alluvium and possibly a basal gravel of
the younger alluvium), (3) the upper, fine-grained zone
(uppermost strata of the older alluvium beneath Yuma
Mesa, the upper, major part of the younger alluvium be-
neath the river valleys, and small masses of windblown
sand). Outside the river valleys and Yuma Mesa the alluvial
deposits (almost entirely older alluvium below the water
table) are not subdivided and are classified instead as older
alluvium, undivided.

The wedge zone, which extends to depths of about 2,500
feet in the south-central and southwestern parts of the
area, constitutes the major part of the fresh-water-bearing
deposits of Pliocene to Holocene age beneath the river
valleys and Yuha Mesa. The average grain size and prob-
ably the average porosity and permeability of the wedge
zone decrease with depth. The lower part of the zone con-
tains more silt and clay than the upper part, but in gen-
eral, the fine-grained strata are not sufficiently extensive
or thick to cause significant hydraulic separation. The upper
part of the zone locally contains coarse-gravel strata similar
to those in the overlying coarse-gravel zone.

Except in two small areas, one beneath the city of Yuma
and the other west of the northern Gila Mountains, the
water in the wedge zone contains less than 1,800 mg/1 dis-
solved solids. In both areas of more highly mineralized water,
the overlying coarse-gravel zone is thin or absent and the
wedge zone is thinner and probably less permeable than it
is at most other places. In most of the northern part of the
Yuma area, water in the wedge zone appears to be sub-
stantially fresher than that in the overlying coarse-gravel
zone. Beneath the southern part of the area the chemical
quality of the water in the wedge zone is virtually indis-
tinguishable from that of the water in the coarse-gravel
zone.

Relatively little is known about the chemical quality of
the water in the older alluvium, undivided. Some of the
water is undoubtedly similar to that in the adjacent wedge
zone. Mineralized water in which the dissolved-solids con-
tent exceeds 1,800 mg/l exists west of the morthern Gila
Mountains, beneath “Fortuna Plain” at the southerly inter-
national boundary, and possibly between these two places.

The coarse-gravel zone, which is the principal aquifer
beneath the river valleys and Yuma Mesa, is a complex of
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gravel bodies of different ages deposited by the Colorado
and Gila Rivers. The zone ranges in thickness from 0 to
possibly more than 150 feet; the top lies at an average
depth of 100 feet beneath the valleys and 170-180 feet
beneath Yuma Mesa in the central part of the area.

Under natural conditions, the Colorado and Gila Rivers
were the sources of almost all ground-water recharge in
the Yuma area, but with the development of irrigation and
the construction of upstream reservoirs on both rivers,
irrigation water diverted from the Colorado River became
the principal source. Local runoff and precipitation are
very minor sources of ground-water recharge.

The chemical regimen of the Colorado River has been ma-
terially affected by man’s control of the river. Before the
impounding of water in Lake Mead in 1935 the chemical
composition of the water in the lower reaches of the river
was highly variable, both seasonally and annually. Since
1935 the composition has varied much less; during the
period 194165 the concentration of dissolved solids at
Imperial Dam generally was between 700 and 800 mg/l.
Sulfate was the major dissolved constituent, and calcium
was the most abundant cation, although sodium was slightly
more abundant than calcium when the dissolved-solids con-
centration was highest.

Precipitation and local runoff furnish ground-water re-
charge of excellent chemical quality. In most places the
overall effect of these sources on the quality of ground water
is negligible; however, in several places, such as along
Fortuna Wash near the northwest margin of the Gila Moun-
tains, fresh ground water derived from storm runoff occurs
as a thin lens or lenses not far below and above the water
table.

The connate water is likely to be rather highly mineral-
ized; sodium and chloride are the chief ionic constituents.

The coarse-gravel zone and the wedge zone are the prin-
cipal aquifers in the Yuma area. Subordinate aquifers of
only local significance include the nonmarine sedimentary
rocks, the conglomerate in the basal part of the Bouse
Formation, and a few relatively coarse grained beds in the
upper, fine-grained zone. Outside the river valleys and Yuma
Mesa, the older alluvium, undivided, is regarded as the
principal single, heterogeneous aquifer,

Transmissivity values for the principal aquifers were
estimated on the basis of one or more of the following:
(1) Step-drawdown tests, (2) short-term pumping tests,
(3) specific-capacity data, (4) lithologic logs, (5) electric
and sonic logs, and (6) seismic data. The studies of pre-
vious investigators also were utilized.

Critical evaluations of the reliability of computed values
of transmissivity obtained from pumping tests made during
the present investigation indicated that three of the values
were within 10 percent of true values, 33 within 25 percent,
27 within 50 percent, and 10 more than 50 percent.

Transmissivity values of the wedge zone generally increase
in a southwestward direction from zero along the relatively
thin east and north margins of the zone to values of more
than 500,000 gpd (gallons per day) per foot beyond a north-
westward-trending line about 4 miles southwest of the
Algodones fault, where the wedge zone is more than 2,000
feet thick.

Transmissivity values for the coarse-gravel zone range
from zero to about 1,000,000 gpd per foot. Maximum values
of transmissivity for the coarse-gravel zone occur in the
South Gila Valley, south of the confluence of the Colorado
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and Gila Rivers. Transmissivity values exceed 500,000 gpd
per foot beneath The Island, north of the area just cited,
and they also persist for about 6 miles southward beneath
Yuma Mesa from the area of maximum transmissivity.
Transmissivities of more than 500,000 gpd per foot occur
also beneath the west edge of Yuma Valley and southwest-
ward from a line 3-5 miles southwest of the Algodones
fault, about along the boundary between southern Yuma
Mesa and the “Upper Mesa.”

Storage characteristics of the material saturated by
the large ground-water mound built up beneath Yuma Mesa
after 1947 were estimated on the basis of soil-moisture data
obtained with a neutron moisture probe lowered into access
tubes driven into the zone of saturation. The difference be-
tween the moisture content above the capillary fringe and
that below the water table was considered to be a valid
estimate of the amount of water that would be stored as
water levels rose. The storage coefficient at 10 sites in South
Gila Valley averaged 38 percent; at six sites in Yuma Valley,
43 percent; and at 10 sites on Yuma Mesa, 28 percent. Stor-
age coefficients for the material penetrated by drainage wells
along the east edge of Yuma Valley as computed by earlier
investigators ranged from 5.8 10 to 3.6 10~ and averaged
1.2%10°— values which indicate confined or artesian con-
ditions for at least the periods of the tests. Data for com-
puting storage coefficients under similar conditions were not
obtained during the present investigation.

Under natural conditions both the Colorado and the Gila
Rivers were losing streams in the Yuma area. Infiltration
from these streams was the principal source of ground-
water recharge. Much of the inflitration replenished the draft
on ground-water supplies caused by evapotranspiration, but
some of the infiltration provided a source for the ground
water moving out of the area. Movement of ground water
through the alluvial section between Pilot Knob and the
Cargo Muchacho Mountains under natural conditions was
about 4,500 acre-feet per year. The movement of ground
water westward from the limitrophe (International Bound-
ary) section of the Colorado River is estimated to have
been as much as 110,000 acre-feet per year. As much as
90,000 acre-feet of water that infiltrated from the Colorado
River is estimated to have been discharged by evapotranspi-
ration in Yuma Valley.

The Colorado River continued to be a losing stream until
the early 1940’s, at which time the channel near Yuma was
deepened 5 feet or more by erosion, and ground-water levels
rose as a result of irrigation and leakage from the All-
American Canal. These conditions caused the Colorado above
the limitrophe section to change from a losing to a gaining
stream, For a distance of 25 miles west of Pilot Knob the
ground-water ridge resulting from leakage of the All-
American Canal was 30 feet or more high, with the result
that the direction of ground-water movement south of the
canal changed from westward to southward, and the gra-
dient steepened from that existing under natural conditions.

By 1960 many changes in rates of movement had occurred
and the pattern of movement was more complex than it was
under natural conditions. In the alluvial section between
Pilot Knob and the Cargo Muchacho Mountains the west-
ward flow is estimated to have been only three-eighths of
the flow under natural conditions. The westward movement
of ground water to Mexicali Valley adjacent to the limi-
trophe section is estimated to have been 36,000 acre-feet in
1960. This estimate is corroborated by an estimate of



GEOHYDROLOGY OF THE YUMA AREA, ARIZONA AND CALIFORNIA

20,000 acre-feet of outflow from Yuma Valley opposite the
limitrophe section plus about 15,000 acre-feet for unac-
counted depletion of the river in the limitrophe section
during periods of low flow. In addition to the outflow from
Yuma Valley to the limitrophe section, 7,250 acre-feet of
ground water moved northward to the Colorado River and
5,000 acre-feet flowed across the southerly international
boundary, making the total ground-water outflow from Yuma
Valley about 33,000 acre-feet.

After 1960 the principal changes in ground-water move-
ment were a moderate increase in the size of the ground-
water mound beneath Yuma Mesa and a lowering of water
levels in Mexicali Valley. Water levels beneath Yuma Mesa
continued to rise until 1962, but subsequent to that year,
water levels northward and westward from the apex of the
mound began a moderate decline, owing to increased pump-
ing for drainage mear the toe of the mesa in Yuma and
South Gila Valleys. However, water levels continued to rise
at greater distances eastward and southward from the apex
of the mound. The generally lower water levels in Mexicali
Valley resulted from the large-scale pumping for irrigation
in that valley. Pumping by private interests for irrigation
on Yuma Mesa, which began in 1962, caused only a moderate
lowering of water levels through 1966.

Average yearly water budgets for the period 1960-63,
inclusive which were prepared for seven subareas designated
for the Yuma area, had a net imbalance of 20,000 acre-feet
out of a total inflow to the subareas of 1,192,000 acre-feet.
The imbalance for individual subareas expressed as a per-
cent of the inflow to the subarea ranged from zero for the
Yuma Mesa subarea to about 7 percent for the Reservation
and Bard subarea. Consumptive use in the subareas is
488,000 acre-feet, or about 40 percent of the total inflow.

A water budget for the entire Yuma area for the 4-year
period 1960-63 shows an imbalance of only 7,000 acre-feet—
an imbalance that is well within the limits of accuracy for
measuring inflow and outflow, each of which exceeds 6
million acre-feet per year.

During the 1950-65 period the average yearly discharge of
ground water to the Colorado River is estimated to have
averaged about 21,000 acre-feet in the reach, Imperial Dam
to Yuma, and 17,000 acre-feet in the reach, Yuma to north-
erly international boundary. For the 4-year period 1960-63,
comparable estimates are 45,000 and 27,000 acre-feet, re-
spectively.

Two electrical analog models of the hydrologic system of
the delta region were constructed during the present inves-
tigation for the purpose of verifying the estimates of
hydrologic parameters that had been made as the result of
geologic and hydrologic studies,

The first model, built in 1964, simulated a single trans-
missive layer connected to a constant-head surface through-
out the flood-plain area in the United States by a vertical-
hydraulic-conductivity parameter. It was abandoned because
satisfactory correlation between model responses and his-
torical changes was not achieved. However, the study did
demonstrate that the model failed to simulate one or more
significant hydrologic parameters beneath Yuma Mesa.

Later, a more sophisticated model was constructed. The
hydrologic system was simulated as a three-dimensional flow
field idealized as two two-dimensional transmissive layers
and two layers of solely vertical flow, one of which served
as the hydraulic connection between the two two-dimensional
transmissive layers and the other as the hydraulic connec-
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tion to constant-head boundaries. This second model incor-
porated the newly discovered hydrologic-barrier effects of
the Algodones fault and satisfactorily reproduced historical
changes in water level.

In the Yuma area, variations in ground-water tempera-
ture are useful in corroborating vertical movement of water
inferred from other evidence. Also, abnormally high tem-
peratures at some places furnish supporting evidence for
the presence of fault barriers or zones of low permeability.
At many places, especially on Yuma Mesa, geothermal gra-
dients have been modified greatly from natural conditions,
owing to vertical movements of ground water induced by
heavy applications of irrigation water or by large-scale
pumping from wells, Faults, such as the Algodones fault and
the inferred buried faults near the west margins of the
Gila Mountains and the “Yuma Hills,”” have produced warm
anomalies which are caused by upward movement of deep
water near the fault barriers. Upward movement of warm
water along the east margin of Yuma Valley has been
accelerated by pumping from drainage wells.

The chemical quality of ground water in the Yuma area
varies markedly, both areally and vertically. Differences in
chemical characteristics of the recharge from several sources
account for part of these variations, but the most important
factors appear to be the chemical changes in the ground
water that take place as a result of such processes as con-
centration by evaporation or evapotranspiration, softening
by ion exchange, precipitation of insoluble carbonates, sul-
fate reduction, and hardening by ion exchange. Other
processes probably include re-solution of precipitated salts,
oxidation of dissolved organic substances, and mixing of
waters of different chemical composition.

It is possible to summarize the chemical characteristics
of the ground water in the area by regarding it as chemi-
cally altered recent Colorado River water, using a hypo-
thetical-model approach in which the river water is assumed
to have been evaporated and subjected to the chemical
processes cited above. Most of the chemical characteristics of
the ground water can be accounted for by these hypotheses,
although not all the ground water is actually derived from
recent Colorado River water. Among the various processes,
concentration by evaporation or evapotranspiration and sul-
fate reduction appear to be especially important at most
places.

The mineral content of the ground water in the coarse-
gravel zone in the South Gila Valley and eastern North Gila
Valley is greater, on the average, than it is in most other
places, the sum of determined constituents generally exceed-
ing 1,800 mg/l. However, information on the preirrigation
chemical quality of the water is lacking, so that it is not
possible to estimated how much of the present salinity has
resulted from long-continued irrigation without drainage.
Most of the water is of the sodium chloride type, and the
proportions of sodium and chloride tend to increase with
increasing dissolved-solids content. Two places, one near the
east end of South Gila Valley, the other near the west end,
have the most concentrated water, the dissolved-solids con-
tent exceeding 3,600 mg/l. The water in the wedge zone is
much fresher than that in the coarse-gravel zone, as it
generally contains substantially less than 1,800 mg/l dis-
solved solids.

In “Bard Valley,” “Laguna Valley,” and western North
Gila Valley the water in the coarse-gravel zone appears to
contain less than 1,800 mg/1 dissolved solids at most places,
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and the water in the wedge zone is even fresher. The upper,
fine-grained zone in these valleys locally contains more highly
mineralized water, especially where the water table is
shallow.

Water-quality variation is not well defined in most of
Yuma Valley because of the sparsity of the data. Variations
in the upper, fine-grained zone and the coarse-gravel zone
appear to be erratic, although the freshest water-—commonly
containing less than 900 mg/l-—occurs near the Colorado
River.

On Yuma Mesa the chemical quality of the ground water
beneath the irrigated area has been affected by infiltrated
Colorado River water, somewhat concentrated by evapo-
transpiration. Sulfate is the major anion in most of this
water. Outside the irrigated area the ratio of chloride to
sulfate is higher, chloride generally exceeding sulfate in
equivalent concentration. The dissolved-solids content of the
water at most places is less than 1,800 mg/l, except in the
area west of the northern Gila Mountains, and beneath the
city of Yuma at the northwest corner of the mesa, where
somewhat brackish water occurs.

Pumping-test data for five Geological Survey test wells
are presented in an appendix. Possible explanations are
offered for some of the observed anomalies. The probable
large differences that may exist between measured drawdown
and drawdown in the aquifers are illustrated by the data
collected using different pumping equipment. The movement
of water between strata is offered as an explanation for
some of the anomalies, The reasons for some of the other
anomalies are not known. The practical value of a deep-
well current meter for determining the rates at which vari-
ous strata yield water when a well is pumped is shown. Its
value in connection with other geophysical logs for disclosing
strata that are still sealed with drilling mud is also indi-
cated.

Soil-moisture data are presented in another appendix. The
relation between counting rate and actual soil moisture of
material in place for use with the neutron probe and access
tubes is difficult to determine for material whose moisture
content is half or more of the moisture content of the ma-
terial when it is saturated. Because of the small variations
in absolute specific gravity of the material for which mois-
ture determinations were made, moisture content of satu-
rated material in place was determined on the basis of the
bulk density of the material and its absolute specific gravity.
The absolute specific gravity of 25 samples of material as
determined in the laboratory ranged from 2.66 for a sandy
loam to 2.81 for a loamy clay. The absolute specific gravity
for 14 samples of sand ranged from 2.66 to 2.70 and aver-
aged 2.68; for five samples of silt, from 2.69 to 2.75 and
average: 2.72; for six samples classified as clay or clayey
silt, from 2.72 to 2.81 and averaged 2.76. The relation be-
tween counting rate and moisture content for moisture con-
tents of more than 10 percent was interpolated between the
relation determined for low moisture content and moisture
content when saturated. The soil-moisture studies indicated
the need for improved methods of constructing access holes,
especially to depths greater than 20 feet. Minor differences
in the relation between counting rate and soil moisture were
found to be due to differences in the construction of the
access holes and in the material used for casing the holes.

INTRODUCTION
LOCATION OF AREA

The area investigated is near the downstream
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end of the Colorado River basin, in one of the
driest desert regions in North America. The south-
western part of the Yuma area is within the Salton
Trough, a lowland extension of the Gulf of Cali-
fornia which includes the delta of the Colorado
River; the northeastern part is in the Sonoran
Desert, a region of barren, low, generally northwest-
ward-trending ranges separated by extensive desert
basins (fig. 1). The city of Yuma, at the confluence
of the Colorado and Gila Rivers, is 70 airline miles
north of the mouth of the Colorado at the Gulf of
California.

HISTORY OF WATER-RESOURCES DEVELOPMENT

The Yuma area is part of a very arid region
where crops are entirely dependent on irrigation
for their water supply. The dry climate, with its
hot summers, mild winters, and practically year-
long growing season, together with the availability
of the Colorado River as a source of water supply,
have encouraged the development of intensive irri-
gated agriculture. Since irrigation began, before the
turn of the century, the acreage under cultivation
has increased so that, by 1966, about 100,000 acres
was being irrigated (fig. 2).

The first irrigation developments were in the
river valleys (flood plains of the Colorado and Gila
Rivers) ; the broad river terrace known as Yuma
Mesa (fig. 6) was developed later—principally after
the end of World War II—when citrus orchards
were planted extensively on the favorable sandy
soils. The Colorado River has been the source of
supply except in the South Gila Valley (fig. 6) and
in small areas in the other valleys and on Yuma
Mesa, where ground water has been developed by
means of wells of generally large capacity.

YUMA VALLEY

The first irrigation in Yuma Valley (fig. 6) began
about 1897. By 1902, four privately owned canal
systems were in operation. In 1904, Congress author-
ized the Yuma Project, the first Federal irrigation
project on the main stem of the Colorado River. At
that time more than 10,000 acre-feet of water was
being diverted annually from the Colorado River
by pumps and gravity for irrigation. However, the
supply was very undependable owing to the large
fluctuations in stage of the river.

Between 1904 and 1912 about 50,000 acre-feet per
year was being pumped from the river to irrigate
Valley Division (Yuma Valley) lands (fig. 2). In
1912 the Colorado River siphon was completed and
thereafter until 1945 water was diverted at Laguna
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Ficurg 1.—Map of the lower Colorado River region showing location of the Yuma area.

Dam (pl. 3), and it flowed by gravity to the lands
of the Valley Division of the Yuma Project.
Continued irrigation resulted in a rise in ground-
water levels and consequent drainage problems;
construction of gravity drainage ditches began in
1916. The system generally was expanded to meet

drainage problems as they arose. The Main Drain
(pl. 3) extending southward down the middle of the
valley carries the drainage to the southerly inter-
national boundary where the boundary pumping
plant (fig. 2) lifts the drainage water 12-15 feet
and discharges it into Mexico.



HS8

WATER RESOURCES OF LOWER COLORADO RIVER-SALTON SEA AREA

30 114°15'

Pilot Knob

32°45' |
\ ~..,. Wl
RN &,

TES rem—— o
UNITED STATES — Algodones

MEXICO /’".‘ Morelos Dam
’// R
T Q}Q‘
BS 0
W A RN
o N e
~ R .
< B-lift pumping plant
N e
"
< Q 4
© N
X ‘
o <
s S
s (/
~
)
30 - .

Mountains and hilis

{
I:l Alluvial escarpment
Irrigated area =
1. Reservation Division —
2. The Island Area of shallow bedrock
3. North Gila Valley Unit allow bedro
4. South Gila Valley Unit =~ — — =——ceeecaaaian
5. Yuma Mesa Division Fault
6. Yuma Auciliary Project Dotted where concealed
7. Valley Division

N
\\\ N

N
NN

[¢] 10 MILES
J

32°1%

The yearly pumpage of drainage water at the
boundary pumping plant at 5-year intervals is listed
in the following table. Much of the increased pump-

FIGURE 2.—Areas irrigated in 1966.

age after 1945 is derived from drainage wells along
the east side of Yuma Valley. The pumpage dis-
charges into the drainage system.
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Drainage water pumped at boundary pumping plant

[ Amounts rounded to nearest 5,000 acre-feet]

Year Amount Amount
1920 20,000 55,000
1925 50,000 90,000
1930 —-—- 45,000 105,000
1935 25,000 135,000
1940 65,000 130,000

Between October 1940 and June 1945 diversion of
water for the Valley Division lands was shifted
from Laguna Dam to Imperial Dam (pl. 8) with its
desilting works and thence into the newly completed
All-American Canal (fig. 2) from which it was
diverted into the Yuma Main Canal (pl. 3). This
conveyance plan has remained in effect to the pres-
ent time.

YUMA MESA

Only a small acreage was irrigated on Yuma Mesa
prior to 1923. Then about 650 acres, an increase of
more than 400 acres over that irrigated in 1922, was
irrigated by lifting Colorado River water at the
B-lift pumping plant (fig. 2) and distributing it to
land east of the plant. This development, known as
the Yuma Auxiliary Project (fig. 2), was authorized
by Congress in 1917. Records of the acreage irri-
gated and the amount of water diverted under this
- project are shown in table 1. The B-lift pumping

TABLE 1.—Irrigated acreage and water diverted to
Yuma Mesa*

[Diversions in thousands of acre-feet]

Yuma Yuma Yuma Mesa
Auxiliary Auxiliary division of Total
Project Project Gila Project

Year Year
Diver- Diver- Acres Diver- Acres Diver-
Acres sions Acres sions sions sions
1922 ___ 220 1 (1943 ___ 1,600 20 200 1 1,800 21
1923 ___ 660 7 11944 ___ 1,500 17 1,000 15 2,500 32
1924 ___ 640 5 (1945 ___ 1,550 20 5,100 55 6,650 75
1925 ___ 540 5 (1946 ___ 2,100 25 5,500 109 7,600 134
1926 ___ 720 3 11947 ___ 1,950 33 5,900 118 17,850 151
1927 . 880 4 (1948 ___ 2,050 34 6,300 124 8,350 158
1928 ___ 1,040 6 |1949 ___ 2,100 33 6,300 99 8,400 132
1929 ___ 1,160 7 (1960 —__ 2,150 31 7,100 104 9,250 135
1930 __. 1,190 9 |1951 ___ 2,150 32 8,200 138 10,350 170
1931 ___ 1,240 8 11952 ___ 2,250 33 10,400 176 12,650 209
1932 .__ 1,260 8 1953 ___ 2,100 32 14,100 195 16,200 227
1933 - 1,240 9 (1954 ___ 2,350 87 14,200 235 16,550 272
1934 __ 1,210 10 19556 —__ 2,500 35 14,600 214 17,100 249
1935 ___ 1,220 10 (1956 _—__ 2,600 37 13,500 196 16,100 233
1936 ___ 1,210 11 (1957 ___ 2,850 36 14,700 187 17,550 222
1937 ___ 1,240 12 (1958 ___ 2,900 37 14,200 208 17,100 245
1938 ___ 1,260 13 |1959 - 2,950 41 17,200 230 20,150 271
1939 - 1,270 13 11960 ___ 2,950 42 16,900 253 19,850 295
1940 —__ 1,250 14 |1961 -__ 3,100 42 16,000 248 19,100 290
1941 ___ 1,250 14 11962 ___ 3,150 45 16,300 282 19,450 327
1942 ___ 1,400 15 1963 ___ 3,150 42 16,600 275 19,750 317
______________ 1964 ___ 3,200 40 17,100 259 20,300 299
______________ 1965 ___ 3,200 36 17,000 229 20,200 265
______________ 1966 ___ 3,300 39 16,800 236 20,100 275

1 Quantities (rounded) obtained from U.S. Bureau of Reclamation yearly
project history reports.

plant was abandoned in July 1953 when water be-
came available to the project from an extension of
the Yuma Mesa Division of the Gila Project.

A substantial increase in irrigated acreage fol-
lowed the initial development work done under the
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Yuma Mesa Division of the Gila Project. Under
this project water diverted at Imperial Dam into
the Gila Gravity Main Canal (pl. 8) is pumped to
the mesa at a point about 9 miles east of Yuma. The
irrigated acreage increased from about 1,000 acres
in 1944 to about 17,000 acres by 1959, after which
it stabilized (table 1).

Because the project lands generally were about
90 feet above the water table when development
began, drainage of these lands was not an immedi-
ate problem. However, the drainage of these lands
was of early concern to the ranchers and farmers of
the Valley Division, who feared that their existing
drainage facilities would be overtaxed by any sub-
stantial increase of inflow from the mesa. Conse-
quently, they immediately began to improve and
augment their drainage system. Additional drain-
age wells were drilled near the foot of the mesa
escarpment to control the rise of water levels in
that area. As a result of this improvement program,
very little, if any, land in the valley was lost to
agriculture because of waterlogging, Several inves-
tigations (p. H16) resulted from the development of
the Yuma Mesa Division of the Gila Project (fig.
2). Most of the studies attempted to determine the
extent of the adverse effect that the mesa develop-
ment had on the valley lands adjacent to the mesa.
Complete agreement as to the extent of the effects
has not yet been reached.

It is generally agreed that two-thirds to three-
fourths of the total of more than 5 million acre-feet
of water imported for irrigation of mesa land from
1922 through 1966 either went into ground-water
storage to build a widespread ground-water mound
or induced ground-water movement in the valley
lands west and north of the mesa. The distribution
of unused irrigation water among these three cate-
gories is also controversial.

OTHER AREAS

The other principal areas where the hydrologic
regimen has changed as a result of development are
the lands of the Reservation Division, the North
Gila Valley Unit of the Yuma Project, and the South
Gila Valley Unit of the Gila Project (fig. 2).

The Reservation Division of the Yuma Project
generally is that part of the Colorado River flood
plain lying north of Yuma and on the right side of
the river or on the right side of an abandoned chan-
nel of the river where the channel formed the west-
ern boundary of The Island (fig. 2). Since the early
1900’s the irrigated acreage has ranged from about
5,000 to about 12,000 acres and has averaged about
9,000 acres. About 10,960 acres was irrigated in
1961.
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A system of drains, begun in 1912, keeps water
levels far enough below the land surface to prevent
waterlogging. Leakage from the All-American
Canal, beginning about 1939, made necessary the
construction of additional drains whose principal
function was to remove this leakage and discharge
it into the river.

The North Gila Valley Unit, now a part of the
Yuma Mesa Division of the Gila Project, lies along
the left side of the Colorado River north of its con-
fluence with the Gila River (fig. 2). This unit, too,
has had a long history of irrigation with Colorado
River water. Since 1955, it has been served from
a turnout on the Gila Gravity Main Canal; before
that time water was diverted from Laguna Dam.
About 6,080 acres was irrigated in 1961.

Water levels rose because of irrigation, so new
drains were constructed to keep the land from be-
coming waterlogged. Leakage from the Gila Gravity
Main Canal, which was completed in 1943, added to
the drainage problems of the eastern part of the
unit.

South Gila Valley lies between Yuma and the
narrows of the Gila River near Dome (fig. 2). It is
bounded on the north by the Colorado and Gila
Rivers and on the south by the Yuma Mesa escarp-
ment. The South Gila Valley Unit is part of the
Yuma Mesa Division of the Gila Project. Until 1965,
irrigation was dependent largely upon pumping
ground water. An exception was the authorization
under the Warren Act of 1947 to divert surface
water from the Gila Gravity Main Canal onto about
850 acres adjoining the canal.

The first irrigation well in the valley was drilled
in 1915. By 1925 about 1,000 acres was being irri-
gated with ground water; by 1943 the acreage had
increased to about 4,500, and by 1948, to almost
9,000 acres. The irrigated acreage increased at a
slower rate through the fifties and the first half of
the sixties, In 1955, 9,700 acres reportedly was irri-
gated with pumped water.

In 1965, surface water from the Colorado River
became available to all the unit. Drainage wells
were installed at the same time to keep water levels
from rising to the point where the agricultural lands
would become waterlogged. A substantial quantity
of ground water continued to be pumped for irri-
gation.

In contrast to all the other areas, ground-water
levels in the developed part of South Gila Valley
declined from the levels of the early 1920’s, which
probably represented natural levels, to the levels of
1946 and 1947, which were 10-15 feet lower. About
1947, levels began to rise, probably owing in part
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to recharge of leakage from the newly completed
Gila Gravity Main Canal and in part to lessened
outflow to Yuma Mesa because of the growing
ground-water mound beneath the mesa.

As the ground-water mound continued to grow,
the historic southward gradient in South Gila Valley
was gradually decreased until in the 1950’s it was
reversed and became northward. Waterlogging of
lands near the mesa was widespread. In 1961 and
1962, nine large-capacity drainage wells were drilled
near the foot of the mesa to reclaim the land that
had become waterlogged and to prevent further
waterlogging as the result of inflow from the mound
beneath Yuma Mesa. The wells were drilled to the
base of the coarse gravel zone, which is about 200
feet below land surface. The system was successful
and was expanded in later years as the need for
more drainage became apparent. Also three supply
wells were drilled to depths of about 600 feet to
obtain water of better quality which was used to
augment the surface supply.

MEXICALI VALLEY

Irrigation with Colorado River water began in
Mexicali Valley (fig. 2) about 1901. In 1915 about
40,000 acres was irrigated out of a total valley area
of some 700,000 acres. By 1925 about 200,000 acres
was irrigated, but in 1932 the total irrigated area
was only 70,000 acres. From this low point the irri-
gated area increased to more than 330,000 acres in
1949, and to about 540,000 acres in 1955.

Realizing that this amount of land would require
water in excess of the 1.5 million acre-feet of Colo-
rado River water guaranteed to Mexico annually
under the treaty of February 3, 1944, the Mexican
Government in late 1955 authorized the drilling of
281 deep wells for augmenting the surface-water
supply. In 1957 the Government authorized the
drilling of an additional 100 irrigation wells. These
wells were in addition to some 230 privately owned
irrigation wells which had been drilled by that time.
Since 1957, the total number of pumped wells has
been limited to 495 upon recommendation of the
Ministry of Hydraulic Resources. Notwithstanding
the increased pumping for irrigation, the total acre-
age irrigated was reduced in the early 1960’s from
the 540,000 acres irrigated in 1955 to about 415,000
acres.

The early history of pumping for irrigation is not
well documented. Most of the wells were drilled by
United States interests to furnish a supplemental
supply to lands normally irrigated with Colorado
River water. Ag early as 1934 a tract of 800 acres
near Algodones (fig. 2), at the northeast corner of
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Mexicali Valley, was receiving a supplemental sup-
ply of ground water.

The history of irrigation pumping can be inferred
from records of well completions. Of more than 140
logs of private wells drilled in Mexicali Valley by
United States drilling firms (made available to the
U.S. Geological Survey by Frank E. Leidendeker of
Yuma), only the logs of three large-capacity irriga-
tion wells showed drilling dates prior to 1950; all
the other logs showed drilling dates from 1950 to
1957, inclusive, the latter being the year when the
well-limiting decree was enacted by the Mexican
Government. Because these logs represent about
half the privately owned irrigation wells in Mexicali
Valley, the completion rate of these wells probably
is indicative of the completion rate of all the pri-
vately owned irrigation wells.

If this is true, and if it is further assumed that
pumpage was proportional to the number of wells
drilled, then from 1930 (the first year of record of
a large-capacity irrigation well, drilled by Mr. Lei-
dendeker’s firm) until 1950 the annual pumpage
for irrigation was small relative to the pumpage
from private wells in 1957—probably ranging from
a few thousand acre-feet in 1930 to a few tens of
thousands of acre-feet a year by 1950. From 1950
to 1956 the pumpage probably increased at an
annual rate of about 25,000 acre-feet to about
200,000 acre-feet annually by 1956. With the begin-
ning of pumping from Government wells in 1956,
the total pumpage increased to about 300,000 acre-
feet annually by the end of 1956. With the installa-
tion of additional Government wells, the pumpage
more than doubled from 1956 to 1957, and thereafter
continued to increase, so that by 1965 the pumpage
amounted to 940,000 acre-feet. (See table below.)

Pumpage (1,000 acre-feet)

Calendar

year Private Government All wells
wells wells
1956 . ____ 200 100 300
1957 _________ *180 * 455 635
1958 __________ 1250 1310 560
1959 . ____ 175 1460 635
1960 o __ +230 * 470 700
1961 _________ 1185 ' 680 865
1962 __________ — ——— 845
1963 - __ ——— R 845
1964 - ________ 225 710 935
1965 . 255 685 940

1 Figure adjusted on basis of ratios of earlier figures of total pumpage
furnished by Mexican Government in 1962 to figures for total pumpage
furnished by Mexican Government in 1966,

According to Paredes (1963) land irrigated prin-
cipally with Colorado River water averaged about
256,000 acres during the period 1961 to 1963, in-
clusive; much of the 1.5 million acre-feet per year
of surface water guaranteed to Mexico under the

1944 treaty was applied to this acreage. This implies
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an average annual diversion rate of 5.9 feet (5.9
acre-ft per acre) for surface water. Paredes (1963)
further estimated that land designated as being irri-
gated principally by water pumped from private
wells averaged about 60,000 acres, and that land
designated as being irrigated principally by water
pumped from Government wells averaged about
100,000 acres. Based on the average total pumpage
for each year of the period, the average rate at
which pumped water was diverted was 5.3 feet. The
average rate of diversion to all the irrigated land
(415,000 acres) was 5.6 feet per year for the years
1961 to 1963, inclusive.

In 1964, approximately 49,000 acres were irri-
gated with water pumped from private wells, and
107,000 acres with water from Government wells;
in 1965, figures for these same categories are 54,000
and 100,000 acres, respectively (Eduardo Arguelles
and Eduardo Paredes, written commun., 1966).

The figures for 1964 and 1965 indicate an average
annual rate of pumpage of 4.7 feet from private
wells and 6.7 feet from Government wells. A similar
lesser rate of pumpage from private wells is_indi-
cated by figures furnished by Paredes (1963); his
data suggest that pumpage from private wells in
the 3-year period ending December 1963 averaged
between 3 and 314 feet annually and that pumpage
from Government wells averaged more than 614
feet annually.

The reason for these apparent differences in with-
drawal rates is not known. Part of the difference
may be due to the fact that a larger percentage of
the pumpage from private wells is basically a sup-
plemental supply than is the pumpage from Govern-
ment wells. Part of the difference also may be due
to pumping some water from Government wells into
canals and transferring it to other areas to supple-
ment supplies on land that is designated as being
irrigated principally with surface water.

OBJECTIVES OF PRESENT INVESTIGATION AND
SCOPE OF REPORT

This report is one of a series of chapters of Geo-
logical Survey Professional Paper 486, on the water
resources of the lower Colorado River-Salton Sea
area. The broad objectives of the study of the Yuma
area were to (1) define the geology sufficiently to
delineate the ground-water reservoir or aquifer sys-
tem, (2) determine the sources of the ground water
and the relations between ground water and surface
water, (3) define the hydrologic characteristics
(transmissivity and storage coefficient) of the aqui-
fer system, (4) determine the movement of ground
water in different parts of the area, (5) calculate
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ground-water budgets for both past and present
conditions, and (6) describe the chemical quality
of the ground water and relate variations in chemi-
cal quality to sources of recharge and to processes
of chemical change.

The report is divided into two principal sections:
The first section describes the geology, with empha-
sis on the younger, water-bearing rocks and de-
posits; the second section describes the various
aspects of the ground-water hydrology enumerated
above. The geology is described in somewhat greater
detail than usual for a report of this type, because
relatively little previous detailed geologic investiga-
tion had been done in the area. Basic data consisting
of well records, well logs, and chemical analyses of
ground water, and detailed descriptions of several
pumping tests and of soil-moisture measurements,
are given in five appendixes at the end of the report.

The investigation, which was under the direction
of C. C. McDonald, project hydrologist, was started
in 1961 by G. E. Hendrickson and carried on from
1962 to 1968 by the present writers. Other members
of the Geological Survey who assisted materially in
the investigation were F. J. Frank, G. R. Vaughan,
R. H. Westphal, and F. L. Doyle. Geophysical work
was done by the Regional Geophysics Branch of the
Survey, under the direction of D. R. Mabey. Assist-
ance in well logging, sample analysis, and shallow
test drilling was provided by the Hydrologic Labora-
tory and the Ground-Water Equipment Pool of the
Survey, both headquartered at Denver, Colo.

METHODS OF INVESTIGATION

The study of the geohydrology of the Yuma area
included geologic mapping, extensive geophysical
exploration and test drilling by the U.S. Geological
Survey and the U.S. Bureau of Reclamation, inven-
tory of existing wells and well records, quantitative
determinations of aquifer characteristics, calcula-
tions of ground-water budgets, and determinations
of the chemical character and temperature of water
in many wells. Major emphasis was placed on study
of the Cenozoic deposits, which contain virtually all
the ground water of usable quality, and on the
delineation of geologic structures that affect the
movement of ground water. Toward the end of the
investigation, an electrical analog model was con-
structed by the Geological Survey which incorpo-
rated an idealized geohydrologic framework based
on the results of the several types of studies. The
various methods of investigation are summarized in
the following paragraphs.

GEOLOGIC MAPPING

The geologic mapping, done chiefly in 1962-65,
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included detailed coverage of the north-central part
of the area: the Laguna Mountains, southeastern
Chocolate Mountains, northern Gila Mountains,
southeastern Cargo Muchacho Mountains, and inter-
vening piedmont, mesa, and valley areas. Some of
this geology is shown on the geologic map of the
Laguna Dam 7146-minute quadrangle (Olmsted,
1972). The Cenozoic geology of the northwestern
Gila Mountains and adjacent piedmont area was
also studied in detail by F. L. Doyle in 1963.

The remainder of the area was covered by a geo-
logic reconnaissance, relying heavily on photogeo-
logic techniques, with field checks along variously
spaced traverses, mostly by vehicle. Reconnaissance
of the southeastern part of the area was done chiefly
by F. J. Frank; that of the northern part, by F. H.

Olmsted.
GEOPHYSICAL EXPLORATION

Geophysical surveys were made beginning in 1963
and continuing into 1967 to obtain subsurface in-
formation in support of the geohydrologic investiga-
tion. The work, which was done by the Regional
Geophysics Branch of the U.S. Geological Survey
under the direction of D. R. Mabey, included: (1)
a gravity survey of about 900 square miles (most of
the area shown on plates 3 and 9), (2) an aeromag-
netic survey of an area of about 300 square miles
in Yuma Valley and western Yuma Mesa, (3) nine
seismic-refraction profiles in the northern part of
the area, and (4) 14 resistivity profiles and lines of
electrical soundings at several places throughout the
area. In addition, four seismic-reflection profiles
were made by a commercial firm under contract to
the U.S. Bureau of Reclamation.

The gravity and magnetic surveys furnished valu-
able information about the gross distribution and
thickness of the Cenozoic sediments forming the
ground-water reservoir. The seismic and resistivity
surveys yielded more detailed information on the
thickness and structure of sediments along local
profiles. Many of the interpretations of the geology
in this report are based in part on the geophysical
data.

TEST DRILLING

Test drilling by the U.S. Geological Survey and
the U.S. Bureau of Reclamation provided the pri-
mary basis for the interpretation of the subsurface
geology and hydrology. For shallow-depth informa-
tion, 134 test holes were bored with a truck-
mounted power auger to depths ranging from 4 feet
to more than 200 feet (fig. 3). Most of these test
holes were completed as observation wells with 11/.-
inch or 114-inch pipes fitted with well points. Simi-
lar shallow wells were installed in the 1940’s and
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topographic maps. The information thus obtained
is summarized in appendix A, tables 16-20; the
locations of the wells are shown on plates 13-17.

QUANTITATIVE DETERMINATIONS OF
AQUIFER CHARACTERISTICS

Transmissivity at specific sites was computed on
the basis of results of short-term pumping tests of
practically all the large-capacity wells in the area.
The tests of private wells commonly were limited
to observing rates of change of water level during
and after pumping periods and to determining spe-
cific capacity (yield per unit of waterlevel draw-
down). Collection of data was limited to the pumped
well because satisfactory observation wells were not
available. Observation wells were utilized, however,
for a few of the large drainage wells owned by the
U.S. Bureau of Reclamation or the Yuma County
Water Users’ Association.

Step-drawdown and recovery tests were made for
all the U.S. Geological Survey test wells that were
pumped, for several U.S. Bureau of Reclamation
drainage wells, and for a few newly drilled private
irrigation wells. In addition to the tests made dur-
ing the present investigation, previous pumping
tests by others were utilized. Especially helpful were
pumping tests made by the U.S. Bureau of Reclama-
tion and by the Yuma County Water Users’ Associa-
tion (Jacob, 1960). Where pumping-test data were
lacking, transmissivity was computed on the basis
of specific capacity or of lithologic logs.

Storage coefficients were determined on the basis
of soil moisture as indicated by a neutron probe.
Soil-moisture profiles which commonly included both
the zone of aeration and the zone of saturation were
obtained at some 30 sites. None of the pumping tests
during the present investigation provided useful
data for computing long-term storage coefficients.
As with transmissivity values, the work of earlier
investigators was utilized in estimating storage co-
efficients. Studies by Jacob (1960) were used as a
basis for estimating storage coefficients under arte-
sian conditions; these studies were also the basis for
estimating values for vertical hydraulic conductiv-
ity and leakage (leakance as defined by Jacob).

CHEMICAL ANALYSES OF GROUND-WATER
SAMPLES
Variations in the chemical quality of the ground
water were determined primarily by comparisons of
analyses of samples obtained during the present in-
vestigation; only a few earlier analyses assembled
from other sources were used. Samples of water
were collected from existing wells equipped with
turbine pumps; from test wells by bailing, airlift
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pumping, or pumping by turbine; and from unused
wells and observation wells by airlift pumping, bail-
ing, or sampling with a thief sampler. Many of the
wells were sampled several times in order to deter-
mine chemical changes occurring with the passage
of time.

Most of the chemical analyses listed in the present
report (appendix C) made in a field laboratory at
Yuma, using rapid analytical methods. A few analy-
ses were made in the U.S. Geological Survey’s per-
manent water-quality laboratory at Albuquerque,
N. Mex., using customary procedures. Most of the
earlier analyses were obtained from the files or
publications of the U.S. Geological Survey, the U.S.
Bureau of Reclamation, other Federal or State
agencies, or individuals. Some of these analyses
were recomputed from originally reported values in
order to agree with the format of the U.S. Geological
Survey analyses.

The analytical data were supplemented by field
observations made with a conductivity meter and
by electric logs of test holes.

MEASUREMENTS OF GROUND-WATER
TEMPERATURE

Temperature of ground water was among the data
collected in the routine inventory of well informa-
tion. After the study was underway, it became ap-
parent that water temperatures furnished useful
evidence on the sources and movement of the ground
water and the nature of the geologic framework
through which it moves. Accordingly, a special study
was made of vertical, and particularly areal, varia-
tions in temperature, using thermistors as well as
maximum thermometers and a standard mercury
thermometer.

ANALOG-MODEL STUDIES

Two electrical analog models of the hydrologic
system of the delta region (including both the Yuma
area and the part of Mexicali Valley where much
ground water is pumped for irrigation) were con-
structed. The first model, begun in 1964, was a rela-
tively simple simulation of the hydrologic system.
In 1966 it was replaced by a more complex model
which took into account the barrier effect of a fault
(Algodones fault) that was not recognized as a
barrier to ground-water movement when the first
model was built. The second model not only repro-
duces in generalized form the present and past
hydrologic conditions but can be used to predict fu-
ture changes in directions and rates of ground-water
movement and changes in water level under various
assumed schemes of ground-water development.
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EARLIER INVESTIGATIONS
GEOLOGIC STUDIES

Previous geologic studies of the Yuma area con-
sisted primarily of regional geologic reconnaissances
by Wilson (1933, 1960) in Arizona and by Morton
(1962) in California; more detailed studies of
smaller areas such as the study of the Cargo Mu-
chacho Mountains by Henshaw (1942), or of special
problems such as the origin of the ‘“Algodones
Dunes” by Norris and Norris (1961) and McCoy,
Nokleberg, and Norris (1967); and geophysical
studies such as those by Biehler, Kovach, and Allen
(1964) in the Salton Trough, and of private oil
companies (unpub. data) in Yuma Valley and adja-
cent parts of Yuma Mesa in connection with wildcat
drilling in search for oil or gas. The earlier geologic
study having the most direct application to ground-
water geology, or geohydrology, is that by R. H.
Brown and others (1956). In a sense, the present
report updates and expands the work of Brown and
others (1956), although some of their geologic inter-
pretations are modified substantially herein.

In addition to the reports and data cited above,
many papers have dealt with the general region that
includes the Yuma area, or have discussed problems
that relate to certain aspects of the local geology.
Among these are papers describing the geology and
geomorphic features of the Salton Trough by J. S.
Brown (1920, 1923), Kniffen (1932), MacDougal
and others (1914) (a particularly exhaustive treat-
ment), McKee (1939), and Sykes (1914, 1937).
Reports describing the sediments of the Colorado
River delta include those by Merriam (1965),
Merriam and Bandy (1965), and van Andel (1964).
The geologic history of the lower Colorado River
has long been a subject of much interest and specu-
lation. A few of the papers discussing this problem
are those by Longwell (1946, 1954), Lovejoy
(1963Db), Cooley and Davidson (1963), and McKee,
Hamblin, and Damon (1968).

Other papers describing previous work are cited
in the section on geology and are listed in the bibli-
ography.

HYDROLOGIC STUDIES

Most of the hydrologic studies have been made for
or by agencies concerned with the management or
use of water. The U.S. Bureau of Reclamation not
only has collected a large amount of hydrologic data
during the years but has made many hydrologic
studies to appraise the results of its management
practices and the probable results of proposed
changes in these practices. The U.S. Bureau of
Reclamation report by Sweet (1952), the report on
on the water supply of the Lower Colorado River
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basin (U.S. Bureau Reclamation, 1953), and the
report on the Lower Colorado River water salvage
and phreatophyte control (U.S. Bureau Reclama-
tion, 1963) were especially helpful in the present
study.

In 1956, the U.S. Geological Survey, as a result
of a recommendation from the Assistant Commis-
sioner of Reclamation to the Secretary of the In-
terior, reviewed the problem of high water levels in
Yuma Valley and studied the need for additional
information to define and control the problem. The
results of that study were reported by R. H. Brown
and others (1956).

As a result of the preceding study, in September
1956 the Secretary of the Interior entered into a
contract with the consulting firm of Tipton and
Kalmbach, Inc., and C. E. Jacob, consultant, which
called for an investigation of the ground-water and
drainage conditions in the Yuma Valley and a study
of the relation between these conditions and the
irrigation on Yuma Mesa. The report of this inves-
tigation (Tipton and Kalmbach, Inc., and Jacob,
1956) was the first attempt to estimate quantita-
ively the underground flow of water from the Yuma
Mesa to the adjacent flood plains.

In 1960, C. E. Jacob, consultant, completed a
study for the Yuma County Water Users’ Associa-
tion (Jacob, 1960) for the purpose of obtaining a
more accurate inventory of water use on Yuma Mesa
and in Yuma Valley and to better evaluate aquifer
characteristics.

In 1966, C. E. Jacob, at the request of the Com-
missioner, United States Section, International
Boundary and Water Commission, made additional
studies of the ground-water regimen of the Yuma
area, which included estimates of the flow of ground
water across international boundaries (Jacob, 1966).
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mation from its files, such as well logs and water-
level records, and the results of hydrologic studies.

Several water-well drilling companies and drillers,
notably Hamilton and Hood, Arizona Machine and
Welding Works, Frank H. Leidendeker, and L. P.
Cromer, provided well logs and other pertinent in-
formation. Many farmers and other landowners gen-
erously permitted access to their lands and wells,
furnished various kinds of information, and cooper-
ated in the scheduling of pumping tests. Information
such as pumping-test data, well logs, chemical data,
and geophysical data was made available from pri-
vate consultants, including C. E. Jacob and Asso-
ciates, General Atomic Division of General Dynamics
Corp., S. F. Turner and Associates, and Water De-
velopment Corp. Radiometric dating of several rock
samples was done by the Geochemistry and Petrol-
ogy Branch of the U.S. Geological Survey; Geochron
Laboratories, Inc., of Cambridge, Mass.; and the
Geochronology Laboratories of the University of
Arizona.

WELL-NUMBERING SYSTEMS

The well-numbering systems used in this report
are based on the rectangular system of land sub-
division used by the U.S. Bureau of Land Manage-
ment. Two systems are used because part of the
Yuma area is in California and part is in Arizona.

In the Arizona system, the wells are assigned
numbers according to their locations in the land
survey based on the Gila and Salt River base line
and meridian which divide the State into four quad-
rants. For assignment of well numbers these quad-
rants are designated counterclockwise by the capital
letters A, B, C, and D; the letter A being the
northeast quadrant. All wells in the Yuma area
are in the southwest quadrant—the C quadrant.
For example, the first well inventoried in the
NE14NE1,SW1/ sec. 35, T. 8 S,, R. 22 W, is given
the number (C-8-22)35caal. The part of the well
number in parentheses indicates the township and
range in the southwest quadrant (T. 8 S., R. 22 W.),
the digits following the parentheses indicate the
section (sec. 85), and the lowercase letters indicate
the location within the section (fig. 5, graph A).
The first letter (c) indicates the 160-acre tract
(SW1j} sec.), the second (a) the 40-acre tract
(NE14SW14 sec.), and the third (a) the 10-acre
tract (NE14,NE1,SW1; sec.). These tracts are
designated counterclockwise beginning in the north-
east quarter (fig. 5, graph A). Where more than
one well is inventoried within a 10-acre tract, the
wells are distinguished by adding consecutive num-
bers beginning with 1 after the lowercase letters.
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In the California system, the wells are assigned
numbers according to their locations in the land
survey based on the San Bernardino base line and
meridian. A modification of the system used by the
California Department of Water Resources and by
the California District of the Water Resources Divi-
sion of the U.S. Geological Survey is employed in
which the 40-acre tracts are further subdivided into
10-acre and 214-acre tracts. For example, the sec-
ond well inventoried in the NE14SW1,SW1,NE1}
gec. 29, T. 16 S., R. 22 E,, is given the number
16S/22E-29Gca2. The part of the well number pre-
ceding the slash (16S) indicates the township (T.
16 S.); the number following the slash indicates
the range (R. 22 E.); the digits following the en
dash indicate the section (sec. 29) ; the letter (G)
following the section number indicates the 40-acre
tract within the section (SW14NE14); and the
lowercase letters (ca) indicate the 10-acre and 2V4-
acre tracts (NE14SW14) according to a subdivision
similar to that used in the Arizona system (fig. 5,
graph B). Within each 2l4-acre tract, the wells are
numbered consecutively starting with 1.

A small area in Arizona west of Yuma and south
of the Colorado River is subdivided according to the
California system. Also, in The Island area north
of Yuma, the California system is used in part of
what is now Arizona, and the Arizona system is
used in part of what is now California. In all these
areas, State boundaries have been changed since
they were originally established.

In addition to the U.S. land-net well-location sys-
tems just described, the location of each well is
described according to a system of grid coordinates
used by the U.S. Bureau of Reclamation. The Bureau
of Reclamation coordinates are based on a zero
point located at the Southern Pacific Co. railroad
bridge across the Colorado River at Yuma. The grid
utilizes section lines of the U.S. Bureau of Land
Management net as mileage increments north or
south and east or west of the zero point. For exam-
ple, well (C-8-22)35caal has the coordinates 214S-
714E, which indicate that the well is half a mile
south of the section line approximately 2 miles south
of the zero point and half a mile east of the section
line approximately 7 miles east of the zero point
(fig. 5). Coordinates for each well are given to the
nearest one-sixteenth of a mile, as measured on
the 1:24,000-scale 7l4-minute series quadrangles
of the U.S. Geological Survey published from 1955
to 1965. In some places these coordinates differ
slightly from those assigned earlier by the U.S.
Bureau of Reclamation using approximate locations
shown on older maps.
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FIGURE 5.—Subdivision of land-net sections for assignment of well numbers and locations of wells by grid coordinates.

REGIONAL SETTING
The Yuma area includes the upstream part of the
delta of the Colorado River, near the downstream

GEOLOGY

GEOMORPHOLOGY States. The

within the

end of the Colorado River basin, within the United
northeastern part of the area lies within
the Sonoran Desert section, the southwestern part
Salton Trough section of the Basin and
Range province, according to the widely adopted
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physiographic (geomorphic) classification of Fen-
neman (1931, 1946). (See fig. 1.)

The Sonoran Desert east of Yuma is character-
ized by generally elongate, low, rugged mountains
separated by much more extensive desert plains.
Many of the mountains trend about north-northwest
(N. 20°-40° W.). The Colorado River flows across
the region in an alternating series of narrow valleys
or canyons through the mountains and much broader
alluvial valleys through the desert plains. The Gila
River, which is the principal southern tributary of
the Colorado River, flows generally west-southwest
across the mountains and desert plains of the
Sonoran Desert to join the Colorado just east of
Yuma.

The southernmost valley in the Yuma area, Yuma
Valley, merges with Mexicali Valley on the west
and southwest, the latter broadens southwestward
to form the present delta plain of the Colorado
River. The delta plain, and some of the low-lying
desert plains to the east, lie within the Salton
Trough, a northwestward lowland extension of the
Gulf of California (fig. 1). The lowest part of the
trough is occupied by Salton Sea, a large saline
lake, the surface of which was about 232 feet below
mean sea level in 1968. The northeast boundary of
the Salton Trough section, where it adjoins the
Sonoran Degert section, is rather vague geomorphic-
ally but may be considered structurally as being
formed by the Algodones fault, the major fault of
the San Andreas system in the Yuma area. The
Salton Trough is bordered on the southwest by the
Lower California (or Lower Californian) province
(Fenneman, 1931, 1946).

CLASSIFICATION OF LANDFORMS

Apart from the regional geomorphic classification
of Fenneman (1931) just described, the landforms
of the Yuma area are divided in this report into
seven major types: (1)mountains and hills, (2) dis-
sected old river deposits, (3) dissected piedmont
slopes, (4) undissected piedmont slopes, (5) river
terraces and mesas, (6) sand dunes, and (7) river
valleys. Each landform type occurs in several sub-
areas shown on the geomorphic map (fig. 6) ; a few
subareas include more than one type of landform.

Several subareas have no formal geographic desig-
nation and are given informal names from some
geographic feature; these informal names are desig-
nated by quotation marks. The term ‘“mesa” has
been given to some of the terraces, and to other
surfaces—some terraced, some not—which stand a
few feet to several tens of feet above adjacent
valleys and plains. Other subareas have been called
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“plains,” and still another, “desert.” This local usage
is carried on in the assignment of informal names
to some of the subareas; the terms have no geo-
morphic significance. Several subareas beyond the
limits of the principal geohydrologic study were not
investigated in detail, and their landforms are
described only briefly.

MOUNTAINS AND HILLS

The mountains and hills are composed of the
older, more consolidated rocks of the region—rocks
of Tertiary and pre-Tertiary age. The higher, more
rugged parts of the ranges consist of dense pre-
Tertiary crystalline rocks, or, in places, of hard
volcanic rocks of Tertiary age. The lower, more
rounded hills are exposures of less consolidated vol-
canic and nonmarine sedimentary rocks of Tertiary
age.

Where the mountains are composed of hard crys-
talline rocks, the topogcaphic contrast between the
mountains and the adjacent desert plains and river
valleys generally is abrupt. Slopes of the hard-rock
exposures are governed by joints and other physical
characteristics of the rocks and are ordinarily much
steeper than the slopes in the adjacent unconsoli-
dated deposits of the plains and valleys. Slopes in
exposures of metamorphic and plutonic rocks aver-
age about 1,000 feet per mile (11°) and locally
exceed 4,000 feet per mile (37°). Geophysical data
indicate that many buried surfaces of the crystalline
rocks are equally steep. Some exposures of hard
volcanic rocks—lava flows and beds of welded
tuff—are even more rugged than those of the crys-
talline rocks; nearly vertical cliffs several hundred
feet in height occur at several places in the volecanic
rocks of the Chocolate and Muggins Mountains.

In contrast, the exposures of slightly to moder-
ately consolidated nonmarine sedimentary rocks and
voleanic rocks of Tertiary age are dissected or
rounded hills of comparatively gentle slope. Instead
of the sharp break in slope characteristic of the
margins of the hard-volcanic-rock and crystalline-
rock masses, a gradual transition from foothills to
piedmont plains oceurs where semiconsolidated non-
marine sedimentary rocks or soft volcanic rocks
(tuff and ash) border unconsolidated alluvial de-
posits. Local relief in exposures of Tertiary sedi-
mentary rocks or soft volcanic rocks rarely exceeds
400 feet, whereas that in exposures of crystalline
rocks or hard volanic rocks commonly is 1,000 feet
or more.

The principal chain of mountains in the Yuma
area comprises the Chocolate, Laguna, Gila, Butler,
and Tinajas Altas Mountains (fig. 6). This chain
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FIGURE 6.-—Geomorphic map of the Yuma area.

trends about N. 35° W.—roughly parallel with sev-
eral other ranges in the Sonoran Desert farther
east and forms the northeastern bedrock border of
the area of the main geohydrologic investigation.
The Chocolate Mountains, structurally and topo-
graphically the most complex of the chain, are
largely a series of southwestward-tilted fault blocks
of exposed Tertiary volcanic rocks. The higher
ridges, which reach altitudes of 1,500 feet in the
southwest part, are capped by flows of basaltic ande-
site or basalt (fig. 7) ; farther east, the lower ridges
are of predominantly more silicic pyroclastic rocks.
Exposures of pre-Tertiary crystalline rocks, not as
extensive as in most of the other mountains of the
Yuma area, are relatively low and are chiefly near

the southeast end of the mountains, adjacent to
Laguna and Imperial Dams. In some of the lower
parts of the Chocolate Mountains, dissected hills
composed of semiconsolidated sedimentary or vol-
canic rocks of Tertiary age merge on one side with
more rugged exposures of hard voleanic or crystal-
line rocks, and on the other side, with more gently
dissected exposures of late Tertiary and Quaternary
alluvial deposits.

The Laguna Mountains occupy a roughly equidi-
mensional area about 6 miles across lying between
the Colorado and Gila Rivers. The rugged northern
and eastern parts of the mountains are underlain
by pre-Tertiary crystalline rocks. The rest of the
exposures are chiefly semiconsolidated, coarse-
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sea level and 120 feet above Yuma Mesa; the north-
ernmost granite outerop, known as Sierra Prieta,
rises to nearly 300 feet above sea level—160 feet
above South Gila Valley to the east and 100 feet
above Yuma Mesa to the west.

The seemingly anomalous present position of the
Colorado River between the northern two outcrops
of Tertiary fanglomerate and breccia probably re-
sults from superposition from a higher level, per-
haps at a time when the flood plain was the present
Yuma Mesa. At that time, the hills 6f Tertiary rock
much have been buried or nearly so. The river pre-
sumably exhumed these older rocks as it cut into
this old flood plain, then backfilled to its present
level. At other times as the river cut down, it flowed
north of its present course; young river deposits
extend from the northernmost hill of Tertiary rocks
about 314 miles northward to the edge of the flood
plain (“Bard Valley”).

The “Boundary Hills” consist of a northwest-
trending small chain of outcrops of pre-Tertiary
crystalline rock (porphyritic granite or quartz mon-
zonite) near the southerly international boundary.
Like the “Yuma Hills,” these low hills are the tops
of a nearly buried ridge projecting only about 100
feet above the adjacent desert plains. The northern-
most and largest of the hills attains an altitude of
529 feet above sea level just north of the interna-
tional boundary; the other hills are in Mexico.

East of the area of principal investigation are
the Middle and Muggins Mountains and the Wellton
Hills. The Middle Mountains are underlain chiefly by
volcanic rocks and are low, rising to a maximum of
about 500 feet above the adjacent desert plains. The
Muggins Mountains, a notable exception to the nar-
row, elongate, north-northwest-trending ranges in
the gsouthwest part of the Sonoran Desert (fig. 6),
are underlain by pre-Tertiary crystalline rocks, hard
volcanic rocks (Tertiary?), and nonmarine sedi-
mentary rocks of Tertiary age. The Wellton Hills
are a small group of northwestward-trending ridges
of gneiss several miles east of the Gila Mountains,
rising a maximum of 600 feet above the Lechu-
guilla Desert.

DISSECTED OLD RIVER DEPOSITS

Somewhat dissected exposures of predominantly
old river alluvium are represented by ‘“Upper
Mesa,” “Proving Ground Dome,” and the central
part of “Laguna Mesa” (fig. 6). The old river de-
posits are at many places blanketed with thin re-
worked deposits left by local ephemeral streams.

The informally named “Upper Mesa,” a generally
westward-sloping area between Yuma Mesa and the
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piedmont surfaces at the west base of the Gila
Mountains, is the largest area of dissected old river
deposits. The materials underlying ‘“Upper Mesa”
are composed of older alluvium of the Colorado and
Gila Rivers and admixed alluvium of local origin.
Near the land surface at many places are reworked
materials deposited by local runoff after heavy
storms and modified by wind erosion and deposition.
A poorly formed desert pavement is preserved on
remnants of some of the older river-formed surfaces
but is lacking in most of the mesa. Parts of the
mesa lie above intervening broad, shallow, stream-
cut depressions, which are mantled with thin de-
posits of windblown sand and sheet-wash sand and
gravel.

The general westward slope of the land surface is
interrupted by a northeast-facing escarpment 50-60
feet in height which traverses “Upper Mesa” from
“Fortuna Dunes” on the southeast to the edge of
Yuma Mesa on the northwest (pl. 1). Southwest of
the escarpment the slope of the disgected surface
is about 40 feet per mile toward the west-south-
west— somewhat steeper than the average slope of
the land surface northeast of the escarpment, which
is about 30 feet per mile. The drainage from the east
is diverted toward the northwest along the foot of
the escarpment-—an obviously anomalous direction
for the mesa as a whole. This unique feature is the
trace of the Algodones fault, described in a later
section (p. H61), an important member of the well-
known San Andreas fault system.

“Proving Ground Dome,” partly encloged within
the southern part of “Middle Mountains Plain” in
the northeastern part of the Yuma area, is a low
dome-shaped hill, roughly ellipsoidal in plan, about
414 miles long by 2 miles wide. The summit of the
hill is 562 feet above sea level, about 100 feet above
“Middle Mountains Plain.” “Proving Ground Dome”
probably is primarily an erosional feature, a rem-
nant of once more extensive Colorado River allu-
vium which filled the area to a level somewhat higher
than the present summit of the dome. (The altitude
and form of the dome may result in part from
warping, however.) The dome is similar in origin
and form to classic desert domes (for example, see
Sharp, 1957) ; but, unlike most desert domes, it is
formed on unconsolidated sand, silt, and gravel,
rather than on consolidated rocks. Desert pavement,
like that on adjacent “Middle Mountains Plain,” is
absent; instead, a thin colluvium of pebbly sand and
silt and eolian sand blankets most of the dome.

“Laguna Mesa,” which is south of ‘“Proving
Ground Dome,” also includes dissected exposures of
old river deposits. The mesa is a broad arch sloping
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westward toward the Colorado River flood plain
(“Laguna Valley”) and eastward toward Castle
Dome Plain from a central area 320-340 feet above
sea level,

DISSECTED PIEDMONT SLOPES

The third and fourth types of landforms in the
Yuma area, which occur along the margins of the
mountaing and hills, are dissected and undissected
piedmont slopes. In places, one type grades into the
other, but in general, the dissected piedmont slopes
represent areas where erosion is the dominant
process today and probably has been dominant for
at least the past several thousand years. In contrast,
undissected piedmont slopes represent areas where
either deposition is occurring or a rough balance
exists between erosion and deposition.

Many of the dissected piedmont slopes could be
classified as dissected pediments under the broad
meaning of the term ‘“pediment.” However, unlike
classic pediments in desert regions, the surfaces are
cut chiefly on unconsolidated to semiconsolidated
alluvium rather than on consolidated bedrock. The
deposits, chiefly coarse grained older alluvium of
local origin, are generally mantled with thin stream-
terrace and piedmont deposits (gravel).

The dissected piedmont slopes occur in ‘“Picacho
Mesa,” “Senator Mesa,” Middle Mountains Plain,”
Castle Dome Plain, “Gila Mesa,” and “Ligurta
Mesa” and in parts of Pilot Knob Mesa and “Laguna
Mesa” (fig. 6). In all these subareas, desert pave-
ment is generally conspicuous on the broad gravel
surfaces and also conspicuous on the narrow terraces
below the main piedmont levels. Several piedmont
levels are present at most places. The most extensive
of these appears to be graded to the level of Yuma
Mesa. The narrow terraces are not paired, are gen-
erally adjacent to present washes, and represent
abandoned washes left behind as the ephemeral
streams cut down to their present levels.

“Picacho Mesa,” the broad piedmont between the
Cargo Muchacho Mountains and the Chocolate
Mountains, is drained by subparallel southeast- to
south-trending washes, of which Picacho Wash near
the center of the area is the largest. The floors of
the washes are incised as much as 80 feet below the
adjacent piedmont surfaces near the Colorado River
flood plain (“Bard Valley”), but the depths of in-
cision become progressively less toward the north-
west (fig. 8). The average slope of the piedmont
surface is about 50 to 60 feet per mile. Near its
north end, “Picacho Mesa” becomes more intricately
dissected and merges gradually with low, hilly ex-
posures of conglomerate of the Chocolate Mountains
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and nonmarine sedimentary rocks along the south-
west flank of the Chocolate Mountains.

“Senator Mesa,” on the east side of the Choco-
late Mountains, comprises several piedmont and
terrace levels, all sloping about 70-120 feet per mile
toward the east and southeast. The underlying ma-
terials are alluvial gravel deposits of local deriva-
tion which thin eastward and southeastward, where
they overlie relatively fine grained older Colorado
River alluvium.

“Middle Mountains Plain” and the western mar-
gin of “Laguna Mesa” are similar in most respects
to “Senator Mesa,” except that the piedmont sur-
faces and terraces slope westward rather than
eastward or southeastward and generally are not
quite as deeply incised as in “Senator Mesa.” Aver-
age slopes of “Middle Mountains Plain” range from
more than 100 feet per mile at the foot of Middle
Mountains to about 60 feet per mile near the Colo-
rado River.

Castle Dome Plain, a gently sloping desert surface
traversed by a network of shallow washes, slopes
southwestward at gradients ranging from 100 feet
per mile in the northeast to 45 feet per mile in the
southwest. Dark-brown desert pavement is well de-
veloped on the surfaces between the present washes,
which are generally incised only a few inches to 4
feet below the pavement surfaces, except in the east-
ern part of the plain, where depth of incision is
locally as much as 40 feet. Much of Castle Dome
plain is in some respects transitional between the
relatively undissected and the dissected piedmont
slopes. The chief difference between Castle Dome
Plain and the Lechuguilla Desert farther south is
the absence of dark desert pavement in the latter
area.

“Gila Mesa” and its homolog on the east side of
the Gila Mountains, “Ligurta Mesa,” include some
of the steepest and most deeply dissected piedmont
slopes in the Yuma area. Slopes of desert pavement
surfaces in the “Ligurta Mesa” area range from
160 feet per mile (1°45’) near the mountainsg to
about 100 feet per mile (1°05’) at the lower ends.
In “Gila Mesa,” slopes are somewhat flatter (55—
120 feet per mile). Both areas contain deeply dis-
sected older alluvial deposits of local origin on
which desert pavement is generally lacking (fig. 9).
Slopes of ridges in these exposures are as much as
300-350 feet per mile, and near the mountains some
of the present washes are incised as much as 150
feet below the ridges.

UNDISSECTED PIEDMONT SLOPES

The undissected piedmont slopes are distinguished
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fill probably thins upstream toward Imperial Dam.
Most of “Laguna Valley” is occupied by phreato-
phytes and hydrophytes, and much is covered by
shallow water. Mittry Lake (pl. 3) at the southeast
edge of the valley is the largest water body.

The flood plain of the Gila River between the
town of Wellton (pl. 3) and the site of Mohawk 25
miles to the east is usually referred to as the
Wellton-Mohawk Valley. The present channel of the
Gila River follows a somewhat meandering course
down the valley, which ranges in width from 2 to
4 miles within the area shown in figure 6. The flood
plain is bounded by higher lands underlain by older,
dissected alluvial deposits. Within the area shown
in figure 6, the Wellton-Mohawk Valley slopes west-
ward from an altitude of 255 feet above sea level to
205 feet above sea level in a distance of about 14
miles—an average gradient of about 314 feet per
mile. Like most of the other valleys in the Yuma
area, nearly all the area is presently irrigated.

The flood plain of the Gila River between the
North and South Gila Valleys and the Wellton-
Mohawk Valley is referred to locally as Dome Valley.
Dome Valley is somewhat narrower than Wellton-
Mohawk Valley and ranges in width from 3 miles
near its upper end to less than 1 mile at the lower
end, where the Gila River flows between the Gila
and Laguna Mountains. The average altitude of the
flood plain decreases from 205 feet above sea level
at the upper end to 150 feet above sea level at the
lower end, in a distance of 15 miles. This gradient—
324 feet per mile—is slightly steeper than that of
the lower end of Wellton-Mohawk Valley to the east.

The part of the valley of the Colorado River in
California downstream from Laguna Dam is in-
formally designated “Bard Valley” from the com-
munity of Bard in the upper part of the valley
(pl. 3). “Bard Valley” is a broad, flat area, the
southeastern part of which was traversed by a
meander loop of the Colorado River within historic
time. The abandoned meander is now occupied by
two oxbow lakes: Haughtelin Lake (pl. 3) and Bard
Lake about a mile to the east. Until August 1966,
the meander channel formed the disputed boundary
between California and Arizona. The area between
the present channel of the Colorado River and the
abandoned meander is known as The Island. The
eastern part of The Island and the adjacent area
to the east is covered by a thin sheet of windblown
sand and a few low dunes (not shown in fig. 6 but
shown on pl. 3).

“Bard Valley” is an unusually flat segment of the
Colorado River flood plain. It slopes southwestward
from about 140 feet above sea level at Laguna Dam
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to 125 feet above sea level along the Colorado River
west of Yuma—an average gradient of about 11%
feet per mile. The reason for the anomalously flat
gradient is not fully understood; the presence of
the nearly buried bedrock ridge (*Yuma Hills”)
near the downstream end of the valley may be a
contributing factor.

The North Gila Valley is an L-shaped flood-plain
area downstream from Laguna Dam, bounded on
the east and north by the Laguna Mountains, on the
west by the Colorado River, and on the south by the
Gila River. The northern arm of the L is thus the
eastern part of the Colorado River flood plain above
the confluence of the Gila River; the eastern arm is
the northern part of the lower Gila River flood plain.
The northern arm is nearly flat, but the eastern arm
slopes westward from 160 feet above sea level to
135 feet above sea level at the confluence of the
Colorado and Gila Rivers—a gradient of 373 feet
per mile,

The South Gila Valley is south of the Gila River
and of the Colorado River below the mouth of the
Gila River. It extends westward from the Gila
Mountains to the nearly buried “Yuma Hills.” The
valley is about 12 miles long by 2 miles wide and
slopes westward at an average gradient of about 3
feet per mile. The valley surface is not perfectly
flat but consists of a series of low terraces decreas-
ing in altitude northward toward the Gila River.
(Similar terraces occur on the north side of the
Gila River in North Gila Valley.) Old meander
scars mark the edge of these terraces, the lowest of
which is 10-15 feet below the southern margin of
the flood plain. In places the form and outline of
the terraces have been modified greatly by land
leveling for farming and roadbuilding.

The flood plain east of the Colorado River down-
stream from Yuma is called the Yuma Valley. Yuma
Valley is about 19 miles long by 2-9 miles wide. It
slopes south-southwestward from 125 feet above sea
level west of Yuma to 90 feet above sea level at the
southerly international boundary—an average gra-
dient of 1.8 feet per mile.

Small, sinuous sand dunes 5-20 feet high are
scattered throughout the central and eastern parts
of the valley; these dunes have formed on the lee-
ward (southeast) side of abandoned meanders.
Many of these old meander scars can be discerned
from the air, even where the land has been farmed
intensively for several decades. The soil is sandier
and of a lighter color in the old channels than in
the adiacent flood plain. The Yuma Main Drain, the
principal surface drain in the valley, occupies an old
river channel along most of its length.
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The present channel of the Colorado River is
15-20 feet below the adjacent flood plain. Much of
this cutting occurred since the construction of the
upstream dams and the desilting works at Imperial
Dam in the 1930’s and 1940’s, when the sediment
load of the river decreased markedly. (See fig. 26.)
The terraces along the Gila River in the South and
North Gila Valleys may reflect the recent degrada-
tion by the Colorado River below Yuma.

The Mexican part of the flood plain of the Colo-
rado River downstream from Pilot Knob is gen-
erally called the Mexicali Valley. Mexicali Valley
widens toward the south and west; together with
Yuma Valley, it forms part of the delta of the Colo-
rado River. The surface form of the delta is that of
a large, flat fan having its apex near Pilot Knob
and Yuma. The axis trends west-southwestward
toward the Cucupas Mountains in Baja California;
south of the axis, the surface slopes gradually
toward the Gulf of California; to the north, toward
the Salton Sea. The lowest point on the axis of the
delta, near the Cucupas Mountains, is about 47 feet
above sea level (Arnal, 1961). At times during the
Holocene and latest Pleistocene, the Colorado River
flowed westward rather than southward and main-
tained large fresh-water lakes about 42-48 feet
above sea level north of the delta axis.

The average land-surface gradient along the east
side of Mexicali Valley from Pilot Knob to the head
of tidewater (Gulf of California) is about 2.2 feet
per mile. The river has wandered back and forth
across the valley frequently in historie time; be-
cause of its meandering course, the gradient of the
river itself has averaged only about 1 foot per mile
in this reach.

STRATIGRAPHY
CLASSIFICATION OF ROCKS

The geologic materials of the Yuma area range
from hard, dense crystalline rocks, such as gneiss,
schist, and granite, to unconsolidated alluvium and
windblown sand. For the purposes of this report
these materials are grouped in 10 generalized strati-
graphic units. The inferred stratigraphic relations
of these units are shown in figure 11, the extent of
their outcrops on plate 3, and their probable subsur-
face extent and configuration on plate 10.

The oldest unit—the crystalline rocks—is sepa-
rated from the overlying units by a major uncon-
formity (nonconformity); less significant uncon-
formities are present throughout the Tertiary and
Quaternary units. The amount of deformation of
the various units decreases with decreasing age.
Deposits younger than the nonmarine sedimentary
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rocks and older marine sedimentary rocks of Ter-
tiary age are only broadly warped and locally
faulted.

The only fossils diagnostic as to age found within
the area mapped in the present investigation were
some bones of Equus sp. (a horse) and Odocoileus
sp. (a deer) reported by Bryan (1923, p. 30-31)
from a terrace near Ligurta (pl. 3). The bones indi-
cate a Pleistocene age for the enclosing deposits of
older alluvium. Lower Miocene vertebrate fossils
have been reported from a locality about 10 miles
east of the mapped area, in the eastern Muggins
Mountains (Lance and Wood, 1958; Lance, 1960).
In addition to the scanty fossil data, several radio-
metric dates have been obtained for material col-
lected in the Yuma area and, together with inferred
correlations with units in adjacent regions, have
been used to establish the general stratigraphic
sequence.

Most of the stratigraphic units (fig. 11 and pls.
3, 10) are useful subdivisions of the ground-water
reservoir for deseribing the occurrence and move-
ment of ground water. However, beneath the river
valleys and Yuma Mesa, the alluvial and minor
windblown deposits are subdivided into zones that
differ in part from the stratigraphic units, as is
explained in the section of the report on occurrence
of ground water. The different geohydrologic clas-
sification of these deposits is required because the
boundaries of the water-bearing zones cross the
stratigraphic boundaries.

CRYSTALLINE ROCKS (PRE-TERTIARY)

Crystalline rocks of pre-Tertiary age form a
large part of the mountains and underlie the Ter-
tiary and Quaternary rocks throughout the area.
The crystalline rocks comprise a wide variety of
metamorphic and plutonic rocks. For the purposes
of this report all these rocks are grouped in one
unit, as they are uniformly devoid of sizable sup-
plies of ground water.

The metamorphic rocks range from weakly meta-
morphosed sedimentary and volecanic rocks to
strongly metamorphosed gneiss and schist. In the
Cargo Muchacho Mountains, Henshaw (1942) di-
vided the metamorphic rocks into two formations:
the Vitrefrax Formation, composed of quartzite,
quartz-sericite schist, kyanite-quartz-sericite schist,
sericite schist, biotite-hornblende schist, and a few
other less extensive types; and the Tumeco Forma-
tion, composed largely of feldspar-quartz-biotite-
hornblende rock, hornblende schist, and metamor-
phosed arkose.

Elsewhere in the Yuma area, the metamorphic
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rocks have not been named, although they have been
described in a general way by Wilson (1933) in the
Laguna, Gila, Butler, and Tinajas Altas Mountains,
and they have been examined briefly in the Choco-
late Mountains by F. H. Olmsted. The most exten-
sive types in all these mountains are various kinds
of biotite-bearing and hornblende-bearing gneiss,
some of which is migmatitic and highly contorted.
At the north end of the Gila Mountains, crystalline
limestone, not known elsewhere in the Yuma area,
is intercalated with schist. Gneiss of granitic to
quartz monzonitic composition is abundant in the
eastern Laguna Mountains; some of this rock ap-
pears to grade into porphyritic granite and quartz
monzonite of probable plutonic origin.

In the Chocolate Mountains, a suite of weakly
metamorphosed rocks includes slate and phyllite of
epiclastic and probable pyroclastic origin, sheared
sandstone and arkose, metaconglomerate, sheared
tuff breccia, and greenstone derived from mafic lava
flows and shallow intrusive bodies. These rocks are
similar to the McCoy Mountains Formation of Miller
(1944) farther north, with which they may be at
least in part correlative. Also present in the Choco-
late Mountains are several types of schist similar
to the Orocopia Schist of Miller (1944) in the Oro-
copia Mountains to the northwest.

The plutonic rocks include a wide variety of types,
although quartz monzonite and granite are the most
extensive. Other plutonic rocks include granodiorite,
quartz diorite, diorite, and gabbro. Dikes of aplite,
alaskite, pegmatite, and various fine-grained dark
rocks, of which distinctive dark-green altered dia-
base and basalt are most conspicuous, are abundant
at many places.

Most of the plutonic rocks clearly intrude meta-
morphic rocks, but in places the relations of the two
types are gradational. For example, in the Cargo
Muchacho Mountains, some of the granite appears
to grade into meta-arkose, from which it may have
been derived (Henshaw, 1942); the gradational
relations of some of the gneiss and the porphyritic
granite and quartz monzonite in the Laguna Moun-
tains were cited above.

The ages of most of the metamorphic and plutonic
rocks in the Yuma area have not been established,
although all these rocks appear to be no younger
than the Laramide orogeny, which took place dur-
ing the Late Cretaceous and the early Tertiary
(Damon and Mauger, 1966). Some of the youngest
plutonic and dike rocks might be of Tertiary age
(Wilson, 1933, p. 185; 1960). For convenience,
these rocks are grouped with the pre-Tertiary crys-
talline rocks in this report.
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Ironically, the only two radiometric dates, which
are for a coarse porphyritic quartz monzonite in
Yuma, are widely disparate. Wasserburg and Lan-
phere (1965) report a rubidium-strontium age of 73
million years for the biotite in a sample obtained
in the Highway 95 cut just east of the railroad over-
pass in Yuma. However, L. T. Silver (written
commun., 1968) obtained a uranium-lead age of
1,440 million years for crystals of zircon in the same
rock. The zircon age (Precambrian) presumably
indicates the time of original crystallization; the
biotite age (Late Cretaceous) may reflect a Lara-
mide metamorphic event.

The dated porphyritic quartz monzonite is wide-
spread in the Yuma area and makes up almost all
the detritus in some of the breccia and conglomerate
of Tertiary age described in a later section (p. H33).
The rock is generally coarse grained, contains ovoid
to irregular phenocrysts (or porphyroblasts) of
white to pale-pink microcline as much as 50 mm
(millimeters) in diameter, and smaller grains of
plagioclase, quartz, biotite, and minor accessory min-
erals (chiefly magnetite and zircon). In places the
rock is gneissose, and in ancient (pre-Laramide)
fault and shear zones it is schistose and locally my-
lonitic. It is cut by younger plutonic and dike rocks
whose ages are unknown, The porphyritic quartz
monzonite grades into porphyritic granite and has
been found in almost all wells that penetrate the
pre-Tertiary crystalline rocks in the Yuma area.

NONMARINE SEDIMENTARY ROCKS (TERTIARY)

Unconformably overlying the crystalline rocks of
pre-Tertiary age is a suite of sedimentary rocks and
associated volcanic rocks of Tertiary age. This suite
comprises several mappable units, all of which ap-
pear to have been deposited before the Colorado
River entered the Yuma area. For convenience, all
the predominantly nonmarine sedimentary rocks,
except conglomerate of volecanic composition in the
Chocolate Mountains are included in one major
unit, the volcanic rocks in another. Marine sedi-
mentary rocks of Tertiary age comprise two addi-
tional units; the younger marine unit is overlain
by a transition zone of marine and nonmarine de-
posits of late Tertiary age (fig. 11). All these other
units are discussed in a later section.

The nonmarine sedimentary rocks consist of
strongly to weakly indurated clastic rocks ranging
from mudstone and shale, in part of lacustrine ori-
gin, to megabreccia and boulder conglomerate.
Fanglomerate is most abundant, at least in the out-
crop areas. Detailed mapping done during the pres-
ent investigation resulted in the delineation of
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tains (pl. 4) has been dated by the potassium-argon
method as 23+2 million years (U.S. Geological Sur-
vey, written commun. 1963). (See table 2.) If the
apparent age is correct, the ash and the enclosing
fanglomerate can be assigned an early Miocene age
according to the widely accepted time scales of
Holmes (1960) and Kulp (1961).

Beds similar to those in the lower member of the
Kinter Formation and also resembling some of the
underlying red beds occur in the Muggins Moun-
tains 10-20 miles east of the Laguna and northern
Gila Mountains. Lance and Wood (1958) assigned
an early Miocene age to camel teeth from the Mug-
gins Mountains beds; in a subsequent paper, Lance
(1960, p. 156) stated that the fossils are “certainly
no older than Upper Oligocene or younger than
Middle Miocene.” P. E. Damon (written commun.,
1968) reports a potassium-argon age of 21.9+0.9
m.y. (million years) for biotite in a tuff determined
by F. H. Olmsted to be 350-400 feet stratigraphically
below the fossiliferous bed; this corresponds to a
late Arikaree age according to the Cenozoic mam-
malian chronology of Evernden and James (1964),
which supports the interpretations of Lance and
Wood (1958) and Lance (1960).

The Bouse Formation, which unconformably over-
lies the Kinter Formation, is considered to be Plio-
cene (p. H44). The volcanic rocks underlying the
Kinter in the Chocolate and Laguna Mountains have
yielded potassium-argon dates ranging from about
25 to 26 m.y. (table 2).

All the evidence cited above suggests a Miocene
age for the Kinter Formation. The probable time
equivalent of the Kinter in the western Salton
Trough is the Split Mountain Formation of Tarbet
and Holman (1944), a predominantly nonmarine
fanglomerate and sandstone containing intercalated
marine sandstone and shale. Marine beds have not
been definitely identified in the Kinter Formation
in the Yuma area, although in the subsurface the
older marine sedimentary rocks underlying the
Bouse Formation may be at least in part contempo-
rary with the Kinter (fig. 11).

OTHER NONMARINE SEDIMENTARY ROCKS

In addition to the units described above, unnamed
nonmarine sedimentary rocks of probable Tertiary
age—chiefly coarse breccia and conglomerate—
occur in the east-central Cargo Muchacho Moun-
tains and at scattered localities in the Gila Moun-
tains. The stratigraphic assignment of these de-
posits is uncertain. In the Cargo Muchacho Moun-
aing, coarse, loosely indurated conglomerate under-
lies basalt or basaltic andesite of uncertain age and
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alluvium of probable Quaternary age and uncon-
formably overlies crystalline rocks of pre-Tertiary
age. In the Gila Mountains, similar coarse deposits
composed of detritus similar to nearby exposed
crystalline rocks unconformably rest on the crys-
talline rocks and are overlain unconformably by
coarse alluvial-fan deposits of probable Quaternary
age.
VOLCANIC ROCKS (TERTIARY)

Volcanism took place intermittently throughout
much of the time the nonmarine sediments of Ter-
tiary age were accumulating. The volcanie activity
was most extensive after the deposition of the red
beds, breccia, and conglomerate and before that of
the Kinter Formation and the unnamed conglomer-
ate of the Chocolate Mountains. The thickest accu-
mulation of these volcanic rocks within the area
mapped (pl. 3) is in the Chocolate Mountains; far-
ther southeast, in the Laguna Mountains, the vol-
canic sequence is much thinner. Comparatively thick
sections of volcanic rocks occur outside the mapped
area, in the Muggins Mountains, Castle Dome Moun-
taing, Middle Mountains, and several other ranges
east and northeast of the Yuma area, but some of
these rocks may be older than middle Tertiary.

OLDER ANDESITE

The oldest rocks in the main voleanic sequence
are exposed chiefly in the easternmost part of the
Chocolate Mountains near the Colorado River and
in the adjacent area across the river in Arizona.
These rocks consist of flows, pumiceous tuff, and
some shallow intrusive bodies, agglomerate, and
flow breccia, all apparently of andesitic composition.
The flows are dull gray to dull red, are cut by closely
spaced irregular fractures, and lack pronounced
flow banding or other primary structures. Most of
the flows are very fine grained and partly glassy;
small phenocrysts of plagioclase, pyroxene, or horn-
blende are present but not abundant. The tuff is
light gray, soft, and pumiceous and contains scat-
tered crystals of biotite, hornblende, pyroxene
(mostly augite), and plagioclase, as well as scat-
tered fragments of fine-grained andesite and abun-
dant glass shards. The thickness of this sequence of
andesitic flows and tuffs is difficult to estimate but
is probably less than 1,000 feet.

PYROCLASTIC ROCKS OF SILICIC TO INTERMEDIATE
COMPOSITION

Predominantly pyroclastic rocks overlie the older
andesite in the eastern Chocolate Mountains, in
places unconformably. These younger rocks range
from light-colored soft, pumiceous ash-full tuff to
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red densely welded ash-flow tuff (ignimbrite). Sev-
eral beds of water-laid tuff and tuff breccia also are
present. A few flows of light- to medium-gray ande-
site or dacite occur in the upper part of the sequence
near Picacho Peak. A hard pink trachyte is reported
at Senator Wash about 2 miles northwest of Im-
perial Dam (U.S. Bureau of Reclamation, written
commun., 1963). Associated with these rocks are
widely scattered dikes and, near Picacho Peak, a
circular vent filled with a dull-gray-aphanitic rock
(probably welded tuff).

The softer beds of tuff form valleys, commonly
mantled with thin gravel deposits of Quaternary
age; the more resistant beds of welded tuff and the
flows form ridges. The valleys and ridges are gen-
erally oriented northwest, parallel with the strike
of the beds.

The tuffs, both welded and nonwelded, are com-
posed chiefly of glass shards, with scattered crystals
and small fragments of fine-grained to glassy vol-
canic rocks. The low refractive indices of the glass
and the abundance of biotite, sanidine, and quartz in
some of the tuffs indicate probable rhyolitic or
rhyodacitic (quartz-latitic) composition. Other tuffs
contain more plagioclase, little or no sanidine and
quartz, and augite or hornblende rather than biotite
as the chief ferromagnesian constituent; these rocks
probably are of andesitic or dacitic composition.

The predominantly pyroclastic sequence appears
to reach a maximum thickness of about 1,500 feet
in the eastern Chocolate Mountains, although un-
known displacements on poorly exposed faults make
this estimate somewhat uncertain. A section about
1,100-1,200 feet thick was observed in upper Sena-
tor Wash, but the base is not exposed at this locality.

In the Laguna Mountains the older andesite is
missing, and the younger pyroclastic rocks are much
thinner than they are in the Chocolate Mountains.
The pyroclastic rocks are chiefly welded to non-
welded ash flows locally containing a small amount
of black vitrophyre in the basal part. The sequence
ranges in thickness from a few feet in the southern
part of the mountains, northwest of MecPhaul
Bridge, to nearly 400 feet in the northern part, east
of Laguna Dam. The pyroclastic rocks overlie
coarse breccia and conglomerate with angular un-
conformity and are overlain by the Kinter Forma-
tion without significant angular discordance.

BASALTIC ANDESITE OR BASALT OF CHOCOLATE MOUNTAINS

The most prominent ridges in the southeastern
Chocolate Mountains are formed of dark basaltic
andesite or basalt (fig. 7). This rock comprises sev-
eral distinct flows or flow units, some of which are
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brecciated, probably from flowage after the lava
had begun to solidify. Most of the rock is medium
gray to dark brownish gray, is more or less vesicu-
lar, and on weathered surfaces is coated with dark-
brown desert varnish. It breaks up into small-
boulder-sized subangular fragments but on the whole
is very resistant to erosion and forms long, promi-
nent ridges.

The rock typically has a groundmass composed
of tiny laths of plagioclase and pyroxene (chiefly
augite) and some brownish glass and opaque grains
(probably magnetite), and it contains scattered
phenocrysts of olivine (partly altered to iddingsite),
augite, and plagioclase (labradorite). The potassium
content of 1.4 percent, determined in a potassium-
argon analysis for dating (Geochron Laboratories,
written commun., 1963), is considerably higher than
that in most basalt (Nockolds and Allen, 1954) and
suggests that the rock is more likely a basaltic ande-
site or potassic basalt rather than a normal basalt.

The flows of basaltic andesite or basalt overlie
coarse breccia and conglomerate with angular dis-
cordance and locally rest unconformably on the
older andesitic sequence. At a few places the ba-
saltic andesite or basalt is overlain by tuff of silicic
to intermediate composition, but most contacts of
these two rocks are faults; their age relations are
therefore uncertain. The maximum exposed thick-
ness of the basaltic andesite or basalt in the south-
eastern Chocolate Mountains is about 1,000 feet.

FLOWS AND VENT TUFF OF LAGUNR MOUNTAINS

Flows and vent tuff of uncertain stratigraphic
position oceur at a few scattered localities in the
Laguna Mountains. A sizable exposure of very fine
grained rocks of undertermined composition occurs
near the west margin of the mountains, south of
Laguna Dam. The concentric, steeply dipping struc-
ture of the rocks in this exposure suggests an
eroded volcanic neck or plug. The neck or plug
appears to be capped by remnants of flows that
issued from the central part.

Other small remnants of flows or possibly shallow
intrusive bodies occur at several scattered localities
in the southern Laguna Mountains. The relations of
these rocks to the other volcanic rocks in the area
are not known.

BASALT OR BASALTIC ANDESITE OF UNKNOWN AGE
Basalt or basaltic andesite of unknown age and
stratigraphic position occurs at several localities
scattered throughout the Yuma area. All the masses
are small, and one was penetrated in U.S. Bureau
of Reclamation test well CH-8 about 2 miles north
of Yuma—the only known subsurface occurrence of



GEOHYDROLOGY OF THE YUMA AREA, ARIZONA AND CALIFORNIA

volcanic rock in the Yuma area. Four of the expo-
sures are in the northwestern part of the area: two
on the east flank of the Cargo Muchacho Mountains,
one on the west flank of those mountains, and one
in the Ogilby Hills. A fifth exposure occurs at Raven
Butte on the east flank of the Tinajas Altas Moun-
tains in the southeastern part of the area. The ex-
posed bodies are either flat lying or gently tilted.
The overlie crystalline rocks of pre-Tertiary age or,
in places, conglomerate of uncertain age. The basalt
penetrated in the well 2 miles north of Yuma is
overlain by possibly a few feet of the Bouse Forma-
tion and then by alluvium of the Colorado River.

AGE OF VOLCANIC ROCKS

The main masses of volcanic rocks in the Choco-
late and Laguna Mountains have been dated with
reasonable certainty by the potassium-argon method.
The results of the determinations for five samples,
and for a sixth sample from an ash bed in the over-
lying Kinter Formation, are given in table 2. The
samples are listed in approximate stratigraphic or-
der, with the youngest at the top. The stragraphic
position of the basaltic andesite or basalt is uncer-
tain; it may be below rather than above most of the
tuffs of silicic to intermediate composition, but it
definitely overlies the older andeside (represented by
the lowermost two samples in table 2).

TABLE 2.—Potassium-argon ages of volcanic rocks in the
Yuma area

Apparent age
(million
years)

Location, description, and stratigraphic position
of sample

Lat 32°45'58” N., long 114°26'10” W., Laguna
Mountains, Ariz. Sample from bed 2-4 ft thick
composed of pink altered bentonitic ash in lower
part of upper member of Kinter Formation, Lo-
cally Kinter Formation overlies breccia and
conglomerate of heterogeneous composition.
Sample VAW-60:29; USGS lab, 471-B. K-Ar
age of biotite _____._________________________

Lat 32°49'53” N., long 114°31’39” W., Chocolate
Mountains, Calif. Sample from base of a se-
quence of flows of basaltic andesite or basalt
that unconformably overlies breccia and con-
glomerate of heterogeneous composition. Sample
HC2-15:85B; Univ. Arizona lab. (P. E. Damon,
written commun., 1970). K-Ar whole-rock age __

Lat 32°48'13” N., long 114°28’50” W., Laguna
Mountains, Ariz. Sample from top of a bed of
pale-purple porous soft vitrie erystal tuff at top
of section at least 200 ft thick composed of vitric
tuff, welded tuff, vitrophyre, and possible flow
rock of felsic to intermediate composition. Vol-
canic rocks unconformably overlie granite brec-
cia and conglomerate and are overlain (uncon-
formably?) by fanglomerate of the Kinter
Formation. Sample 5-15:55A; Univ. Arizona
lab. PED 4-65. K-Ar age of biotite ___________

Lat 32°55'15” N., long 114°31’12” W., Chocolate
Mountains, Calif. Sample from a bed of hard
grayish-purple slightly welded felsic tuff within
a sequence of tuff and welded tuff of felsic to
intermediate composition. Sample COL 2-35:1A;
Geochron lab, FO 448, K-Ar age of sanidine __

23+1.2

25.1+1.6

26.3x1.0

26.2x1.6
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TABLE 2.—Potassium-argon ages of volecanic rocks in the
Yuma area—Continued

Apparent age
(million

Location, description, and stratigraphic position
years)

of sample

Lat 32°56'56” N., long 114°33'12" W., Chocolate
Mountains, Calif. Sample from a flow of horn-
blende andesite that overlies dated pumiceous
andesite tuff (sample COL 2-7:38A). Sample
COL 2-7:41A; Univ. Arizona lab, PED 1-67.
K-Ar age of hornblende phenocrysts _________

Lat 32°56'37” N., long 114°32'52” W., Chocolate
Mountains, Calif. Sample from a bed of pumi-
ceous andesite (?) tuff that underlies dated horn-
blende andesite flow (sample COL 2-7:41A).
Both the flow and the tuff appear to be strati-
graphically below the dated felsic tuff and
welded tuff and probably below the dated basal-
tic andesite or basalt. Sample COL 2-7:38A;
Geochron lab. BO 514, K-Ar age of biotite ____

24,721

25.9+0.9

The apparent ages of the voleanic rocks have re-
markably little spread and suggest that the entire
sequence was erupted within a relatively short time.
The precision of the age determinations is not
sufficient to corroborate the inferred stratigraphic
sequence. The potassium-argon dates all indicate a
late Oligocene or early Miocene age for the volcanic
rocks according to the widely used time scales of
Holmes (1960) and Kulp (1961). However, until
the problems of interpreting apparent radiometric
ages and correlating them with standard Tertiary
sedimentary sequences are worked out more thor-
oughly than they are at present, it seems best to
say only that the main volcanic sequence in the
Yuma area is middle Tertiary. Volecanic rocks of
similar age have been described from many other
places in the Basin and Range province; Damon and
Bikerman (1964, 1965) and Bikerman and Damon
(1966) have described a middle Tertiary pulse of
hypabyssal plutonism and volcanism which reached
a peak between 25 and 30 million years ago in south-
eastern Arizona and adjacent areas.

The age and correlation of the flows and vent tuff
of the Laguna Mountaing, and of the scattered
masses of basalt or basaltic andesite, are uncertain.
Stratigraphic relations indicate that these rocks
also are middle Tertiary. These scattered masses
may be in part correlative with the basaltic andesite
or basalt of the southeastern Chocolate Mountains,
but some might be younger.

OLDER MARINE SEDIMENTARY ROCKS (TERTIARY)

Predominantly fine grained deposits that contain
invertebrate faunas representing marine and possi-
ble brackish-water environments have been pene-
trated in several oil-test wells and water-test wells
in the Yuma area. Data from U.S. Geological Survey
test well LCRP 29 and two oil-test wells indicate
that the marine sedimentary rocks in much of the
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area are divisible into two units: (1) An older, more
indurated, and probably more deformed sequence,
herein designated the older marine sedimentary
rocks, and (2) a younger, generally finer grained
sequence which is assigned to the Bouse Formation,
a name given by Metzger (1968) to equivalent strata
in the Parker-Blythe-Cibola area.

A dip log of one of the oil-test wells—Colorado
Basin Associates Federal 1 in the south-central part
of the Yuma Mesa—indicates the presence of an
angular unconformity between the two marine units
and that the older sequence may be essentially con-
formable on underlying nonmarine rocks. In con-
trast to the Bouse Formation, which is mostly silt
and clay with subordinate thin layers of sand, the
older marine sedimentary rocks contain much more
sand and are also more indurated. In test well LCRP
29 the greater degree of induration of the older
sequence is shown by a caliper log made just after
the pilot hole was completed (fig. 14). The log shows
that the hole remained at or near the diameter of
the drilling bit throughout the thickness of the older
marine sedimentary rocks, even though the sequence
is very sandy; whereas in the Bouse Formation, al-
most all the thin strata of sand, and much of the
clay and silt as well, washed out or sloughed, en-
larging the hole.

The older marine sedimentary rocks consist of
more or less indurated light-gray fine-grained sand-
stone and interbedded medium- to dark-gray silt-
stone and claystone. The sandy strata make up
about half the total thickness in all three test wells
(LCRP 29, Colorado Basin Associates Federal 1,
and Yuma Valley Oil and Gas Co. Musgrove 1).
Beds of ash or tuff are reported in the two oil-test
wells, and at least one bed of altered soft tuff or
ash was penetrated in the lower part of the section
in well LCRP 29 (fig. 14).

Fossils in the older marine sedimentary rocks
include foraminifers and mollusks indicative of a
marine environment but not diagnostic as to age.
In well LCRP 29, Smith (1968) reports the pres-
ence of two foraminiferal faunas: the older (which
occurs in what are herein designated the older
marine sedimentary rocks) consists of abundant
globigerinids, mainly Globigerinita wvule with few
to common Globquadering hexagona and Sphaer-
hoidinella dehiscens, plus a good shelf benthonic
fauna including Planulina sp., Uvigerina sp., Han-
zawayat sp., and Bolivina interjuncta. The younger
fauna occurs in the overlying Bouse Formation and
indicates much shallower, more restricted waters.

The age of the older marine sedimentary rocks
and their correlation with stratigraphic units of
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other areas are not known with certainty. The strati-
graphic position of these beds suggests that they
probably intertongue with nonmarine beds of the
Kinter Formation of Miocene age.

Mrs. P. B. Smith (written eommun., Oct. 12,
1969) reports that the planktonic foraminifer
Sphaeroidinella dehiscens in the sample of older
marine sedimentary rocks from well LCRP 29 is
now regarded as post-Miocene and is, in fact, con-
sidered to be a guide fossil to the Miocene-Pliocene
boundary. The older marine sedimentary rocks
therefore would be Pliocene, rather than Miocene.
However, because of the apparent conflict with other
lines of evidence, it seems best to defer assigning a
definite age to the older marine sedimentary rocks
until additional information becomes available.

On the west side of Imperial Valley the Split
Mountain Formation of Tarbet and Holman (1944)
contains a poorly preserved, meager foraminiferal
fauna of Miocene age in the middle part (Tarbet
and Holman, 1944), or in the upper part (Durham
and Allison, 1961). The Split Mountain is overlain
unconformably by the marine Imperial Formation
(Durham and Allison, 1961; Woodard, 1961). Be-
cause of their similar structural and stratigraphic
relations, the older marine sedimentary rocks and
the Bouse Formation of the Yuma area may be cor-
relative, respectively, with the marine part of the
Split Mountain Formation of Tarbet and Holman
(1944) and with the Imperial Formation. However,
in both places the faunas are somewhat different in
the presumably equivalent units, and it has not yet
proved possible to trace the units from one area to
the other beneath the intervening Imperial Valley.

The maximum thickness of the older marine sedi-
mentary rocks in the Yuma area may exceed 1,000
feet. A vertical interval of 1,135 feet was penetrated
in Colorado Basin Associates Federal 1 oil test;
however, if the average dip of 30° indicated by the
dip log is correct, the stratigraphic thickness in this
well is a little less than 1,000 feet. According to an
interpretation of seismic-reflection data and the
record of test well LCRP 29, the thickness may be
somewhat greater near that well; it may be greater
also near well LCRP 25, which, however, did not
penetrate these rocks.

BOUSE FORMATION (PLIOCENE)

The Bouse Formation was named and described
by Metzger (1968) in the Parker-Blythe-Cibola
area along the Colorado River north of the Yuma
area. The younger sequence of marine sedimentary
rocks in the Yuma area is assigned to the Bouse on
the basis of similar lithology and stratigraphic posi-
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tion and of an identical foraminiferal fauna (Smith,
1968).

The Bouse Formation is widespread in the sub-
surface, but the only known exposure in the Yuma
area is 2 miles southeast of Imperial Dam, just east
of the Colorado River flood plain (pl. 3). The Bouse
appears to be more extensive than the older marine
sedimentary rocks and is probably absent only in
the mountains, in most of the foothills, and on the
tops and upper flanks of buried ridges of pre-
Tertiary and early to middle Tertiary rocks (fig.
15).

Although it has been broadly warped and locally
faulted (fig. 15), the Bouse Formation appears to
be substantially less deformed than the nonmarine
sedimentary rocks and the older marine sedimentary
rocks, and it probably was deposited after the prin-
cipal mountain masses in the Yuma area had as-
sumed approximately their present configuration
but not their present altitude.

The thickness of the Bouse ranges from zero
where it pinches out or is overlapped by alluvium
to a maximum of about 950 feet in Yuma Valley
Oil and Gas Co. Musgrove 1 test well near the
southwest corner of the area. Except at some places
in the northeastern part of the area where the con-
tact with overlying older alluvium is sharp and may
be an unconformity, the Bouse Formation is over-
lain by a transition zone in which marine clay and
silt are interbedded with nonmarine alluvial de-
posits like those in the older alluvium.

The Bouse Formation consists predominantly of
silt and clay, with subordinate very fine to fine sand,
hard calcareous claystone, and—Iocally in the basal
part—calcareous sandstone or sandy limestone, tuff,
and possibly conglomerate of local derivation. In the
subsurface the clay and silt are pale-greenish gray
to bluish gray (dark green to dark blue when wet) ;
some strata are pink and brown. The very fine to
fine sand is light gray and is well sorted. In the
exposures southeast of Imperial Dam the predomi-
nant color of the fine-grained beds is pale-greenish
gray, but pale-yellowish-gray, light-brown, and pink
beds are conspicuous in the upper part, which is
transitional into grayish-brown and reddish-brown
clay and silt characteristic of the overlying older
alluvium. Organic remains, both plant and animal,
are abundant in some zones. Small gastropods, pele-
cypods, and ostracodes can be seen with the unaided
eye. Plant remains consist of molds of twigs and
roots, partly filled with brown ferric oxides or hy-
droxides. The microscope reveals also several spe-
cies of Foraminifera, consisting of Ammonia bec-
carii, Elphidium cf. E. gunteri, Eponidella palmerae,
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and Rosalina columbiense. (P. B. Smith, written
commun., 1969). The faunas are said to indicate
brackish to marine environments but are not diag-
nostic as to age (Metzger, 1968).

The sandy limestone or calcareous sandstone
locally present at the base of the Bouse Formation
is very pale gray to grayish yellow and in places
contains an abundant marine fauna, including corals
as well as mollusks. This calcareous bed is equiva-
lent to the basal limestone described by Metzger
(1968) in the Parker-Blythe-Cibola area. In the
Yuma area, this limestone was penetrated in test
wells LCRP 26 and 28, in a private well (C-9-
21) 14bdb, and probably in oil-test well Sinclair Oil
Co. Kryger 1, but in other wells penetrating the
base of the Bouse Formation it is either absent or
unrecognized. In gamma-ray logs this basal lime-
stone is a prominent zone of abnormally low natural
gamma radiation. In test well LCRP 26 it uncon-
formably overlies a nonmarine coarse fanglomerate,
the top few feet of which appears to be weathered,
probably representing a fossil soil zone. The weath-
ered zone is characterized by high natural gamma
radiation (probably owing to its clay content),
which contrasts vividly with the very low gamma
radiation of the overlying basal limestone (or cal-
careous sandstone) of the Bouse Formation (fig.
16). In well LCRP 26 the basal limestone is 28 feet
thick and is overlain by a bed about 9 feet thick
that has abnormally high gamma radiation and is
probably a tuff or altered tuff (fig. 16). Unfortu-
nately, only a very few cuttings of this bed were
recovered during drilling, so its exact nature is not
known, and it could not be dated radiometrically.

In test well LCRP 23 the clay, silt, and fine sand
of the upper part of the Bouse Formation are under-
lain by conglomerate and arkosic sandstone com-
posed of granitic and metamorphic rocks containing
a 3-foot bed of bluish-gray claystone similar to that
higher in the section. These beds overlie a 6-foot
stratum of sandy limestone, which in turn rests on
conglomerate (fanglomerate?) much like that above.
The stratigraphic position of the conglomerate, the
interbed of claystone, and the sandy limestone are
uncertain ; no fossils were collected from these beds.
Lithologically, the conglomerate resembles that in
the Kinter Formation, which unconformably under-
lies the Bouse Formation southeast of Impearial Dam
and probably also at test well LCRP 14 at Laguna
Dam. However, the presence of the bluish-gray clay-
stone in the middle of the section and of the sandy
limestone at the base suggests that the entire se-
quence belongs to the Bouse Formation. The con-
glomerate and sandstone beds may represent beach
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P. B. Smith (written commun., 1966) reports that |
the foraminifers range from Miocene to Holocene,
though none is living on the Pacific coast today.
Metzger (1968) reviews other evidence for the
age of the Bouse and concludes that it belongs

within the Pliocene, although a more definite age
assignment is not yet possible. Metzger (1968)
describes a thin tuff within the basal limestone of
the Bouse Formation between the Parker-Blythe-
Cibola area and Imperial Valley which was dated
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by the potassium-argon method as 8.1%+4.4 m.y.
(P. E. Damon, written commun., 1969). This tuff
may be correlative with that just above the basal
limestone in test well LCRP 26 (fig. 16).

Little additional evidence for the age of the Bouse
Formation is available in the Yuma area. As men-
tioned earlier, the Bouse overlies the Kinter Forma-
(Miocene) with at least local angular discordance;
a lower limit of Miocene (probably late Miocene)
is therefore reasonably well established. As in the
Parker-Blythe-Cibola area, none of the distinctive
well-rounded siliceous gravel characteristic of Colo-
rado River alluvium occurs within or below the
Bouse Formation, so the Bouse antedates the estab-
lishment of the Colorado River as a through-flowing
stream within the present lower Colorado River
region. In the Yuma area, the Bouse Formation is
overlain gradationally by alluvium of the Colorado
River; Metzger (1968) cites evidence that the
carliest deposits of the lower Colorado River are no
younger than late Pliocene.

TRANSITION ZONE (PLIOCENE)

Throughout most of the Yuma area, the Bouse
Formation appears to be overlain conformably by
alluvium deposited by the Colorado River and pos-
sibly the Gila River. In much of the area, marine
deposition did not cease abruptly, however, and the
inarine deposits are overlain by alternating or inter-
tonguing marine and nonmarine (alluvial) strata.
For convenience this interval, which is as much as
several hundred feet thick in the southwestern part
of the area, is designated the transition zone, The
top of the transition zone is defined by the upper-
most bed of fossiliferous gray clay or silt, the base
by the lowermost bed of recognizable sand or grav-
elly sand of fluvial origin just above the predomi-
nantly fine grained marine beds of the Bouse Forma-
tion. In a few wells, thin beds of bluish- or greenish-
gray clay have been reported within the alluvium as
much as 1,000 feet above the top of the deposits
assigned to the transition zone. These beds, gen-
erally less than 2 feet thick, may indicate later
brief recurrences of marine conditions, but more
likely they are not beds at all but are boulders of
the marine clay reworked into the alluvium by the
ancestral Colorado River. Such boulders have bzen
observed in exposures of the older alluvium at many
places.

CONGLOMERATE OF CHOCOLATE MOUNTAINS

(TERTIARY AND QUATERNARY)

On the flanks of the southern Chocolate Moun-
tains, the nonmarine sedimentary rocks and vol-
canic rocks of Tertiary age are overlain by a slightly
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to moderately indurated conglomerate composed
chiefly of volcanic detritus derived from nearby ex-
posures of the volcanic rocks. In places the contact
of the conglomerate and the older rocks is an angu-
lar unconformity with a discordance of as much as
15°, but in other places the discordance is slight or
absent. Small angular unconformities have been
observed within the conglomerate and probably
record uplift of the Chocolate Mountains mass while
deposition was going on. On the west flank of the
mountains the conglomerate is overlain unconform-
ably by older alluvium (old deposits of the Colorado
River), but farther west the contact of these two
units may be conformable or gradational. From the
field relations it appears that the older parts of the
conglomerate of the Chocolate Mountains may be
equivalent in age to the upper part of the nonmarine
sedimentary rocks (Kinter Formation of Miocene
age), but that the younger parts are equivalent in
age to the older alluvium (Pliocene and Pleistocene).
(See fig. 11.)

The conglomerate of the Chocolate Mountains is
typically pale pink when viewed from a distance
and is composed chiefly of pink and gray fragments
of ash-flow tuff and welded tuff. Most of the
fragments, which range in size from granules to
occasional slabs and blocks several feet across, are
subangular or angular. Beds of pale-brown soft
sandstone are locally conspicuous. The upper part
of the unit contains abundant soft brown siltstone.

The conglomerate generally is only mildly de-
formed; the bedding dips less than 5° at most places
but bedding as steep as 45° has been observed near
normal faults. Small high-angle normal faults are
abundant, especially in the more indurated parts of
the unit and where the bedding dips more than
about 4°.

OLDER ALLUVIUM (PLIOCENE AND PLEISTOCENE)

The older alluvium consists of basin-filling fluvial
and deltaic sediments deposited by the Colorado and
Gila Rivers and by local ephemeral streams. The
unit does not represent a single cycle of aggrada-
tion but rather is a complex of fills separated by
degradational cycles during which extensive scour-
ing occurred. The degradational and aggradational
cycles probably were caused in part by fluctuations
in sea level amounting to several hundred feet re-
lated to glacial and interglacial stages and in part
by both regional and local warping of the land sur-
face. Erosion by the river probably occurred during
times of lowered sea level or upwarping; deposition
took place when sea level rose or downwarp oc-
curred. The southwestern part of the Yuma area,
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on the margin of the Salton Trough, subsided con-
tinually under the load of the fluvial and deltaic
deposits so that not all the deposits of the aggrada-
tional episodes were removed during the ensuing
degradational episodes. Farther northeast and adja-
cent to the mountain blocks, however, many if not
most of the earlier fills were removed and replaced
by later fills.

Although different alluvial fills separated by un-
conformities have been identified in outerop areas,
subsurface delineation of all the fills has not been
possible with present data. Accordingly, all the
alluvial and deltaic deposits older than the most
recent fill are grouped in one unit designated as
older alluvium. The older alluvium occupies the
stratigraphic interval between the transition zone
(or the Bouse Formation where the transition zone
is absent) and the younger alluvium (the most re-
cent fill).

DISTRIBUTION AND THICKNESS

The older alluvium is the most widely exposed
stratigraphic unit in the Yuma area. It is exposed
in mesas, stream terraces, and piedmont areas and
underlies the younger alluvium of the present flood
plains of the Colorado and Gila Rivers and the
young alluvial fans in the southeastern part of the
area (pl. 3). At some places the older alluvium is
concealed by a blanket of windblown sand. Expo-
sures of older alluvium commonly are dissected, and
many are characterized by desert pavement that
formed on poorly sorted gravelly deposits (pl. 3).
On the flanks of some of the mountains, coarse older
alluvium of local origin forms low hills and dis-
sected uplands similar to some of the exposures of
coarse nonmarine sedimentary rocks of Tertiary
age (fig. 9).

The thickness of the older alluvium ranges from
zero to as much as 2,500 feet in the southwestern
part of the area, near San Luis, Ariz.; if the under-
lying transition zone is included, the maximum
thickness is about 3,400 feet (fig. 15 and pl. 10).
This thickness is much greater than that attained
by equivalent deposits north of the Yuma area;
Metzger, Loeltz, and Irelan report that the maximum
depth to the base of the older alluvium in the
Parker-Blythe-Cibola area is about 600 feet. The
great thickness in the Yuma area, and the much
greater thickness of equivalent deposits of the Colo-
rado River in Imperial Valley, indicate subsidence
during deposition. The oldest alluvial deposits (at
the base of the transition zone), which are now more
than 3,000 feet below sea level near San Luis (fig.
15), must have been deposited above or at least not
far below sea level by the ancestral Colorado River.
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AGE AND CORRELATION

The age of the older alluvium ranges from Plio-
cene to late Pleistocene, according to several lines
of evidence. The underlying Bouse Formation is
considered Pliocene (p. H44), and the overlying
younger alluvium is Holocene and possibly latest
Pleistocene. Recent studies of the erosional history
of the Grand Canyon, summarized in McKee, Wilson,
Breed, and Breed (1967), show that the canyon was
cut to nearly its present depth by the middle Pleis-
tocene. This seems to require an inauguration of
the canyon cutting well before the beginning of the
Pleistocene and would imply that the Colorado River
had entered the downstream region including the
Yuma area at least as early as some time in the
Pliocene. The Gila River may not have entered the
Yuma area until long after the advent of the Colo-
rado River, but the scanty evidence is inconclusive
as to the history of the ancestral Gila River down-
stream from the Phoenix basin (M. E. Cooley, writ-
ten commun., 1969).

Three samples of carbonized wood from the upper
part of the older alluvium in the Yuma area have
been analyzed by the radiocarbon (C!*) method.
The results are listed below:

Age in years
before present

(C-10-23) 31bbb1. U.S. Geological Survey test well
LCRP 1. Lignite from a depth of 472-474 ft.
USGS lab, W-1428 ________

(C-10-24)12cec2. U.S. Bureau of Reclamation
drainage well YVI-28, Carbonized wood from a
depth of 128-130 ft. Geochron lab. GX0-661___

16S/23E-10Rce. U.S. Geological Survey test well

LCRP 23. Carbonized wood from a depth of

224-234 ft. USGS lab. W-1538 ______________ >36,000

All three samples are older than the limits of the
radiocarbon method of measurement, and the differ-
ences in the minimum ages shown are not signifi-
cant. The unconformably overlying younger allu-
vium has yielded radiocarbon ages of less than
10,000 years in the Parker-Blythe-Cibola area
(Metzger and others, 1972). Thus, the radiocarbon
evidence indicates that the upper part of the older
alluvium can be no younger late Pleistocene.

The older alluvium of the Yuma area probably is
correlative with the older alluvium of the Parker-
Blythe-Cibola area (Metzger and others, 1973).
Deposits near Gila Bend 120 miles east of Yuma,
called older alluvial fill by Heindl and Armstrong
(1963), probably are correlative with the older
alluvium in the Yuma area. In the Imperial Valley
region, units equivalent or partly equivalent to the
older alluvium of the Yuma area include the Palm
Spring Formation, the Canebrake Conglomerate of
Dibblee (1954), and the Borrego Formation of Tar-

>42,000

>33,600
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part of the older alluvium beneath Yuma Mesa can
be traced several miles in wells and good exposures.
One prominent bed 5-15 feet thick of fine sandy silt
and clay is exposed in the escarpment along the
northern and western edges of Yuma Mesa, where
it extends, with some interruptions, more than 15
miles.

Two fine-grained beds in the top part of the older
alluvium have been identified in wells beneath giz-
able areas of eastern Yuma Valley and western
Yuma Mesa. The lower bed, informally designated
clay A (fig. 21 and pl. 5), is not far above the
coarse-gravel zone beneath Yuma Valley and adja-
cent parts of Yuma Mesa. This bed ranges in thick-
ness from a few inches to about 385 feet. Parts of
clay A appear to grade laterally into coarser ma-
terials at different places, so it is difficult if not
impossible to trace a single horizon far enough to
determine the precise attitude of the bedding be-
neath a large area. In general, however, the middle
of the bed seems to have approximately the same
slope toward the southwest as the present surface
of Yuma Valley,

Southeast of Somerton, where clay A is thickest
and least sandy, its middle part lies about at sea
level (pl. 5, geologic section £—E’ and fig. 21). In
places along the margins of the bed the clay and
silt grade laterally into pebbly clay and other ill-
sorted gravelly deposits which, like the clay and
silf, are characterized by high gamma radiation.
Clay A underlies an area of at least 33 square miles.

Clay B is the informal designation applied to
another, higher fine-grained bed that occurs beneath
western Yuma Mesa at an average altitude of
about 100 feet above sea level (fig. 22 and pl. 5).
Clay B is even more extensive than clay A, under-
lying an area of at least 42 square miles, and it
probably extended farther west before it was re-
moved by erosion when Yuma Valley was cut (fig.
22). Clay B is 10-15 feet thick at most places; more
than half the thickness is clay and silty clay, the
remainder is silt, fine sand, and scattered pebbles.
Toward the northwest the bed is difficult to dis-
tinguish from other strata of clay and silt above
and below; possibly clay B underlies much of he
city of Yuma. Like clay A, clay B grades laterally
into pebbly clay and other heterogeneous gravelly
deposits, particularly toward the southwest (fig.
22). Along its southeastern margin, clay B may
abut older deposits that are exposed in the “Upper
Mesa” farther southeast.

YOUNGER ALLUVIUM (QUATERNARY)
The younger alluvium comprises all the alluvial
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deposits of the most recent major cycle of deposition.
These deposits underlie the present river flood
plains, the washes, and the alluvial fans. At these
places, aggradation has been the dominant process
during the last several thousand years, although
locally degradation seems to have occurred most
recently. Soils on the younger alluvium are imma-
ture and lack the profile development characteristic
of the exposures of older alluvium.

The younger alluvium has been classified in three
categories according to the dominant agent of depo-
sition: (1) Deposits of the Colorado and Gila Rivers,
(2) alluvial-fan deposits, and (3) wash and sheet-
wash deposits (fig. 11). Each of these three cate-
gories or subunits is described briefly below.

DEPOSITS OF THE COLORADO AND GILA RIVERS

The deposits of the Colorado and Gila Rivers
underlie the present river flood plains. Until Hoover
Dam and other large dams were constructed on
both the Colorado and the Gila Rivers, floods added
increments of predominantly fine-grained deposits
to the flood plains. The rivers continually shifted
their courses across the flood plains in meandering
channels, In Yuma Valley the sites of many of the
old meanders are marked by long, narrow, arcuate
or sinuous sand dunes which accumulated on the
leeward sides of the channels.

The river deposits consist predominantly of sand
and silt. Pebbly sand and silt are abundant in places,
especially in the lower part, and beds of clay and
silty clay, which are rarely more than a few feet
thick, are locally extensive. One extensive bed of
silt and clay lies immediately beneath the flood plains
of the Colorado and Gila Rivers. It is not present
everywhere, having been replaced by scour and fill
of sand along channels occupied by the rivers dur-
ing relatively recent times, probably within the last
few hundred years. In northern and central Yuma
Valley the silt and clay range in thickness from a
few feet to as much as 30 feet (pl. 5). Deposition on
the flood plain during times of overbank flow is the
most likely origin.

The river sand of the younger alluvium is gen-
erally similar to that of the older alluvium, except
that it is commonly looser. Van Andel (1964, p.
236) gives the following composition for a sand
from the Colorado River near Yuma: Quartz, 73.3
percent; feldspar (chiefly potassium feldspar), 18.8
percent; and rock fragments, 7.9 percent.

A gravel occurs at the base of the younger allu-
vium of the Colorado River at depths of about
100-130 feet in the Parker-Blythe-Cibola area 30—
100 miles north of Yuma, where it has been dated
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by the radiocarbon method as less than 10,000 years
old (Metzger and others, 1973). This gravel prob-
ably was the first material deposited during the
most recent aggradation by the Colorado River as
sea levels rose with the retreat of the last glaciers
of the Wisconsin stage. Two samples of carbonized
wood from overlying fine-grained younger alluvium
in the same area gave radiocarbon ages of 5,380 and
6,250 years (Metzger and others, 1973).

The basal gravel of the younger alluvium of the
Colorado and Gila Rivers has not been dated or
positively identified in the Yuma area; accordingly,
the younger alluvium and older alluvium are not
differentiated in the geologic sections (pls. 5, 6, 8).
If present in Yuma Valley, this gravel must occur
in the western part; no significant gravel strata
overlie clay A of the older alluvium in eastern
Yuma Valley, which is at a depth of 80-90 feet
below the land surface (pls. 5 and 8). In South
Gila Valley, likewise, a basal gravel of the younger
alluvium has not been definitely identified; if pres-
ent, such a gravel must be nested in gravel of the
older alluvium which extends southwest of the val-
ley, beneath Yuma Mesa (coarse-gravel zone on
pl. 8).

ALLUVIAL-FAN DEPOSITS

Although surfaces somewhat similar to alluvial
fans are common in the Yuma area, true young
alluvial fans—that is, thick accumulations of young
deposits having fan-shaped aggradational sur-
faces—occur only in the southeastern part of the
area, adjacent to the Tinajas Altas and Butler
Mountains and at the northwest corner of the
area, on the west flank of the Cargo Muchacho
Mountains. In both these areas the deposits consist
of poorly sorted granitic detritus derived from the
exposures of granitic rocks in the mountains. U.S.
Bureau of Reclamation test well CH-28YM on the
southerly international boundary about 30 miles
east of San Luis, Rio Colorado, Mexico, penetrated
310 feet of ill-sorted arkosic sand and silt with thin
interbeds of calcareous clay, overlying older allu-
vium consisting of interbedded river deposits and
local deposits, probably also of alluvial-fan origin.
(See log of well (C-13-20)2abdl in appendix B.)
The scattered shallow exposures in this area reveal
granitic (arkosic) sand and fine gravel (chiefly
angular clasts of granite, felsic dike rocks, quartz,
and feldspar), and interbedded silt and clay. The
fan surfaces are characterized by a network of
broad, shallow channels having a dendritic pattern
where degradation has been the dominant recent
process, and a distinctive rhomboidal pattern where
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aggradation (perhaps by sheetfloods) has been
dominant most recently.

WASH AND SHEET-WASH DEPOSITS

The wash deposits occur in washes and channels
cut into the older alluvium and prealluvial rocks.
The deposits are generally thin and consist of sand
and gravel and thin, lenticular beds of gilt. In many
washes, degradation rather than aggradation is the
dominant process at present, and even the most
recent wash deposits have been subject to extensive
scour during floods.

The sheet-wash deposits are similar to the wash
deposits but occupy broader, less well defined areas.
They also resemble the alluvial-fan deposits. How-
ever, instead of forming fairly thick wedges like
the alluvial-fan deposits, the sheet-wash deposits
are thin blankets on older rocks and deposits, and
are probably formed by sheetfloods and thin mud-
flows. Their most extensive development is in the
“Laguna Mesa” north of the Laguna Mountains,
where they consist of sand and silt reworked from
the underlying older alluvium.

WINDBLOWN SAND (QUATERNARY)

The thickest and most extensive deposits of wind-
blown sand are the Sand Hills (‘“Algodones Dunes”)
on the East Mesa of Imperial Valley, northwest of
the Yuma area, proper. The less extensive “For-
tuna Dunes” occur on the “Upper Mesa” and “For-
tuna Plain” in the southeastern part of the Yuma
area (fig. 6). These two dune areas are alined
northwest and may once have been part of a con-
tinuous belt before the Colorado River formed what
is now the Yuma Mesa and, later, the Yuma and
Mexicali Valleys. The belt appears to extend south-
eastward into Mexico, where dunes are large and
extensive. The ‘“Algodones Dunes” and ‘“Fortuna
Dunes’” are described earlier, in the section “Geo-
morphology” (p. H28).

Other, smaller dunes, as well as thin sheets of
windblown sand, occur at many places throughout
the area. One small area of low dunes and sand
sheets is on the east side of The Island in Bard
Valley, 3-4 miles northeast of Yuma. These deposits
are adjacent to a meander channel of the Colorado
River that was cut off within historie time. In Yuma
Valley, long sinuous or arcuate dunes are wide-
spread; they occur on the leeward sides of aban-
doned meanders. Most of these dunes (or perhaps
more properly, sand ridges) are less than 20 feet
high and 500 feet wide. Some are long in proportion
to their width; one ridge just east of Somerton is
more than a mile long. On Yuma Mesa, the wind-
blown sand occurs in somewhat discontinuous thin
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sheets rather than in discrete dunes; most of this
sand is on the inner margin of the Yuma Mesa, adja-
cent to the “Upper Mesa.” Other small masses of
windblown sand occur on the north flank of the
Laguna Mountains and in scattered windrows on
the “Upper Mesa.”

The windblown deposits consist almost entirely
of well-sorted fine to medium sand which is probably
derived from nearby sandy alluvium or, with the
“Algodones Dunes,” from old lacustrine or marine
beaches., The sand grains are subrounded to
rounded, include many frosted grains, and are com-
posed chiefly of quartz, with subordinate feldspar,
rock fragments, and heavy minerals.

STRUCTURE
REGIONAL STRUCTURAL PATTERNS

The Yuma area lies at the southwest edge of the
Sonoran Desert section and the northeast edge of
the Salton Trough section of the Basin and Range
province of Fenneman (1931, 1946). (See fig. 1.)
The structural features of these two physiographic
sections are somewhat different, both in pattern
and in time of most actve development.

The Sonoran Desert east of Yuma is characterized
by subparallel, narrow, low but rugged mountain
ranges trending generally north-northwest, sepa-
rated by much more extensive desert plains under-
lain by Cenozoic fill. The mountains probably owe
their configuration at least in part to block fault-
ing (Davis, 1903; Gilbert, 1928; Gilluly, 1946;
Thornbury, 1965), although most of the marginal
faults are concealed by the Cenozoic fill of the
plains and must be inferred from geophysical and
other indirect evidence (pl. 9). Some of the moun-
tain masses, especially those adjacent to the Salton
Trough, are buried or nearly buried by fill. The
mountains and basins assumed approximately their
present configuration by middle Tertiary time; sub-
sequent deformation has involved only broad-scale
warping and minor normal faulting, probably asso-
ciated with regional subsidence along the southwest
margin of the Sonoran Desert.

The Salton Trough, by contrast, has been tec-
tonically active to the present time, especially west
of the Yuma area, where movement on faults is still
going on. The faults are part of the well-known San
Andreas system. Along this major fault system,
aggregate right slip (blocks southwest of the fault
displaced northwestward relative to blocks northeast
of the fault) in southern California has amounted
to about 160 miles since earliest Miocene time, ac-
cording to Crowell (1962). The faults of the San
Andreas system in the Salton Trough trend some-
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what more northwesterly than the mountains of the
Sonoran Desert and their inferred bounding faults,
although the two trends appear to converge to the
southeast, in Mexico.

The Salton Trough has sunk rapidly during Ceno-
zoic time and has accumulated as much as 20,000
feet of fill (Biehler and others, 1964). Much of this
fill in the southern part of the trough consists of
alluvial and deltaic deposits of the Colorado River.

PRE-TERTIARY STRUCTURAL FEATURES

The structural features of the Yuma area may be
classified according to the time of their principal
development. Some deformation has affected only
the pre-Tertiary crystalline rocks; other features
probably had their maximum development during
Tertiary time; and still others such as the faults of
the San Andreas system have been active through-
out late Tertiary and Quaternary time, although
most of these faults originally formed earlier.

The structural features that affect only the crys-
talline rocks of pre-Teriary age did not all originate
at the same time, but no attempt was made in the
present study to decipher the sequence of the older
deformational episodes. The pre-Tertiary struc-
tural features include old faults, metamorphic folia-
tion and lineation, and joint systems. Most of the
old faults are mineralized and filled with dikes and
quartz veins.

The last major deformation affecting only the
crystalline rocks was the Laramide orogeny, which
occurred at the end of the Cretaceous period and
extended, in its waning phases, into the early Ter-
tiary (Damon and Mauger, 1966). The Laramide
orogeny resulted in extensive folding, reverse and
normal faulting, igneous intrusion and extrusion,
and recrystallization of many of the older rocks.
The rubidium-strontium date of 73 million years
reported by Wasserburg and Lanphere (1965) for
biotite in a porphyritic quartz monzonite at Yuma
probably indicates a Laramide metamorphic event.
Abundant evidence of Laramide plutonism and
volcanism farther east in southern Arizona has been
reported (Richard and Courtright, 1960; Creasey
and Kistler, 1962; Lootens, 1966; Bikerman and
Damon, 1966).

Laramide and pre-Laramide structural features
are expressed topographically where rocks of dif-
ferent resistance to erosion are juxtaposed along
faults, where faulting has formed easily eroded
crushed or sheared rocks, and where extensive and
conspicuous joint systems and metamorphic folia-
tion have controlled patterns of erosion. The south-
eastern Laguna Mountaing afford good examples of
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the effects of probable Laramide faults on topog-
raphy. Joint systems and foliation have profoundly
affected the topography of the Gila, Butler, and
Tinajas Altas Mountains.

The present outlines of some of the ranges and
basins in the Yuma area may be related to faulting
and domal uplift that began during the Laramide
orogeny and continued, at intervals, throughout
much of the Tertiary, but present evidence on this
question is inconclusive. Farther north, in the Great
Basin section of the Basin and Range province, the
block faulting that resulted in the present pattern
of the basins and ranges is generally regarded as
post-Laramide (Gilbert, 1928; Nolan, 1943; Mackin,
1960). However, some students of the basin-range
problem have questioned this interpretation; Love-
joy (1963a) has ascribed the product of so-called
basin-range faulting of classical theory to normal
erosional processes acting on Laramide structures.
Later workers have generally agreed with the inter-
pretation of Gilluly (1946) that the faulting in
southern Arizona (Ajo area) began earlier than it
did farther north. In the Yuma area the outlines of
the present basins and ranges resulted chiefly from
Tertiary faulting, accompanied by domal uplift and
basin subsidence, but some faults, particularly in
the southeastern part of the area, date from the
Laramide orogeny. Some of the Laramide faults
thus became the loci of later activity.

BASIN AND RANGE STRUCTURAL FEATURES
(TERTIARY)

The so-called Basin and Range structural fea-
tures, as apart from Laramide and earlier structural
features, are not well understoocd in the Yuma area.
Except for parts of the Chocolate Mountains and
possibly the southern part of the Tinajas Altas
Mountains, the present form of the mountains and
intervening basins seems to be only indirectly re-
lated to faulting, uplift of the mountain blocks, and
subsidence of the basins. The present mountain
fronts are in most places erosional in origin. The
faults that may determine the general pattern of
the basins and ranges are mostly buried beneath
alluvium and lie basinward from the mountain
fronts, although a few faults within the Gila
Mountains have helped to determine the general
outline of those mountains.

The clearest evidence of Basin and Range block
faulting in the Yuma area is found in the south-
eastern Chocolate Mountains, where middle Tertiary
volcanic rocks are offset by antithetical faults, with
southwesterly to westerly tilting of the fault blocks
and steep northeasterly dips of fault planes. The
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sequence of volcanic rocks is probably repeated
several times from northeast to southwest, although
the actual throw on the faults and even some of
their positions are uncertain. At some of the faults
near Senator Wash Dam and Imperial Dam, nearly
horizontal slickensides record strike-slip movement
where the faults cut welded tuff or other hard vol-
canic rocks. The fault pattern in part of the expo-
sures of basaltic andesite or basalt farther west
indicate left-lateral displacement on north-north-
westward-trending faults ; intervening tension faults
and fractures trend west-northwestward. The pre-
dominant trend of faults in the southeastern Choco-
late Mountains is northwest, but another important
set has a north-south trend.

In the Cargo Muchacho Mountains to the west,
the exposed faults strike northwest to west. Hen-
shaw (1942) suggests that the range may be an
elevated block between two now-buried strike-slip
faults which are approximately parallel to the San
Andreas fault system (northwest). In the north-
central part of the mountains, Henshaw (1942)
mapped a thrust fault on which the upper plate was
thrust from the south. Most of the other faults
within the range are normal faults, however. The
quagquaversal attitude of several flows of basalt on
the margins of the mountains suggests domal up-
lift as well as faulting.

In the Laguna Mountains, the straight northeast
margin of the exposures of crystalline rocks, and
seismic-refraction data as well suggests a. high-
angle fault trending about N. 60° W., downthrown
to the northeast. South of this probable fault is a
set of normal(?) faults trending about northward;
the youngest rocks affected are middle Tertiary
volcanic and sedimentary rocks.

In the southeastern part of the Laguna Mountains
is a set of concentric arcuate faults bending from
an easterly strike on the west to northeasterly
farther east. These faults are roughly parallel to
the foliation and joints in the pre-Tertiary gneiss
and probably developed before Tertiary time. At
least one of the faults extends westward across
exposures of early to middle Tertiary sedimentary
rocks (pl. 4). Where the fault planes are clearly
exposed they dip about 50°-80° north to northwest.
Direction of net slip is generally unknown, but on
two of the more southerly faults, pre-Tertiary gneiss
is thrust over Tertiary nonmarine sedimentary
rocks (red beds). Similar faults may extend be-
neath the alluvium between the Laguna and the
Gila Mountains. In the southeastern Laguna Moun-
tains are several small northwestward-trending
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normal faults. The throw on these faults is gen-
erally no more than 100 feet.

Bedding in the nonmarine sedimentary rocks in
the Laguna Mountains dips generally west to south-
west at angles ranging from a few degrees to more
than 40°. The older part of the sequence, the red
beds, dips west to north in an arcuate pattern; the
attitudes of the bedding are generally similar to
those of the foliation in the adjacent pre-Tertiary
gneiss, but the dips are flatter. Evidently middle
Tertiary deformation in this area had a pattern
governed in large part by Laramide or older struc-
tures and merely accentuated these structural fea-
tures in the pre-Tertiary rocks.

The Kinter Formation and the voleanic rocks in
the southern part of the mountains overlie the older
nonmarine sequence with marked angular discord-
ance; dips of the Kinter are gentle toward the west
and northwest where it fills an old valley trending
west-northwest cut into the older rocks. In the
northern part of the mountains the beds of the
Kinter Formation have low, irregular dips and
strikes indicating broad folding and warping.

In the southwestern part of the Laguna Moun-
tains, alluvium of local origin unconformably over-
lying the Kinter Formation is very gently deformed.
Bedding dips westward to southwestward at angles
ranging from 1° or less to as much as 4°—not much
more than the probable initial dips.

The easterly to northeasterly trending fault pat-
tern of the southeastern Laguna Mountains con-
tinues southward into the northern Gila Moun-
tains. A steep normal fault having a throw of more
than 2,000 feet extends northeastward across the
northern Gila Mountains, the Kinter Formation on
the northwest being faulted against pre-Tertiary
crystalline rocks on the southeast along the eastern
part of its exposed length (pl. 4). Aeromagnetic
data suggest that this fault continues southwest-
ward beneath the alluvium of the South Gila Valley.
The Kinter Formation is titled about 15°-30°
toward the northwest along the northern margin
of the Gila Mountains; foliation in the metamorphic
rocks south of the fault dips southward to southeast-
ward at about 40°-50°.

In the central and southern parts of the Gila
Mountains several large faults near the margins of
the range trend northwest to west-northwest. Prob-
ably other parallel faults exist farther out from the
margins, where they are now buried by alluvium.
The foliation and prominent joints in the crystal-
line rocks in this area dip 30°-60° southeast to
south-southeast; another joint set dips northwest.
These trends are athwart the long axis of the range
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and perpendicular to the margins. This pattern sug-
gests that the margins of the mountains, which are
fairly straight in most places, may be controlled at
least indirectly by faults parallel or nearly parallel
to the exposed faults. The western edge of the
Tinajas Altas Mountains near the Mexican border
is controlled in large part by such a fault (pl. 3).
Farther northwest the parallel ridges of the Butler
Mountains may result from en echelon faults trend-
ing about N. 50°-60° W. (pl. 9).

Between the Cargo Muchacho Mountains and the
Chocolate Mountains, and farther south, between
the “Yuma Hills” and the Laguna and Northern
Gila Mountains, is a basin informally designated
the “Picacho-Bard basin.” The depth to the pre-
Tertiary crystalline rocks along the axis of the
basin increases southward from about 1,500 feet to
about 3,500 feet, according to an interpretation of
gravity data. The presence of a few outliers of
crystalline rocks near the margins of the basin and
the complexity of the gravity and magnetic patterns
suggest that the bedrock surface has considerable
local relief.

South of the Gila River the trough west of the
Gila Mountains—essentially a continuation of the
“Picacho-Bard basin” called the “Fortuna basin”—
deepens rapidly and attains a depth estimated from
gravity data to be about 16,000 feet. (See pl. 9.) As
indicated by the log of well (C-9-22)28cbb (test
well LCRP 25), only the upper one-eighth of the
basin-filling deposits consists of alluvium of the
Colorado and Gila Rivers; the lower seven-eighths
probably is composed of marine and nonmarine de-
posits older than the Colorado River (Bouse Forma-
tion and older units).

Farther south, the “Fortuna basin” doeg not ap-
pear to be quite as deep. Estimates from gravity
data and electrical soundings indicate that the base-
ment (pre-Tertiary crystalline rocks) surface is
10,000-13,000 feet below the land surface in the mid-
dle of the basin just north of the southerly in-
ternational boundary. Information from test well
(C-18-20) 2 abdl (USBR CH-28YM) and from a
profile of electrical soundings indicates that only
the upper 1,200 or 1,300 feet of the overlying fill is
alluvium ; the bulk of the basin-filling deposits prob-
ably are semiconsolidated marine and nonmarine
sedimentary rocks of Tertiary age (pl. 10).

On the west side of the trough formed by -the
“Picacho-Bard basin” and the “Fortuna basin”, is
an irregular chain of basement highs composed of,
from north to south, the Cargo Muchacho Moun-
tains (described earlier), the ‘“Yuma Hills,” a
buried ridge south of the “Yuma Hills” referred to
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informally as the “Mesa basement high,” and a
southeast-trending basement high culminating in
the row of low hills, known as the “Boundary Hills,”
straddling the southerly international boundary
(fig. 6).

The north-northwesterly alinement of outerops of
the “Yuma Hills” and various kinds of geophysical
data indicate that these hills are the summits of a
nearly buried ridge approximately parallel to the
Gila Mountains and other ranges of the Sonoran
Desert farther east. The “Yuma Hills” basement
ridge probably is bounded on both sides by faults
whose precise location and attitude can be only a
matter of speculation at present.

The “Mesa basement high” is separated from the
“Yuma Hills” to the north by a saddle in which the
basement surface is estimated on the basis of geo-
physical data to be at a depth between 1,000 and
1,500 feet. Shallow test drilling by the U.S. Bureau
of Reclamation and the U.S. Geological Survey, and
geophysical exploration by the Geological Survey,
have established that the highest part of the buried
basement ridge, which is oriented northwest, is less
than 100 feet below the surface of Yuma Mesa; well
(C-9-23) 83cdd (USBR CH-20YM) penetrated
porphyritic quartz monzonite at a depth of only 47
feet. The “Mesa basement high’ is bounded on both
northeast and southwest sides by faults (pls. 9,
10). The large fault on the southwest is the Algo-
dones fault which is described on pages H61-H63;
the other faults probably are parallel or en echelon
to the Algodones fault.

Geophysical data suggest that southeast of the
“Mesa basement high” and on the southwest side
of the Algodones fault, the surface of the crystalline
rocks slopes steeply southward into a broad saddle
and thence rises southeastward to the line of low
outcrops straddling the southerly international
boundary—the “Boundary Hills.” The “Boundary
Hills” are composed of the same porphyritic quartz
monzonite ag that penetrated in test wells on the
“Mesa basement high” and exposed in the “Yuma
Hills” farther north.

Between the “Yuma Hills” and Pilot Knob is a
basement trough oriented north-northeast referred
to informally as the “Yuma trough.” Geophysical
data, supplemented by information from test wells
16S/22E-29Gca2 (USGS LCRP 26) and (C-8-
23)32caal (Sinclair Oil Co. Kryger 1) and from
water well 16S/21E-86Fca, show that the basement
surface is deepest in the eastern part of the trough,
where the sedimentary fill includes the Tertiary
nonmarine sedimentary rocks below the less de-
formed Bouse Formation, transition zone, and older
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and younger alluviums. Farther west, within 2 or 3
miles of Pilot Knob, the crystalline basement is
shallower and is overlain only by the older and
younger alluviums or, in places, the transition zone
and Bouse Formation.

Gravity and magnetic data indicate a deep basin
between the “Boundary Hills” and San Luis which
is given the informal name “San Luis basin.” (See
pl. 9.) The axis of the “San Luis basin” trends west-
northwest along the southerly international bound-
ary. Estimates indicate that the depth to basement
in the middle of the basin is about 13,500 feet. Oil-
test well (C-10-24)24cbb (Colorado Basin Associ-
ates Federal 1) on the north side of the basin
bottomed in Tertiary nonmarine sedimentary rocks
at a depth of 6,007 feet (pl. 10).

LATE TERTIARY AND QUATERNARY STRUCTURAL
FEATURES

The older and younger alluvium, the underlying
trangition zone, and the Bouse Formation, which
range in age from late Tertiary (Pliocene) to Qua-
ternary (Holocene), are substantially less deformed
than the pre-Bouse rocks, from which they are
separated by significant angular unconformities.
Nevertheless, except for the younger alluvium and
possibly the upper parts of the older alluvium, these
late Tertiary and Quaternary units are affected by
broad-scale warping and local faulting.

Deformation of the older alluvium on the flanks
of the mountains consists chiefly of slight tilting
with dips as much as 6° away from the mountains,
and, locally, of small-scale high-angle normal fault-
ing. Uplift of the mountains in post-older alluvial
time is indicated by the presence of Colorado River
deposits as high as 740 feet above sea level on the
flanks of the southeastern Chocolate Mountains and
about 580 feet above sea level on the west flank of
the northern Gila Mountains. Even greater uplift
since the deposition of the Bouse Formation is indi-
cated by the presence of basal limestone and tuff of
the Bouse at an altitude of about 1,000 feet above
sea level in.a gap in the Chocolate Mountains 10
miles beyond the north edge of plate 3 (Metzger,
1968).

In the subsurface, a measure of the maximum
deformation since the late Tertiary is provided by
the configuration of the top of the Bouse Formation
(fig. 15). The Bouse, being marine, presumably was
nearly horizontal at the time of deposition; the
basal beds of the overlying transition zone are the
earliest deposits of the Colorado River, which must
have been laid down not far above sea level. The
maximum dip of the top of the Bouse Formation is
about 9°-10°. These deposits have been downwarped
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in the basins such as “Fortuna basin” and differ-
entially upwarped along the margins of the moun-
tain blocks (pl."10). The top of the Bouse Forma-
tion is more than 3,000 feet below sea level in the
southwest corner of the Yuma area, near San Luis
(fig. 15 and pl. 10). This probably refiects broad-
scale downwarp or subsidence in the Colorado delta
region as well as more local downwarp or down
faulting in the basins. At least part of the down-
warp results from differential compaction in the
fine-grained deposits. Farther west, in the central
part of the Salton Trough, probably nonmarine de-
posits (possibly of the Colorado River?) have been
penetrated in oil-test wells at depths exceeding
13,000 feet (Muffler and Doe, 1968), which indicates
much greater downwarp or subsidence there.
Structural activity has generally occurred more
recently in the Salton Trough than it has farther
northeast, in most of the Yuma area. The trough
is crossed at acute angles by northwest-trending
faults of the well-known San Andreas system.
Many members of this system are well delineated
by seismic and gravity data in the delta region
(Biehler and others, 1964). One of these faults and
several other probably related faults that cross the
Yuma area are described in the following section.

ALGODONES FAULT AND RELATED FAULTS

The San Andreas fault system is a major crustal
feature along the northeast margin of the Pacific
Ocean. The Gulf of California—a southern exten-
sion of the Salton Trough—was probably formed
by oblique rifting across the system (Hamilton,
1961) and probably also by ocean-floor spreading
(Larson and others, 1968). Displacements on the
faults have been right latera] and, in southern Cali-
fornia, may have amounted to as much as 160 miles
since early Miocene time (Crowell, 1962). An earler
date has been postulated for some of the faults by
Hill (1965), who believes that possibly several
hundred miles of right slip has occurred since the
Cretaceous.

One of the main branches of the San Andreas
system extends along the northeast side of Coach-
ella Valley southeastward to the northeast shore of
Salton Sea. Allen (1957) calls this branch the
Banning-Mission Creek fault; Dibblee (1954) con-
siders it the San Andreas, itself. Southeast of Salton
Sea the trace of the fault is concealed by unaffected
alluvium and windblown sand, so its precise trend
is not known. Biehler (unpub. Ph. D. thesis, 1964;
oral commun., 1967) interprets a strong alinement
of gravity lows as indicating the trace of the fault
where it is concealed by the Sand Hills (“Algo-
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dones Dunes”). On the basis of this evdence and of

further evidence from seismic data (Kovach and

others, 1962), the fault appears to extend beneath
the Sand Hills to a2 point on the Colorado River
south of Pilot Knob; the exact location is uncertain.

The fault just described (or possibly a parallel
fault) appears to continue southeastward across the

Yuma area from a point on the Colorado River about

a mile south of Morelos Dam to the southerly inter-

national boundary 26 miles east of the Colorado

River at San Luis (pls. 8 and 9). It is herein named

the Algodones fault from the village of Algodones

just northeast of the trace of the fault in the north-
eastern corner of Baja California, Mexico. The evi-
dence for the Algodones fault is summarized:

1. Anomalous topography on the “Upper Mesa.”—
The existence of the Algodones fault was
first inferred from a topographic anomaly on
the “Upper Mesa,” in the southeast part of
the area of investigation. The anomaly con-
gists of a northwestward trending drainage
system approximately perpendicular to the
normal, consequent streams draining south-
westward from the Gila Mountains. The in-
ferred fault trace is along this system, at the
foot of an ercded northeast-facing alluvial
escarpment. The mesa surface southwest of
the fault is 30—60 feet higher than the surface
to the northeast and slopes toward the west-
southwest at about 30-40 feet per mile (pl.
1). Lineaments apparent on vertical aerial
photographs suggest that the fault has a
branching pattern in the central part of the
“Upper Mesa.”

2. Offset of the water table and ground-water bar-
rier effect.—Test wells in the “Upper Mesa”
indicate an abrupt offset in the water table
along the inferred fault trace. Water levels
northeast of the fault are more than 30 feet
higher than those southwest of the fault near
the northwest edge of the “Upper Mesa” and
about 7 or 8 feet higher near the southerly
international boundary (pl. 1). Measurements
in private irrigation wells and government
observation wells indicate that the water-table
offset continues about 3 miles northwestward
beneath Yuma Mesa, although this part of the
fault trace is concealed.

The water-table offset results from the func-
tion of the fault as a barrier to ground-water
movement. The barrier effects of faults in allu-
vial materials are well known and are com-
monly attributed to: (a) Pulverization of earth
materials along the fault, (b) offset of bedding
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so that impermeable beds are juxtaposed
against permeable beds, (¢) rotation of flat or
elongate clasts parallel to the fault, thereby
decreasing permeability normal to the fault
plane, and (d) deposition of minerals along the
fault surface (Davis and De Wiest, 1966, p.
396). The first and fourth factors listed above
are probably most significant at the Algodones
fault. Electrical-analog data, described on page
H108, indicate that observed changes in water
level on both sides of the fault are best mod-
eled by assuming that the transmissivity of
the fault barrier is less than one-thousandth
of that of the alluvial deposits on either sids.
The configuration of the water table-water-
level contours on both sides of the fault are
nearly perpendicular to the fault trace—also
supports the conclusion that very little ground
water moves across the fault.

3. Magnetic gradients.—A steep magnetic gradient
along the southwest side of the buried “Mesa
basement high” suggests a fault or series of
step faults on which the basement is down-
thrown to the southwest. The zone of steep
gradient extends across Yuma Valley to the
northwest and indicates that the inferred fault
or fault zone crosses the Colorado River some-
where between 114 and 4 miles south of Pilot
Knob.

4. Gravity patterns.—Gravity data generally cor-
roborate the magnetic data. Also, the gravity
data indicate a very steep gradient on the
northeast flank of the “Boundary Hills” base-
ment high, which suggests downthrow of the
basement surface toward ‘“Fortuna basin”
along a fault about in the position of the fault
inferred from topographic and hydrologic evi-
dence.

5. Seismic-reflection data.—Seismic-reflection pro-
files made by a commercial firm under contract
to the U.S. Bureau of Reclamation revealed
several faults including what is interpreted
herein as the main Algodones fault. The faults
oftset reflecting horizons such as the top and
bottom of the Bouse Formation and the top of
the transition zone, and locally are associated
with steep dips of the reflecting horizons
(Snodgrass, 1965, 1966). On a profile along the
limitrophe section of the Colorado River, the
top of the Bouse Formation was determined
to be downthrown 500 feet to the south or
southwest along a fault that is probably the
main Algodones fault about 214 miles south
of Pilot Knob (Snodgrass, 1966). (See pl.

WATER RESOURCES OF LOWER COLORADO RIVER-SALTON SEA AREA

10.) The faults inferred to be parallel to the
Algodones fault near the ‘“Mesa basement
high” (pls. 9 and 10) all were determined
from seismic-reflection data.

6. Seismic-refraction data.—A seismic-refraction
profile extending southward from the crest of
the “Mesa basement high” revealed that the
basement surface is downthrown 350 feet
toward the south or southwest along a steeply
dipping fault in alinement with the projected
extension of the ground-water barrier to the
southeast. This fault is interpreted as being
the main Algodones fault (pl. 10).

7. Ground-water-temperature anomalies. —
Although the Algodones fault is concealed be-
neath Yuma Mesa and Yuma Valley, its posi-
tion throughout much of its extent across
these features is revealed by an elongate body
of anomalously warm ground water, mostly
on the northeast side of the inferred fault
trace (fig. 47). Similar temperature anoma-
lies farther southwest probably reflect parallel
or en echelon faults. The elevated temperatures
of these anomalies are probably the result of
upward movement of deep warm water in-
duced by the barrier effects of the faults.
However, the effect of the buried basement
ridge at the “Mesa basement high” may in
part account for the temperature anomaly
along the Algodones fault.

In addition to the methods of investigation de-
scribed above, attempts were made to delineate the
Algodones fault beneath Yuma Mesa by use of
resistivity profiles and electrical soundings. Unfor-
tunately, the resistivity surveys did not provide the
expected information as to the location and nature
of the fault or fault zone. Information on the atti-
tude and width of the fault, and on whether the
barrier effect results primarily from pulverized
material (gouge) or from cemented material, must
await detailed exploration by test drilling or exca-
vation.

Likewise, unambiguous information on the direc-
tion and amount of movement on the Algodones
fault is not yet available. Analogy with other, bet-
ter known faults in the San Andreas system sug-
gests chiefly right-lateral movement; this inference
is substantiated to some extent by gravity and mag-
netic patterns. However, vertical components of
movement also are indicated by some of the evi-
dence summarized above. Northwestward from the
vicinity of the “Mesa basement high” the southwest
side is downthrown, but to the southeast, across the
“Upper Mesa,” the throw is opposite. Such reversals
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in throw along the strike are common along other
faults in the San Andreas system which have had
predominantly strike-slip movements.

The last significant movement on the Algodones
fault can be dated approximately by geology and
topography. The fault is exposed on the “Upper
Mesa” but is concealed beneath apparently unaf-
ected alluvial deposits in both the Yuma Mesa and
Yuma Valley. The uppermost coarse-gravel strata
of the older alluvium (coarse-gravel zone) are not
offset, at least vertically, beneath western Yuma
Mesa and eastern Yuma Valley (pls. 5 and 8). The
age of the Yuma Mesa surface is late Pleistocene—
perhaps Sangamon (p. H27)—and the presumably
unaffected gravel strata are somewhat older. The
age of the “Upper Mesa” surface, which is offset,
has not been established but almost certainly is
older than latest Pleistocene. It is therefore inferred
that significant movement on the Algodones fault
ceased before the latest Pleistocene. Movement on
the parallel or en echelon faults probably ceased
even earlier; this is indicated by the lack of topo-
graphic expression of these faults on the “Upper
Mesa” and from the apparent absence of significant
hydrologic effects (other than thermal effects)
caused by these faults. By contrast, many faults of
the San Andreas system crossing the Salton Trough
farther west are still active, which indicates the
more recent deformation of that region as compared
to the Sonoran Desert.

GROUND-WATER HYDROLOGY
THE GROUND-WATER RESERVOIR

The limits of the ground-water reservoir in the
Yuma area are congidered as being formed by the
crystalline rocks of pre-Tertiary age. These rocks
include many types, but all are dense and contain
only small quantities of water in open fractures and
weathered zones within a few tens of feet of the
land surface and possibly to greater depths in faults
and shear zones. In the arid environment of Yuma,
most of the small quantity of water in the crystal-
line rocks near the mountains and hills occurs far
above the regional water table as small, discontinu-
ous perched bodies.

The ground-water reservoir is therefore composed
of the Cenozoic basin-fill deposits overlying the pre-
Tertiary crystalline rocks. The general configuration
of the basins was discussed in the preceding section
on structure. The thickness of fill in the deepest
parts of some of the basins probably exceeds 16,000
but only the upper 2,000-2,500 feet at these places
is composed of fresh-water-bearing alluvial deposits.
For this reason, the ground-water reservoir is con-
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sidered as being composed of two parts, which are
discussed separately below.

MAJOR SUBDIVISIONS OF THE RESERVOIR

The ground-water reservoir congists of two major
subdivisions: (1) Poorly water-bearing rocks of
Tertiary age and (2) water-bearing deposits of
Pliocene to Holocene age. The first subdivision con-
stitutes the lower part of the reservoir and includes
the following stratigraphic units: (1) The nonma-
rine sedimentary rocks, (2) the volcanic rocks, (3)
the older marine sedimentary rocks, (4) the Bouse
Formation, (5) the transition zone, and (6) the
conglomerate of the Chocolate Mountains. The vol-
canic rocks and the conglomerate of the Chocolate
Mountains appear to be of very minor subsurface
extent within the area of principal hydrologic in-
vestigation and are not considered further in this
section of the report. The stratigraphic units of the
second subdivision include: (1) The older alluvium,
(2) the younger alluvium, and (3) the windblown
sand. These units contain most of the fresh ground
water. For convenience, the water-bearing deposits
of the second subdivigsion are further subdivided
into water-bearing zones that cross stratigraphic
boundaries, as discussed on pages H66-H69.

DEFINITION OF FRESH WATER

In describing the fresh-water part of the ground-
water reservoir, the term “fresh water” requires
definition. Fresh water is an imprecise term prob-
ably best defined as water that has a sufficiently
low mineral content to be acceptable for ordinary
uses. The Office of Saline Water defines fresh water
as that containing not more than 3,000 mg/1 of dis-
solved solids. In many reports of the U.S. Geological
Survey, fresh water is defined as that containing
not more than 1,000 mg/1 of dissolved solids—a use-
ful limit in most parts of the United States where
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