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'E ALLUVIAL- ARCHEOLOGICAL RELATIONS ALONG
LAGUNA CREEK NEAR KAYENTA, ARIZONA

aeology and dendrochronology by Jeffrey S. Dean and
am J. Robinson, Laboratory of Tree-Ring Research,
ersity of Arizona, Tucson, Arizona. Geology by M. E.
Cooley, U.S. Geological Survey, Tucson, Arizona.)

Laguna Creek flows generally eastward from Laguna
Janyon (Tsegi area), formed between Black and Skeleton
\lesas in the area 20 miles west of Kayenta, Arizona, to its
2onfluence with Chinle Wash 30 miles east of Kayenta. Its
~alley and channel are cut principally into the highly cross-
Sedded Navajo Sandstone of Jurassic and Triassic(?) age,
which in this area is between 500 and 600 feet thick. The
present arroyo, ranging in depth between 50 and 100 feet, .
was reported by Gregory (1917)to have begun cutting in 1884
as a result of severe runoff. Three alluvial units can be re-
cognized at many exposures inthe arroyo walls; twoterraces
are conspicuous in the upper reaches, but only one terrace
is present in much of the lower reach of Laguna Creek and
along Chinle Wash.

A good view of the alluvial units is from the bridge
crossing Laguna Creek north of Kayenta, The oldest unit
present may be of late Pleistocene age and may be correla-
ted with the Jeddito(?) Formation of Hack (1942). The two
younger units— correlated with the older Tsegi Formation
and younger Naha Formation (Hack, 1942)—are of Recent
age and are the fills of channels cut into the Jeddito(? ) For-
mation and in places on the Navajo Sandstone. In general,
the Jeddito(?) Formation is very thin to thin bedded, having
individual layers that can be traced for long distances. It
contains abundant plant material mixed in with sandy clay
and silt to silty sand layers. Gravel, crossbedding, and
channeling are rather uncommon. The overlying Tsegi For-
mationis a complex maze of lenticular layers of sand, silty
sand, and silt that locally are interbedded with deposits of
eolianorigin. Channeling and some gravelare common. The
Naha Formation is thinly bedded and in many respects is
similar to the Jeddito(?) Formation, although in places the
unit displays channels and lenticular beds. Upstream above

the mouth of Laguna Canyon part of a lower jaw of a young
horse (Equus), identified by George Lammers, University
of Arizona, was found buried in the uppermost foot of the
Naha Formation.

The upper part of the Tsegi Formation contains con-
siderable remains of Basketmaker III and early Pueblo man.
In the area four miles west of Kayenta these remains occur
in the upper 25 to 30 feet of the formation, indicating that
deposition was occurring during A. D. 750 to1100. The ter-
minal date of Tsegi deposition in this area is not known nor
are the dates of the post-Tsegi—pre-Naha arroyo cutting,
often referred to as occurring as a result of the “‘Great
Drought’’ of the late A. D. 1200's, and of the beginning of
Naha deposition, which must have continued until interrupted
by the events associated with the present arroyo cutting,

The archeological site known as Three Mile Draw
along Laguna Creek four miles west of Kayenta, Arizona,
(NA 8300 in the Museum of Northern Arizona survey system)
consists of a number of discrete dwelling units pertaining to
periods of Southwestern prehistory called Basketmaker III
and Pueblo I. These units are circular, subterranean pit-
houses lined with sandstone slabs. Interior features consist
of central firepits with associated ashpits, storage cists,
andfloor ridges radiating from the firepit to a sidewall open-
ing to the south or southeast serving as a ventilator. The
superstructure was constructed of four main uprights set
within the house and poles aroung the perimeter of the house
which restedon the ground surface and on the uprights. The
framework was then covered with juniper bark and clay. A
hatchway roof entrance is inferred. )

Surface indications of the site before excavation con-
sisted of heavy concentrations of sherds and lithic material
and the circular outlines of the upright slabs marking the
dimensions of individual pithouses. Other roughly circular
concentrations of burned material probably indicate other
units whose slabs are still completely buried.

Excavations revealed three houses (Nos. 1, 2, and 4).
House 1 was burned and a great deal of dendrochronological
material was recovered. Species represented were Douglas-
fir, pinyon, and juniper. A preliminary dating suggests
placement of this house about A. D. 850. Houses 2 and 4
were in a stratigraphic relation to each other, as House 4 -
was excavated into and through the eastern section of House
2. Placement based on ceramic typology indicates that both
House 2 and House 4 are older than House 1 (with tree-ring
dates). The sequence of houses, therefore, from older to
younger, would be House 2, House 4, and House 1. Since
House 1 can be placed near A. D. 850 and since the archi-
tectural and ceramic continuity suggests a relatively short
time span, the excavated portion of the site may be assigned
generally to thetime period A. D. 750-900. Surface mater-
ial and one unexcavated structure lying at a slightly higher
elevation relate to a later occupation of the site during the
Pueblo Il period, which by ceramic cross-dating should be
placed perhaps as late as A. D. 1100.
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NOTES ON THE EROSIONAL STAGES OF THE SAN JUAN
AND GLEN CANYONS

By
£ M. E. Cooley

(Investigation for the U.S. Geological Survey and Museum
of Northern Arizona)

The several erosional stages along the San Juan and
Colorado Rivers are recognized by different terrace levels
that record the progressive cutting of San Juan and Glen
Canyons during late Cenozoic time. Study of the terraces
has given much insight into the developmental history of the
Colorado River system in the central part of the Colorado
Plateaus physiographic province. Unfortunately, there are
few terraces in Marble and Grand Canyons, and the geo-
morphic history of these canyons is not as well known. The
terraces are well exposed along the San Juan River in the
reaches upstream and downstream from the 'gooseneck '
area of the Monument upwarp where only a few scattered
remnants remain.

The oldest erosional surface or terrace that can be
seen from the goosenecks is the surface that bevels the Cedar
Mesa Sandstone Member of the Cutler Formation onthe sum-
mit of Douglass Mesa at an altitude of about 6, 000 feet. This
surface —one of the Kaibito surfaces that occurs between
1, 500 and 2, 000 feet above the San Juan and Colorado Rivers—
formed a broad valley that pre-dated the cutting of either San
Juan or Glen Canyons. The drainage area on the Kaibito sur-
faces was nearly the same as the present drainage.

Accelierated downcutting continuing to the present
must have terminated the planation of the Kaibito surfaces
and initiated the excavation of Glen and San Juan Canyons.
A period of intermittent stabilization took place when the
rivers flowed at levels of 800 to 1, 200 feet above their pres-
ent stream beds. Several similarly formed terraces mark
this interval, and they originally were traced by Baker (1 936)
from the Monument Valley area downstream to Navajo Moun-
tain: Baker (1936) named these terraces the 'Rainbow stage. "
Mapoing during the 1950's has extended these terrace levels
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throughout the Glen Canyon area and upstream along the San
Juan River in the Navajo Indian Reservation. During the
Rainbow stage the San Juan River flowed in a shallow canyon
between Douglass and Cedar Mesas and in the Piute Mesa
area, and the Colorado River flowed in a canyon for a short
distance downstream from Navajo Mountain. In the goose-
neck areathe San Juan River formed a wide valley cut on the
weakly resistant Halgaito Tongue of the Cutler Formation,
As the river gradually lowered its bed, it came into contact
with the resistant Rico Formation, and it began to incise a
canyon that developed into the highly sinuous meanders of the
goosenecks.

Continued downcutting after the Rainbow stage deep-
ened all the reaches of San Juan and Glen Canyons. Down-
cutting was interrupted at least five times when as much as
125 feet of gravelly sediments was deposited, The present
bed of both rivers overlies bedrock for only short distances,
and drilling records at the Glen Canyon Dam show that 117
feet of alluvium (oral communication, G. D, Lassen, 1959)
underlies the bed of the Colorado River. Upstream from the
gooseneck area the three lowest terraces—between 30 and
200 feet above the San Juan River—in the Shiprock-Farm-
ington area in northwestern New Mexico are continuous up-
stream along the Animas River to Durango, Colorado. The
highest of these deposits merges with the outwash sediments
of the Durango glacial stage 10 miles south of Durango, which
confirms a relation reported by Atwood and Mather (1932, p.
131). The deposits of the two remaining terraces are cor-
related with the younger outwash of the Wisconsin glacial
stage (Atwood and Mather, 1932) in which Richmond (1954)
has recognized two substages. The other terrace deposits
may also be correlated with other outwash deposits, although
additional investigation is needed to confirm this relation.

The composition of the material that forms the terrace
deposits and the differences inthe amount of caliche (calcium
carbonate deposits) formed at the top of each deposit aid in
the correlation and mapping of the terrace levels. Pebble
analyses of about 8,000 pebbles indicate similar gravel for
the terraces that are less than1, 200 feet above river level,
the Rainbow and younger terraces, and the present channel
gravel, but a difference is noted in the types of gravelpres-
ent at more than 1, 200 feet above river level in the Kaibito
terraces. The major types of gravel below 1, 200 feet above
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river level consist mainly (more than 60 percent) of granite,
porphyry, quartzite, and chert—types derived from the
Rocky Mountains, stock-laccolithic mountains, and other
mountains bordering the Colorado Plateaus. Chert also is
derived from canyons along the rivers where chert-bearing
rocks are exposed. Gravel in the Kaibito terraces general-
ly is locally derived sandstone and chert, and usually less
than 5 percent is similar to that found in the Rainbow and
lower terraces.

The large quantities of quartzite, porphyry, and gra-
nitic types and adecrease inthe amount of chert on the Rain-
bow and younger terraces may be attributed to the cverloading
of the Colorado and San Juan Rivers in the higher mountainous
source areas. Vigorous erosional processes, including
strong freezing and thawing action and glacial scouring that
attacked exposed sections of basement rocks, are indicated
by the considerable amount of granitic gravel. If these are
valid conclusions, then the beginning stage of glaciation in
the Rocky Mountains is correlative with the Rainbow stage
when the rivers were flowing about 1,000 feet above their
present stream beds in San Juan and Glen Canyons.

Atwood, W. W., and Mather, K. F., 1932, Physiography
and Quaternary geology of the San Juan Mountains,
Colorado: U.S. Geol. Survey Prof. Paper 166, 176
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Mountain region, San Juan County, Utah: U.S. Geol,
Survey Bull. 865, 106 p.

Cooley, M. E., 1961, Description and origin of caliche in
the Glen-San Juan Canyon region. Utah and Arizona
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Richmond, G. M., 1954, Modification of the giacia! ~hrono!-
ogy of the San Juan Mountains, Coloruadcc ~ience,
v. 119, no. 3096, p., 614-615,

Thickness Type of deposit Description of deposit
- - Limy streaks in de- grains and pebbles
posits: thin film on few limy nodules.
- Nodular | Calcareous deposit
J around pebbles
2-3 Nodular ! Calcarevus and sili- :
| ceous dposits around l‘!‘. finer -_:r.m.f-rj ulr.:b
! pebbles: some limy A.?ll\‘h? 18 pariy lav-
| nodules in matrix and er g
2-5 Nodular and Calcareous and sili-
poorly formed ceous deposits around
layers pebbles: massive ca-
{ liche and layers form-
1 ed in upper part of de-
2-10 Poorly to well- | Hard massive and ir- s o
formed layer | regular caliche laver
| capping terrace that
] grades downward inte gravel des:
ANIBEV SuPACEs I zone of weaklv de el-
3-20 Well-formed Hard, firm, relatively woest of derosit shows
layer pure, massive and some desrev 4
KAIBITR SURFATES ' layered caliche: some *ation: bedd:
| siliceous layering: .ravel destroved
5-30 Well-formed ‘ Thick, hard, pure to ache: considerabic
layer ' relatively pure mas- silice™rs material
=ve and lavered ca-
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LOWER BOUNDARIES OF QUATERNARY PERIOD AND
RECENT EPOCH

(Summarized from '""Hydrogeology of the Surficial Deposits of
the Navajo and Hopi Indian Reservations, Arizona, New
Mexico, and Utah," by M. E, Cooley, J. T. Callahan, and
William Kam: U.S. Geol. Survey Prof. Paper 521-__, in
preparation, )

The lower boundary of the Quaternary period in the
Navajo country is placed at some point between the end of
deposition of the Bidahochi Formation of roughly early and
middle Pliocene age and deposition of the Jeddito Formation
of middle(?) and late Pleistocene age and equivalent de-
posits —such as the Gamerco Formation (Leopold and Snyder,
1861) and terrace deposits, Although erosion dominated
deposition in late Pliocene and early Pleistocene time, sedi-
ments referredto as terrace deposits were laid down in many
parts of the Navajo country, These deposits overlie the Black
Point surfaces formed by the Little Colorado River and the
Kaibito and Rainbow surfaces formedbythe Colorado and San
Juan Rivers. Erosion represented by the Black Point sur-
faces terminated the deposition of the Bidahochi Formation,
The only fossils in the Navajo country, which occur near the
lower boundary of the Quaternary, are vertebrates found in
the deposits of Charley Day Spring near Tuba City. The fos-
sile include camel, elephant, and other mammal bones
(Colton, 1931), some of which may be as old as early Pleis-
tocene (Lance, 1960). The terrace deposits that overlie the
late Black Point surfaces near Tuba City are about 100 feet
higher than those of Charley Day Spring and, therefore, are
older than or at least as old as the Charley Day Spring de-
posits. The Jeddito Formation (Hack, 1942) and the de-
posits on the Wupatki surfaces were laid down contempora-
neously (Cooley, 1958), andthey contain fossil elephants and
horse teeth of middle to late Pleistocene age (Reiche, 1937;
Hack, 1942; Lance, 1960). All these deposits are in valleys
excavated below the level of the late Black Point surfaces.
The fossil evidence indicates that the Black Point surfaces
were formed during late Pliocene and early Pleistocene time,
and in the Little Colorado River area the lower boundary of
the Quaternary should be placed during the planation of the
Black Point surfaces.

In the area drained by the Colorado and San Juan
Rivers, Quaternary time may have begun during the ero-
sional period that occurred between the planation of the
Kaibito and Rainbow surfaces or more probably during the
formation of the Rainbow surfaces. Mapping of the surfaces
and terrace deposits in the Navajo countryhas revealed that
the Kaibito and Rainbow surfaces are mainly equivalent to the
Black Point surfaces. If this correlation is accurate, then
the lower boundary of the Quaternary occupies similar phys-
iographic positions in both the Little Colorado and the Colo-
rado-San Juan River drainages. Support for placement of
the lower boundary is indicated by the differences in com-
position of the gravel deposited on the Kaibito and Rainbow
surfaces (see " Notes on the Erosion Stages of Glen and
San Juan Canyons'' in this handout).

The approximate position of the lower boundary of the
Quaternary at the confluence of the Colorado and San Juan
Rivers is between 1,000 feet—the uppermost limit of the
Rainbow surfaces at that point—and 1, 500 feet—the lower-
most limit of the Kaibito surfaces—above river level, In
the southwestern part of the reservations near Wupatki Ruin,
the lower boundary is about 600 feet above the Little Colorado
River. Generally, the height of the boundary above the pres-
ent river levels decreases slightly upstream and increases
downstream because the gradients of the older surfaces are
less than the present gradients of the rivers.

The Pleistocene-Recent boundary is placed some-
where in the erosional interval that occurred between the
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deposition of the youngest Pleistocenc terrace dop

luvium and the late Recent alluvium, Along the Latiie €l
rado River the deposit on the youngest Wupatks terrace prob
ably is correlative with the youngest ovutwush doposit (Wis
consin stage of Sharp, 1942)on San Francisco Mourntain near
Flagstaff (C(m]ey, 1962). Along the San Juan and Colorade
Rivers the youngest gravelly terrace deposit iy be equiv
alent to part of the Wisconsin outwash of Atwood and Mather
(1932)., Along all three rivers late Recent deposits overlie
unconformably the youngest Plcistocene deposits.,

Upstream from Wupatki Ruin along the Little Colorado
River and parts of tributary drainages, the Pleistocene-Re-
cent boundary is obscure because the younger Wupatki ter-
races were buried by alluvium that accumulated behind lava
dams inthe Black Falls-Grand Falls arca (near Wupatki Ruin)
of the Little Colorado River and because of differences in al-

luviation and erosion throughout the drainage system. Up-
stream from Grand Falls the deposits behind the lava dam
may have been laid down locally during latest Pleistocene and
early Recent time. In Jeddito Valley and other tributary val-
leys the Jeddito Formation is overlain unconformably by the
Tsegi Formation of late Recent age, and, locally, more than
50 feet of the Jeddito was removed before the deposition of
the Tsegi, In comparison, along reaches of Laguna Creek
and other drainages in the northern part of the reservations,
latest Pleistocene-early Recent erosion removed as much
as about 100 feet of the late Pleistocene deposits, and in some
canyons all the late Pleistocene deposits may have been re-
moved. The lower boundary of the Recent deposits, there-
fore, is placed somewhere during this erosional period. Sim-
ilarly, in the Gallup, N. Mex., area the Pleistocene-Recent
boundary is placed in the erosional period that formed a
channeled surface that separated the late Pleistocene
Gamerco Formation and late Recent Nakaibito Formation
(Leopold and Snyder, 1951),

Atwood, W. W., and Mather, K. F., 1932, Physiography
and Quaternary geology of the San Juan Mountains,
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p.

Cooley, M. E., 1958, Physiography of the Black Mesa basin
area, Arizona: New Mexico Geol. Soc. Field Conf, ,
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. THE MOGOLLON HIGHLANDS—THEIR INFLUENCE ON MESQZOIC"
AND CENOZOIC EROSION AND SEDIMENTATIONL:

By
X . M. E. Cooley and E. S. Davidson

U.S. Gceological Survey, Tueson, Arizona
Prepared in cooperation with the Arizona State Land Department
. _and the Navajo Tribe i

The effects of regional upwarping became increasingly prominent dur~

Irig the Late Cretaceous Period and resulted in a complete withdrawal of the
seas by the end of the period. The seas in the Rocky Mountain geosyncline with-
drew northward into Utah and eastward and southeastward through northern Mex-
feo. Differential uplift and subsidence divided thé region into local highs and

" baginlike structures or troughs in which coarse detrital material accumulated
(fig. 8). Basinlike structures may have been present as early as Early Creta-
ceous time in southern Arizona, but folding that produced basins and uplifts cn
the Colorado Plateau did not begin until late in the Cretaceous Period and was
not completed until about the end of Eocene time. g

Colorado River System

Major changes occurred during the late part of mid-Tertiary (Miocene)
time, and accelerated regional upwarping resulted in the development of the an-
cestral stages of the Colorado River system and in the outlining of the physio-

sphic provinces of the Southwest. ‘The renewed rising of the Mogollon High-
Endl and the formation of some of the basin-and-range features accompanied
the upwarping, but there is no evidence of strong differential structural move-
ment in the Colorado Plateau during this time. Mid-Tertiary thrust faulting has
been noted in southeastern Arizona and in west-central Arizona near the Colorado
River (Wilson and Moore, 1959, fig. 12). No notable thrusting took place within
the Mogollon Highlands, but early movemeat along some of the large normal
{aults and some folding along the'wesicrn edge of the Colorado Plateau may date
from this period. In'the nearby part of southern California, deformation and
voleanism during the late part of Miocene and during Pliocene time caused the
formation of local, interior-drained basins in the Mohavia Highlands (Reed,
1933), Thus, there was general widespread upwarping within the Mogollon High-
lands and Colorado Plateau regions of Arizonz and New Mexico, and intense
deformation in many parts of the Basin and Range province.

_The initial stage of the Colorado River system is represented by the
Valencia surface, whose remnants are present in the southern part of the Colo=
rado Plateau (Cooley and Akers, 1961, p. 244-245). Differential uplift of the .
Mogollon Highlands and of the Zuni-Defiance-Monument uplift area, accompanled
by early basaltic eruptions in some of the volcanic fields, restricted the ances-
tral systems of the Colorado and Little Colorado Rivers approximately (o their
present positions. The Valencia surface is present at altitudes of more than
7,500 feet beneath basalt {lows capping Red Butte near the Grand Canycn and on
other buttes and small mesas in the White Mountains volcanic [{ield. The gen-"
eral trend of the drainage on the Valencia surface was west-northwest in the
Little Colorado River area and southwestward in the Colorado River area, as
reconstructed from the remnants of the surface and {rom the stream patterns on
the following Hop!i Buttes and Zun{ surfaces (fig. 10). The eastern and northern
parts of the Mogollon Highlands were then drained to the Colorado, and a volcan-
ic pile formed by the Datil Formation maintained a drainage divide near the Ar--
izona-New Mexico State line. X

Accelerated downcutting formed the Hopi Buttes (Gregory, 1917, p.
121-122) and Zun{ (McCann, 1938, p. 260-279) surfaces in late Miocene and
Pliocene time and entrenched the ancestral Colorado system to an average depth
of about 1,200 feet below the level of the Valencia syrface. However, cutting
was interrupted temporarily in the ancestral valley of the Little Colorado River
by the deposition of the Bidahochi Formation (fig. 10). The Bidahochi Forma-
tion was divided into a lacustrine and fluvial lower member, a volcanic middle
member, and a fluvial upper member (Repenning and Irwin, 1954, p. 1821-
1826). Fine-grained sediments which are lithologically similar to the lower
member of the Bidahochi in the Hopi Buttes area crop out beneath basalt flows
near Flagstaff in the structural saddle between the Kaibab uplift and the Mogollon
Highlands. :

Contours drawn on the base of the Bidahochi Formation and lateral
equivalents indicate that the Defiance uplift-Chuska Mountains-Zuni Mountains
area formed a divide between the ancestral Little Colorado system z2nd the
drainage in the San Juan Mountains area (Cooley and Akers, 1861, f{ig. 237.3).
The Little Colorado may not have been connected with the Colorado River in the
area upstream {rom the Grand Canyon until about late Pliocene time, during the
formation of the Zuni erosion surface. The contours indicate also that part of
the "rim gravel' near the Mogollon Rim and some of the volcanic rocks and
clastic sediments in the San Francisco volcanic field are a lateral cquivalent of
the Bidahochi Formation. The rim gravel was derived frem the south (McKee,
1951, p. 498) and is composed of coarse debris eroded {rom the Precambrian
and Paleozoic rocks in the central part of the Mogollon Highlands.

Along the southern border of the Mogollon Highlands and in southern
Arizona, generally coarse-grained gravel, tilted and moderately deformed by
normal faulting, is exposed along the flanks of the various mountain ranges.
This gravel, informally termed "deformed conglomerate or gravel' by Davidson
(1861, p. 151) for exposures in the Safford basin, was deposited during the gen=
eral time represented by the Valencia, Hopi Buttes, and Zuni surfaces on the
Colorado Plateau and indicates a major stage in Cenozoic deposition in Arizona,
The deformed gravel occurs at the top of a thick section of basalt {lows of mid=
Tertiary age, and in the Safford area and elsewhere the flows and gravel are in=-
terbedded. This gravel overlies the early and mid-Tertiary andesitic flows,
tuffs, and correlative deformed deposits similar fo the Eelmet Fanglomerate
and underlies the relatively undeformed basin-fill sediments, The gravel is
part of the type section of the Gila Conglomerate of Gilbert (1875); it is general=
ly equivalent to the Mimbres Conglomerate of Hernon, Jones, and Moore (1953)
and to part of the Santa Fe Formation in New Mexico. Thick sections of the de-
formed gravel are exposed in the Safford basin, in the Aravaipa, San Pedro, and
upper Santa Cruz Valleys, in the Big Sandy Valley, and near Wickenburg between
the Gila River and the Mogollon Highlands. In southwestern Arizona, where
dissection has not been so severe, the gravel is covered generally by younger=
{ill materials. In the Mogollon Kighlands gravel similarly deformed as that in
the Basin and Range province is exposed near Silver City, Globe, and south of
Bagdad. Dips in the gravel beds are usually away from the larger mountain
masses, and in most exposures their composition is reflective of the rocks of
the nearby highlands. : '

Sediments correlative with the deformed gravel and the Bidahochi For=
mation were deposited in valleys throughout the Mogollon Highlands. These de-
posits and associated basalt flows crop out in about one-fourth of the highland
area, and, judging from their association with widely scattered fossil localities,
are of Pliocene age. The oldest dated deposit is near Walnut Grove and "***cone
tains diagnostic fossils of lower Pliocene age" (Lance, 1960, p. 156)." Other de= °
posits containing fossils of Pliocene age are in the Tonto basin, Big Sandy Val-
ley, and near Anderson mine (Lance, 1950, p. 156).

By the beginning of Quaternary time, all drainages of the Colorado Pla=
teau and Mogollon Highlands were established in their present courses, Head-
ward-cutting tributaries from the south had completely isolated the Colorado
Plateau drainage from the central part of the Mogollon Highlands, and the Mogol~
lon Rim extended uninterrupted from the White Mountains to beyond the Verde
Valley (fig. 11). ‘From this time on, structural movements in the Mogollon
Highlands had little effect on erosion and secdimentation in the Little Colorado
River area. .

Quaternary time on the Colorado Plateau is represented by as many as
seven terraces alorig the Colorado River and in the lower reaches of the Little
Colorado River. Terrace deposits overlic the Black Point surfaces (Gregory,

i 1917, p. 120) of early Pleistocene age and the Wupatki surfaces (Childs, 1948,
" p. 379-381) of middle and late Pleistocene age. Mapping of the terraces over '

an area of about 35, 000 square miles has shown that their formation was con~
trolled by regional events. The terrace deposits are as much as 200 feet thick
and are composed of gravelly sediments derived from the sedimentary bedrock,
voleanic rocks, and the reworking of older gravel. Near Holbrook the present
valley of the Little Colorado River was excavated about 800 feet below the base
of the Bidahochi Formation (Hopi Buttes surface). Downstream the cutting was
more severe, but upstream from St. Johns it was less than 200 feet.

Table 1. --Summary of geological events in the Mogollon Highlands and nearby regions during Cenozoic time.
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Large-scale and local structural movements of the Mogollon Highlands
and surrounding regions during Quaternary time also controlled sedimentation
and erosion in the Salt-Gila River system, and in general, uplift in southern
Arizona and New Mexico did not keep pace with uplift of the Mogollon Highlands.
Differential movement is indicated by a general depression of the area centering
in Phoenix, which is structurally lower than the surrounding regions. Much of
the structural movements in southwestern Arizona in Quaternary time may be
associated with downfaulting in the Gulf of California area (Eardley, 1851, p.
460-473) and with the formation of the San Andres rift.

- In early Quaternary time, thick accumulations of generally fine-grained
alluvium were laid down in most of the valleys of the Basin and Range province
and along the southwestern {lank of the Mogollon Highlands. This alluvium, often
called erroncously "lake-bed' deposits, is referred to informally as basin fill,
The basin-{ill sediments are more than 1, 500 feet thick and constitute the bulk
of the valley fill exposed in the Basin and Range province. Most of the sediments
are derived locally and consist of stream-deposited gravel, sand, and clay in=-

_terbedded with lesscr amounts of lacustrine clay and umestone.

Reconstruction of drainage patterns from the terrace levels, the types

. of deposition, and the association with basaltic volcanism suggest that in the
reaches upstream from Phoenix, the ancestral drainage of the Salt River pre-
dates that of the Giiz River. By late Pliocene time the Verde River seems to
have been a south-flowing tributary to the Salt River in the Verde Valley area,
The headward extension of the Salt River east of Tonto basin essentially was
completed by Quaternary time. The upper part of the Gila River system, how-
ever, seems to have developed later, and, based on the variation in the erosion
and alluviation within the several valleys, its development was by headward cap-
ture and diversion of drainages that previously flowed southward and southeast-
ward from the Mogollon Highlands. The amount of erosion along the Gila River
and lower reaches of tributary valleys is greater in the area between the Tortilla
and Peloncillo Mountaing, where downcutting has been more than 1,000 feet. It
seems likely that the Santa Cruz and San Pedro Rivers were integrated as part
of the Gila system during early Pleistocene time or before, but the Safford ba-
8in and upstream arcas were not connected with the Gila until the early part of
middle Pleistocene time, This diversion of the drainage in the Safford basin
terminated the deposition of the basin-{ill sediments, which contain vertebrate
fossils of early and early-middle Pieistocene age (Wood, 1960, p. 141-143). At
the present time, north-flowing tributary streams of the Gila River are eroding
headward and dissecting the northern part of the broad alluvial valleys east of
the San Pedro River in Arizona and New Mexico.

Erosional-depositional conditions of early Quaternary time, owing to
faulting and to volcanic damming of drainage courses, were extremely variable
within the Mogollon Highlands. As a result, fine sediments (Verde Formation)
were laid down in the Verde Valley, and gravelly sediments were deposited in
the Tonto basin and in places in the Chino Vallcy area. Erosion was predomi-
nant in the area above Salt River Canyon and in most of the headwater reaches
of streams elsewhere. However, terrace deposits in these reaches are more
than 100 feet thick.

In the Basin and Range province, alluvial deposition during middle and
late Quaternary time was concentrated chiefly in the troughlike depression in the
Phoenix basin, in a consicerable part of southwestern New Mexico, and in iso-
lated basins elscwhere in Arizona (fiz. 11). In the Mogollon Highlands and in
the more rugged parts of the Basin and Range province, prominent terraces
were formed along the Santa Cruz, San Pedro, Verde, Salt, and Gila Rivers and
other streams. The episode of terracing exhumed many large pediments over-
lain by the basin-{ill scdiments and the deformed gravel. In southeastern Ari-
zona and southwestern New Mexico, cutting and the formation of terraces have
not been extended {ar upstreum from the main stem of the Gila River, except
along the San Pedro and Eanta Cruz Rivers, Alluviation and only sught terrac~
ing occurrcd in the vaileys of southwestern Arizona,
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‘L'he paths—through fractures, solution channels, bedding pianes, .

and permeable beds—by which the ground water finds its way from
the recharge area of high precipitation (fig. 26) to its tempordry base
level, the Verde River, are many and are complexly interrelated, but
the genernl pattern can be presented simply. Some of the water
precipitated as rain or snow on the Colorado Plateaus enters the sur-
face rock—in most areas, Kaibab TLimestone or Tertiary voleanic
rocks—and becomes ground water. It percolates downward through
the underlying Toroweap Formation and into the Coconino Sand-
stone. In parts of the Colorado Plateans where the Coconino is satu-
rated, the water moves laterally, TVhere deep canyons intersect the
water table, the water will issue as springs or seeps. In parts of the
Colorado Plateaus where the Coconino Sandstone is not saturated, the
water percolates downward into the underlying Supai Formation. In
the Sedona area, part of the lower member of the Supai Formation is
saturated, and the water moves laterally to the southwest. If,asin the
Sycamore Creek area, the Supai Formation is not saturated, the water
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FiGURE 37,—Map showing relation of ground-water movement

to structure in the Verde Valley area.

The chief means of recharge to the Verde Valley ground-water
reservoir is by direct penetration of water from precipitation on the
Colorado Plateaus (f2. 36). Some recharge to the Verde Formation
is from pre-Verde rocks such as the Supai Formation and Redwall
Limestone. _ )

Ground-water reservoirs that have not been materially- affected by
development are in hydrologic balance—that is, the amount of re-
charge is about equal to the amount of discharge. The Verde Valley
ground-water basin is in hydrologic balance; the amount of water re-
charged to rocks in the basin is about equal to the amount of water
discharaed as base fiow at the Chasm gaging station (fig. 36). .The
avcra;:c: base flow at the gaging station during the winter—225 cfs or
150,000 acre-fect per year—is an approximation of the minimu.m quan-
tity of water recharged to all rocks in the ground-water basin. The
arca of rock yiclding ground water to surface flow is about 1,400,000
scres; therefore, each acre yields ground water at the rate of 37,000
gallons per year. i

The recharge area, about 900,000 acres, receives 20 mci}es of pre-
cipitation per year, and the rest of the ground-water bu..sm‘ receives
12 inches per year; thus, the average annual precipitation in the Ve.rde
Valley ground-water basin is 17 inches. Each acre of land receives
water from precipitation at the rate of 460,000 gallons per year. On
this basis and on the basis that the rocks in the basin yield 37,000 gal-
lons per acre per year, the recharge is 8 percent.

Most eround water in the Verde Formation is in limestone, although
sandstone, conglomerate, and siltstone yield some water. The water is
diseharged by springs, artesian wells, and flowing wells. .

Y €48

The regional movement of ground water in the Verde Valley
ground-water basin is basinward from the Mormon Mountain anti-
cline and the crest of the Black ITills (fig. 27). Thus, all ground water
flows to the Verde River and its tributary streams. Then, as surface
water in the Verde River, it Jeaves the valley.

Verde fauit zone

percolates into the underlying Redwall Limestone.

Ground water probably moves from the Supai Formation and the
Redwall Limestone dircctly into the Verde Formation. In the Verde
Formation, ground water moves generally southwestward toward the
Verde River. The bending of the contours upstream shows that the

Verde River and its principal tributaries-are efluent and receive
ground-water dischiarge in parts of their courses.

All ground water discharged in the ‘Verde Valley ground-water
basin, except that lost through evapotranspiration, flows out of the

basin at the Chasm gaging station as surface water in the Verde River.
The base flow of the river, where it exits from the valley, is 225 cfs.
This flow represents the minimum quantity of ground water discharged
from rocks in Verde Valley. 1

EXPLANATION

A

Thick limestone facies of the Verde Middle limestone facies of the

Formation Verde Formation
:
Upper limestone facics of the Verde Mudstone facies of the Verde
Formation 2 Formation

(I’

Lower limestone facies of the
Verde Formation

Sandstone facies of the Verde

Formation

Pre-Verde Formation rocks

E

Mogollon Rim

. or until it interfingers with clastic rocks of the Verde Formation along

The Verde Formation is a complex assemblage of rocks having a
variety of lithologic characteristics. In general, the formation is
divided into facies on the basis of lithologic characteristics. (See
fig. 25.)

Thick limestone facies—This facies occupies the central part. of
Verde Valley. Most of the rocks are limestone and marl. The thick
limestone facies comprises limestones that normally would be classified
as part of the lower, middle, and upper limestone facies if they could
be distinguished from the other limestones. ]

Mudstone facies—~This facics lics on either side and around the
southern edge of the thick lincstone facies. It may underlie, be strati-
graphically equivalent to, or overlie the lower limestone facies. The
rocks in the mudstone facies are predominantly mudstone and clay-
stone, some of which contain evaporite minerals. In some places
along the margin of the basin, conglomerate and tuflaceous rock form
a major part of the mudstone facies. j

Lower limestone facics—This facies extends laterally from the
thick limestone facies until it interfingers with the mudstone facies.
The rocks in this facies are principally limestone and marl.

Middle limestone facics—This fucies extends Interally from the
thick limestone facies until it overlaps pre-Verde Formation rocks

the margin of the valley. The middle limestone facies is separated
from the lower limestone facies by rocks of the mudstone facies. Most
rocks in the middle limestone facies ave limestone and marl,

Fioune 25.—Dingrammatie sketch of Verde Valley showing the probable relationship of facles in the Verde Formution at the end of
de|
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BLOCK DIAGRAM BHOWING OENLRAL RELATIONS OF LATE TERTIARY AND QUATEANARY DEPOSITS OF A PART OF THE PHOEMX BASIN
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MAP SHOWING SomME ANCIENT CANYONS, VALLEYS, AHD ESCARPMENTS THAT

vated—stage E" (Lee, 1903, 3, 112-113), The depositional,
erosional, and struciurzl stages incicated on the block dia-
gram are similar to those rejorted by Lez (1€93) for much.
of Arizona, Three pericas of depcsition, depesits A, B, and
C, are separated by periods of erosicr; eschycunger deposit
overlies unconformably the older deposite., Deposii Con the
block diagram is contemporancous with the terraces and de=
posit C of stages E and & o figure 14 of Lee (1905),
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FieuRrE 205.2—Diagrammatic section of typical basin or valley,
tn central mountains of Arizona. Black line in
voleanic rocks and dotted lines in lacustrine and fluviatile
rocks are hypothetical marker beds.
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Figure 2. —Geologic section across T. 6 S., R. 7 E., lower Santa Cruz basin, Ariz., showing changes in conductance of water with depth.
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CORRELATION OF GROUND-WATER QUALITY
WITH DIFFERENT SEDIMENT TYPES,
LOWER SANTA CRUZ BASIN,
ARIZONA
By
L. R. Kister and W. F. Hardt

U.S. Geological Survey, Tucson, Arizona

To correlate water quality with sediment types, a geologic section
(Fig. 2) was prepared from drillers' logs and examination of drill cuttings.
The section is in T. 6 S., R. 7 E., and extends 3-1/2 miles eastward from
well 115 to well 83. The section (Fig. 2) shows a permeable zone of sand and
gravel and some clay at the land surface to a depth of 260 to 375 feet below the
land surface. This shallow zone yields moderate to large amounts of water to
wells. In the spring of 1934, the static water level along the profile was about
35 to 50 feet below the land surface. With little recharge of water to the aquifer
and continued pumping for irrigation, the water level declined markedly. In the
spring of 1961, the static water level along the profile was about 185 to 260 feet
below the land surface. Wells were deepened because of the declining water
table, and a thick layer of silty clay was found below the permeable sediments.
This silty clay is less permeable and finer grained than the overlying sediments,
and water yield per foot of drawdown is small. The silty clay probably was de-

posited in a body of standing water— where a body of water lacks an outlet,
evaporation causes the formation of gypsum and other salts as indicated in the
geologic section.
gypsum and salt deposition.
elsewhere in the basin.

If the lake is ephemeral there may be different horizons of
Thus, other gypsum and salt zones may be found

Explanation of the apparent water-quality anomalies at wells 83, 85,
and 115 was greatly simplified when the values for specific conductance were
added to the section illustrated in Figure 2 at appropriate depths. The specific
conductance of the water in well 83 ranged from 1, 480 micromhos at 300 feet to
29, 400 micromhos at 550 feet below the land surface. The well was reported to
be 810 feet deep, but owing to caving it was not possible to collect samples be-
low 550 feet. The conductivity changed markedly between 350 and 375 feet,
near the contact of the upper sandy horizon with the gypsum and salt zone in the
silty clay layer. A conductivity traverse made at a later date showed that the
conductivity changed at 360 feet below the land surface. -

When well 83 was pumped, the specific conductance of the composite
sample collected at the discharge pipe was 5,960 micromhos. The pump setting
was at 440 feet. In 1960 the well yielded 675 gpm (gallons per minute) with 214
feet of drawdown for a specific capacity of 3.2 gpm per foot of drawdown. The
pumping level in May 1961 was at 415 feet, which is in the gypsum and salt
zone in the silty clay bed. Most of the water pumped from the well probably
came from the more permeable zone above 360 feet, because the conductivity
of the pumped sample was only about one-fourth as great as the conductivity of
the water in the gypsum and salt zone of the less permeable silty clay beds.

Simple laboratory tests were made to determine what proportion of
mixing of the waters of different conductivities would be required to produce a
composite sample with a conductivity of 5, 960. It was assumed that the water
from the gypsum and salt zone in the lower silty clay bed had an average con-
ductivity of 24,000 micromhos. When 186 parts of water with a conductivity of
24,000 was combined with 1,000 parts of water with a conductivity of 1, 480, the
resultant conductivity of the water mixture was 5,960 micromhos. This is a
ratio of about 1 to 5.

Assuming that the average conductivity of the water from the gypsum
and salt zone in the silty clay layer at well 85 is 8, 500 micromhos—the average
specific conductance of samples collected at 500 and 1, 000 feet—only about 2
percent of the water pumped came from the gypsum and salt zone. The remain-
ing 98 percent came from the more permeable sandy zone above 260 feet and (or)
from the more permeable zone below 1, 200 feet.

The specific conductance of the sample at the discharge pipe of well
115 was 856 micromhos, and the specific conductance of the point samples
ranged from 1,010 to 1,030 in the silty clay and tightly cemented sediments.
The tightly cemented sediments probably yield little or no water, so water of
excellent quality under artesian pressure must be coming from the permeable
sand, gravel, and clay zone at 770 to 870 feet below the land surface. Unfor-
tunately no water sample was collected from this zone. Undoubtedly water of
high conductivity is in the silty clay layer penetrated by the well, but it is
masked in the well bore by the upward flow of good water. Analyses of drill
cuttings indicate that silty clay contains gypsum at about 450 feet below the
land surface.

The pumping levels of wells 83, 85, and 115 are in different lithologic
horizons, and the hydrologic conditions at each well are different. This ex-
plains the difference in the quality of the water at the discharge pipes. As the
water levels continue to decline because of extensive pumping for irrigation,
less water of good quality will be available from the shallow sand, gravel, and
clay zone. The gypsum and salt zone in the silty clay may cause deterioration
of water quality in the future at wells 83 and 85. If a pump is set near the gyp-
sum and salt zone in well 115, the conductivity of the water at the discharge
pipe probably will increase. However, if the lower sand, gravel, and clay zone
contributes moderate amounts of water of good quality, the change in the quality
of the water yielded by the well probably will not be great.
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