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QTb § B RECENT : Continued uplift of the Colorado Plateaus, which was accompanied
( zZ ars : 0.01 M. Y. (MILLIONS OF YEARS Qs Ql by uplift of much of southeastern and northern Arizona and sub-
) i be T é : o BEFORE PRESENT) sidence in the Gulf of California embayment and in the Phoenix
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a9 A . £l d tuff faulting and tilting was prevalent in the Basin and Range prov- from diatremes in Hopi Buttes and in
Weakly to moderately consolidated alluvium of early Quaternary ows and tuffs . . : : Grand Canyon; alluvial deposits of sand
o and late Tertiary age, including Gila Group (Gila Conglomerate) inee; pesurzent dau’t moyements sccompaniad by subsidences I . i b
' = - v age, g s N8 . the valleys and uplift in the mountains accentuating and devel- and gravel are the chief source of ground
! l QTs Z in parts of centrral and southern Arizona, Bidahochi Formation . - . water in southern and western Arizona
? 1P = : g . oping the mountain ranges and valleys of the Basin and Range
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! 36 < E General structural quiescence in northeastern Arizona and struc-
Q B 2 r_ ) tural unrest in southern and western Arizona that included local
0" ©] folding, large-scale normal faulting and thrust faulting; thrust
gl Clrs E E ) - . ) ) faulting was not as intense as it was during the Laramide orog- Ciall, mercusy, 'did some mEngancse: sandstone
. 25 M. Y. Rocks of xmfidle Tertiary {rough_ly late Eocene Tv, ande.sue, rhyolite, latite, eny; beginning of uplift of northeastern and central Arizona, the anc{ oo lomz;atc . o;negr und, e
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3 ) 4 = Fanglomerate, Pantano Forr‘natmn, Whitetail and tuffs; includes some flows Arizona, and the development of the Colorado Plateaus (in north- ;SC'? Bv;)undams and near ocnix, Tucson,
> E 5 Conglomerate, and Locomotive Fanglomerate of Quaternary age near Flag- eastern Arizona) and Basin and Range physiographic provinces an ila Ben
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3 in northeastern Arizona
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Mv 2 , @ = OCENE AND ‘ lift, large-scale thrust and normal faulting, igneous intrusion,
) % \ars (,,% . - r__ ;Jl PAL{OCENE - ‘ - 'TKm and volcanism; regional folding and uplift destroyed the Rocky
QTb g \ A 70 M. Y. Mountain and Sonoran geosynclines and formed the basins and ~Copper with some lead and zinc at Morenci
; : % ) Rocks of Late Cretaceous to early Tertiary Chiefly rhyolite, andesite, Intrusive igneous Mainly schist and monoclines of the Colorado Plateaus Globe, Miami, Ray, San Manuel, Silver-
O <@y - o n Laramlde.{ age, including the Claflin Ranch Formation, and latite flows, welded rocks consisting gneiss, including bell, Pima, Ajo, Esperanza, Mission,
e @ % orogeny Cloudburst Formation, and other unnamed tuffs, and tuffs. Includes mainly of granite the Catalina . Christmas, Superior, Bagdad, and
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MARBLE CANYON

Marble Canyon, formed by the Colorado River, is rimmed by the Pc:r-‘.1
mian Kaibab Limestone and carved into red sandstone, shale, and lime-
stone of Paleozoic age, upstream from the Grand Canyon. When traveling
downstream, the canyon is a prelude to the Grand Canyon. West of the

GRAND CANYON

The Grand Canyon is at the same time one of the most awesome scenic
features on the face of the earth and a textbook of earth history. Here the
Colorado River has cut a mile-deep slice into the earth’s crust, not only
illustrating the erosive power of running water but also exposing rocks that

MONUMENT VALLEY

The towering spires and buttes of Monument Valley are erosional rem-
nants of red Permian sandstone and shale, the highest of them capped by
a resistant layer of Triassic Shinarump Member of the Chinle Formation.
The sheer cliff near the top of each pinnacle is formed by Permian De

PAINTED DESERT

The brilliant hues of the Triassic Chinle Formation are to be seen in
numerous localities in northeastern Arizona, but the term Painted Desert
is particularly applied to exposures along Highway 89 at the base of Echo
Cliffs and in the Little Colorado River valley traversed by Highway 66.

were formed nearly two billion years ago, when our planet was young. A ‘\ canyon, the East Kaibab monocline, a great earth flexure, carries the Kai- %, f§ Chelly Sandstone, once a great blanket of windblown sand that covered I’ The colors, mostly red, brown, pink, and purple, present an endless variety
great amount of geologic time, Older Precambrian, Younger Precambrian, \\ bab Limestone and other sedimentary formations abruptly up 3,000 feet 1§ much of the Four Corners region. The monuments are widely familiar as - of changing shades and patterns under differing atmospheric conditions
and Paleozoic, is recorded in the walls of the canyon, and in places rocks \ to the level of the Coconino and Kaibab Plateaus. On the east, the Colo- = an impressive backdrop to scenes in dozens of western movies purportedly o but usually show to best advantage in the late afternoon sun.
of the Mesozoic are found near the canyon as erosional remnants. AR rado River enters Marble Canyon at Lees Ferry, east of Navajo Bridge on 1 | representing locales from Laramie to Lordsburg. 4

\ Highway 89, where a great line of cliffs composed of Mesozoic rocks makes ! /s

\\ another flexure that drops the Kaibab Limestone deep below the landscape. - '\\ o

~ 4
4

SUNSET CRATER ~

Sunset Crater is a typical cinder cone and is probably the best known
example of such a feature in the United States. The pink and red stains
formed by escaping gases near the rim add to its beauty and account for
its name. The unique feature of Sunset Crater is the fact that the last major
explosive eruption can be dated. Volcanic ash and cinder from the eruption
buried prehistoric Indian pit houses in the area and affected growth rates
of trees for miles around. Studies of archaeological ruins and tree-ring
chronologies have established the date of the eruption at about 1067 A. D.,
or approximately at the time of the Norman Conquest of England.

SAN FRANCISCO MOUNTAIN

The San Francisco Peaks (properly “San Francisco Mountain’’) north
of Flagstaff include Humphreys Peak, the highest point in Arizona, at an
altitude of 12,670 feet. They form the central eminence in a huge volcanic
field that contains scores of cinder cones and other vents that were active
during the latter part of the Cenozoic Era. During Pleistocene time, gla-
ciers formed at least twice and flowed down the inner basin between the
higher peaks. Volcanic activity continued after the glaciation, and the last
eruption in the vicinity was at Sunset Crater, in the eleventh century A. D.

AJO

The New Cornelia open-pit copper mine at Ajo was opened in 1917.
Several billion tons of material had been removed by 1965. The Ajo mine
is a typical porphyry copper deposit, one in which the ore has been widely
disseminated in the host rock by ore-bearing solutions from a large intru-
sive body of igneous rock, called a stock. The ore may be of relatively
low grade, but the development of efficient techniques of open-pit mining
and refinements in metallurgical techniques permit the exploitation of de-
posits that could not be profitably mined by underground methods. Other
open-pit mines on or near highways in Arizona are at Bisbee, Globe, Miami,
Tucson, Morenci, Bagdad, and Ray.

Sketches by Rose Mary Mack

SAND DUNES

Sand dunes are characteristic features of arid and semiarid regions and
may be seen at many localities in Arizona and adjacent states. They are
particularly well developed in parts of northeastern and western Arizona.
Formation of sand dunes requires an abundant supply of sand, which may
be derived from beach, stream, or lake deposits, or from the erosion of
ancient sandstones. The shapes of dunes vary with local conditions, but
most aof them are ridges elongated in the direction of the prevailing winds
or are crescents with the open side pointing downwind.

WINDOW ROCK

The town of Window Rock, Arizona, the capital of the Navajo Tribe,
takes its name from a great arch or window in a ridge of Jurassic sandstone
immediately back of the tribal headquarters. This window, carved by wind
and rain operating on a weakly cemented part of the sandstone, is typical
of natural arches and bridges in other parts of northern Arizona and south-
ern Utah. By no means among the largest of its kind, it is one of the most
readily accessible by highway, and notable for its symmetry and graceful
proportions and setting.

SUPERSTITION MOUNTAINS

The Superstition Mountains east of Phoenix combine scenic grandeur,
interesting geologic features, and legends and traditions of the Old West.
A sacred shrine of Indian tribes, the mountains are popularly supposed to
be the site of the legendary Lost Dutchman Gold Mine (which was probably
near Wickenburg). The mountains are a great uplifted fault block composed
of multiple flows of volcanic ash deposits of Cenozoic age. The ash deposits,
known as welded tuffs, were formed when great masses of hot volcanic frag-
ments were poured out of volcanic vents. Similar welded tuffs are exposed
along the highway to the east of the Superstition Mountains between Su-
perior and Globe, along the Apache Trail west of Roosevelt Dam, and in
several mountain ranges near highways in southern and western Arizona.

Text for sketches by J. F. Lance

PHYSIOGRAPHIC MAP OF ARIZONA

Arizona includes parts of two physiographic provinces, the Colo-
rado Plateaus province in the northeastern part of the State and
the Basin and Range province in the southern and western parts.
The Basin and Range province is dominated by mountain chains
and alluviated valleys that have evolved from generally complex
structural movements and associated erosional and depositional
events. Most of the province in Arizona is drained externally by the
Colorado River or its main tributary the Gila River. These and
other streams have cut sharp deep gorges across mountain ranges
or flow on broad flood plains in the valleys. In the part of the
province bordering the Colorado Plateaus, to the south of the Mo-
gollon Rim, the area occupied by valleys is small and the mountain
area is correspondingly large. Few large valleys are present and
many streams head in narrow canyons. The southwestern part of

the State, however, displays buttes and ranges of generally small
areal extent that protrude above wide alluviated plains and valleys.
The valleys may be considered as consisting of a series of interlocking
basins that are partially filled by alluvium. The basin rims are
formed by the mountain ranges, which consist of all types of rocks—
sedimentary, granitic, volcanic, and metamorphic—that usually
have been subjected to recurrent faulting and tilting and in places
also to multiple igneous intrusions. As a result, many ranges consist
of masses of rock that are strongly inclined, lying on end, or locally
overturned. Differential erosion of these rocks has given the ranges
an irregular appearance.

The Colorado Plateaus province is characterized by alternating
cliffs and slopes formed as a result of different rates of erosion on
the resistant and weak sedimentary rocks. Ledges, cliffs, or rock
benches formed of resistant beds of sandstone and limestone are

separated by slopes, valleys, and badlands carved on the weaker
intervening shaly strata. The whole province has similar rock for-
mations, which are inclined slightly or are nearly horizontal, and
is drained by one master stream, the Colorado River. The physio-
graphic features are related to their distance from the Colorado
River and to the amount of downcutting. In areas adjacent to the
Colorado River, canyon lands are developed extensively. In the
area surrounding the canyon lands and in part of the upland ad-
joining the canyon rims, rock terraces form a series of platforms and
high cliffs that include Marble Platform, Coconino Plateau, Echo
Cliffs, Black Mesa, and Defiance Plateau. In the southern part of
the province beyond the belt of rock terraces and plateaus, the relief
is rather subdued and broad slopes and low mesalike features pre-
dominate.

MAPS SHOWING STAGES

Introduction

The age of the earth is estimated to be about 4,500 to 5,000 mil-
lion years. Although the rocks that are exposed in Arizona record
the geologic events of only about half this time, collectively they
comprise one of the most complete geologic sections in the North
American Continent. The rocks are displayed superbly in the can-
yon, mesa, and mountain country in the Indian lands and in the
national parks and forests, but the most spectacular exposures are
in the Salt River and Grand Canyons, where millions of years are
represented by the strata that form the canyon walls.

Precambrian Era—the First 4,000+ M il[ion Years

The dawn of geologic history began with the solidification of the
materials that now comprise the earth’s crust. At some time before
2,500 million years ago, the granitic basement rocks of middle North
America were emplaced in the crust. From this basement the North
American Continent evolved. Whether these rocks extended south-
ward as far as Arizona is an open question, because at the present
time none are recognized in Arizona or in the adjoining States.
However, by 1,800 million years ago Precambrian basement rocks
had been formed in what is now Arizona' and also metamorphosed,
and the continental mass of North America, for the most part, had
its present general outline.

The rocks of Older Precambrian age in Arizona consist of gra-
nitic and highly deformed metamorphic types. The metamorphic
rocks are represented by the Mazatzal Quartzite, Red Rock Rhyo-
lite, and by other metamorphosed sedimentary and volcanic rocks,
which make up the Yavapai, Pinal, and Vishnu Schists and their
equivalents. Before metamorphism all these rocks were shale and
sandstone interbedded with volcanic tuff and lava flows and some
conglomerate and limestone. The volcanic rocks are principally
thyolite but in places are basalt and other types. Little is known
concerning the extent and nature of the Older Precambrian deposi-
tional troughs and seaways in which these strata were laid down,
except that most of Arizona was within the trough and that part of
the rock sequence was deposited during the earliest known invasions
of the seas into Arizona.

About 1,600 to 1,800 million years ago a major pulse of granitic
intrusion and structural deformation, termed the ‘“Mazatzal Revo-
lution,” took place, although intermittent structural and igneous
activity of lesser intensity probably had occurred during all of Older
Precambrian time. As a result of the deformation, major changes in
the landscape must have evolved, and at the end of the Older Pre-
cambrian time and for an indeterminate period of Younger Precam-
brian time Arizona was an upland area that was eroded extensively.

In the early part of Younger Precambrian time, the uplands that
had resulted from the Mazatzal Revolution were reduced to a nearly
featureless plain. Regional subsidence then lowered the land surface
and resulted in the accumulation of the Younger Precambrian
rocks—the Apache Group and Troy Quartzite in central and south-
ern Arizona and the Grand Canyon Series in northern Arizona.
These Younger Precambrian rocks aggregate a thickness of about
3,000 feet in central Arizona and more than 10,000 feet in the Grand
Canyon area. They consist of quartzite, shale, limestone, and some
basalt. Part of the sediments was deposited in an ancient sea that
at times extended over much of the State. Uplands east and north-
east of central Arizona probably supplied detritus for the Younger
Precambrian sediments that accumulated along the margins and in
the seaways, which were deeper to the west and northwest.

Toward the end of Precambrian time, most of Arizona was up-
lifted and in places was subjected to faulting and diabase intrusion.
This structural episode, occurring sometime between 1,200 and 600
million years ago, is often referred to as the Grand Canyon Disturb-
ance.

! In discussing geologic events the present geographic boundaries and terms
will be used as if they had already been designated.

Paleozoic Era—the Next 375 Million Years

By the beginning of the Paleozoic Era the highlands formed during
the Grand Canyon Disturbance were worn down, and probably
mountainous areas did not exist in Arizona. The surface on which
the Cambrian deposits were laid down, however, was apparently
not nearly as smooth as the one on which the Younger Precambrian
sediments had been deposited. In places, as seen in the walls of the
Grand Canyon area and in central Arizona, resistant quartzite
formed hills and ridges that withstood erosion until they were buried
by the Paleozoic deposits.

During the Paleozoic Era sedimentation and erosion were con-
trolled regionally by two large seaways. One seaway occupied the
Cordilleran geosyncline, which at times covered much of the western
United States to the west and northwest of Arizona. The other sea-
way was in the Sonoran geosyncline, which extended part way into
southeastern Arizona, from southwestern New Mexico and northern
Sonora, Mexico. During Paleozoic time, Arizona was either a shelf
area containing shallow seas or a low upland area between these
two great geosynclines (figs. 1 and 2). Periodically during this era,
the seas transgressed southeastward from the Cordilleran geosyn-
cline or northwestward from the Sonoran geosyncline across the
shelf area, and what is now Arizona was inundated at least five times.

Cambrian to Mississippian Periods—290(?) Million Years

As the land subsided in Early Cambrian time, the sea gradually
encroached southeastward over the Arizona upland from the Cor-
dilleran geosyncline. The basal unit which was deposited around
the margin of the sea as it advanced inland is now the sandy and
conglomeratic Tapeats Sandstone. Continued subsidence main-
tained the southeastward advance of the sea; as the sea deepened,
finer material was deposited which is now called the Bright Angel
Shale. Eventually, when further deepening of the seas resulted in
clear open water, the deposition of limy sediments produced the
Muav Limestone.

The seas of the Sonoran geosyncline did not inundate the south-
eastern part of Arizona until Middle Cambrian time. In this sea the
first deposit was also sandy and is named the Bolsa Quartzite (Co-
ronado Quartzite in Greenlee County). This deposit was followed by
shaly and limy deposits, which comprise the Abrigo Limestone. In
Late Cambrian time, during maximum inundation, the seas coa-
lesced and may have covered the entire State, except for small
areas in southwestern, central, and northeastern Arizona.

From Cambrian to Early Ordovician time, in parts of south-
eastern and northwestern Arizona, sedimentation was continuous.
The Longfellow Limestone in Greenlee County and the upper part of
the El Paso Limestone that overlies the Abrigo Limestone in eastern
Cochise County contain fossils of Ordovician age. In the Virgin
Mountains of northwestern Arizona a limestone unit is correlated
with the Ordovician Pogonip Group of southern Nevada. How far
the Ordovician seas in which these limestone units were deposited
extended into Arizona is unknown because erosion during the en-
suing Silurian and Devonian Periods probably removed much of
the Ordovician deposits. There is, however, reason to believe that the
extent of the seas during Ordovician time was considerably greater
than the limited distribution of the Lower Ordovician limestone
would indicate. v

Gentle, broad upwarping accompanied by erosion that began
during the later part of the Ordovician Period and continued into
the Middle Devonian caused a recession of the seas from Arizona
toward the central areas of the Sonoran geosyncline in New Mexico
and Sonora and the Cordilleran geosyncline in Nevada. As a result,
rocks of Silurian age are present to the southeast in southwestern
New Mexico and the adjacent part of Sonora and to the northwest
in Nevada, but none are known in Arizona.

During the Silurian Period, Arizona probably was a broad upland
between the two geosynclines because Silurian strata appear to wedge
out beyond its borders. In southeastern Arizona the erosion surface
on which the Devonian sediments were deposited is exceptionally
flat, and over considerable distances, the relief on it could have been
measured in inches. Perhaps the strongest relief on this surface was
in central Arizona, where resistant Precambrian quartzite formed
hills and small uplands that were islands in the Devonian seas much
as they had been in the Cambrian seas.

In Middle Devonian time Arizona was again invaded by seas
from both the Cordilleran and the Sonoran geosynclines. Limestone
and dolomite in the Martin Limestone or its equivalents are the
main rock types formed in the shallow but clear-water part of the
marine environment of this period. However, the lower part of the
Devonian sequence in the shelf area of central Arizona contains
considerable sandstone in lenticular beds, and in part of northeastern
Arizona limy shale and sandstone are present, indicating deposition
characteristic of seaway margins. Southward into Mexico and north-
westward into Nevada the limestone and dolomite contain progres-
sively less impurities because they accumulated in open seaways
some distance from the land.

During part of Late Devonian and most of Early Mississippian
time, another upwarping pulse occurred, and the seas withdrew from
most of Arizona. This upwarping caused the formation of a wide-
spread plain that was not far above sea level. Locally, the limestone
that was exposed on this plain is deeply weathered.

In Early Mississippian time slight regional downwarping allowed
the seas to transgress into most of Arizona, except possibly for a small
area in northeastern Arizona. The chief formations of Mississippian
age are the Redwall and Escabrosa Limestones, which were laid
down contemporaneously in northern and southern Arizona, re-
spectively. They are composed of limestone and dolomite that con-
tain considerable chert, as well as corals, brachiopods, and other fos-
sils that indicate an environment of shallow clear marine water.
Apparently, in Late Mississippian time the seas withdrew northwest-
ward and southeastward toward the central reaches of the Cordil-
leran and Sonoran geosynclines. Near the end of the Mississippian
Period, some deposition, now represented by part of the Black Prince
Limestone and Paradise Formation, may have taken place in south-
eastern Arizona.

Pennsylvanian and Permian Periods—385(?) Million Years

The rise of the Uncompahgre Highlands in Colorado and the de-
pression of the Paradox basin in the Four Corners region of Utah,
Colorado, Arizona, and New Mexico in late Paleozoic time were
important events that affected Pennsylvanian and Permian erosion
and sedimentation in the Southwest (fig. 2). Especially in Permian
time, great influxes of stream-transported, generally reddish-brown,
detrital sediments spread outward from the Uncompahgre High-
lands to the shores of and into the nearby seas in the adjacent parts
of Utah, Arizona, and New Mexico.

The seas expanded during Pennsylvanian time, spreading outward
from the geosynclinal areas. Interbedded limy and shaly sediments
were laid down over much of Arizona—resulting in the Callville
Limestone equivalent (part), Hermosa Formation, and Rico Forma-
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tion (part) in northern Arizona; Naco Formation (part) in central
Arizona; and Horquilla Limestone and Earp Formation (part) in
southern Arizona. The thickest deposits accumulated in the areas of
(1) the Paradox basin in the Four Corners region, (2) the Sonoran
geosyncline bordering southeastern Arizona, and (3) the Cordilleran
geosyncline in southern Nevada. These deposits and those laid down
during the succeeding Permian Period are thinnest in central
Arizona, suggesting that this area was elevated slightly with respect
to the surrounding region.

At the beginning of Permian time, limestone deposition in north-
ern Arizona was followed by accumulations of red beds in a broad
lowland southwest of the Uncompahgre Highlands along the mar-
gins of the seaway that extended over most of Arizona. These red
beds form the Cutler Formation and the De Chelly Sandstone in
northern Arizona, the Supai Formation in northern and central
Arizona, and the Hermit Shale and Supai Formation in the Grand
Canyon area. The Coconino Sandstone is included as a giant wedge
in these red beds between the underlying Supai Formation or Hermit
Shale and the overlying Toroweap Formation and Kaibab Lime-
stone. This sandstone and the upper part of the De Chelly Sandstone
are considered to be wind-laid deposits and as such are among the
oldest recognizable accumulations of dune sand in Arizona.

The removal by erosion of the above group of formations south of
the Mogollon Rim in east-central Arizona prevents a specific cor-
relation between them and the Permian sedimentary rocks in south-
eastern Arizona—the Epitaph Dolomite, Colina Limestone, and
Scherrer Formation—which were deposited in marine environments.
Limestone in the red beds in the Mogollon Rim area indicates fluc-
tuations in the positions of the sea margins. During some of these
fluctuations, marine embayments were isolated temporarily from
the open seas. Gypsum, some halite (common table salt), and small
amounts of potash salts accumulated by evaporation in the embay-
ments. Such deposits are included in the Supai Formation in east-
central Arizona, although only gypsum is known to occur in the
more southerly shallow clear-water environment represented by the
Epitaph Dolomite which crops out in parts of southeastern Arizona.

In middle Permian time the last major advance of the seas during
the Paleozoic Era flooded most of the State, although a fairly deep
seaway probably had been present during most of the Permian in
southeastern Arizona. This inundation is recorded by a sequence of
rocks composed principally of impure limestone but subordinately
of limy sandstone, siltstone, some sandstone, gypsum, and relatively
pure limestone. In northern Arizona it includes the sandstones and
limestones of the Toroweap Formation and Kaibab Limestone, and
the San Andres Limestone; in southern Arizona it includes the
slightly impure Concha Limestone and Rainvalley Formation. Re-
gional upwarping terminated this depositional episode and caused
the retreat of the seas from Arizona. As the Permian Period and
Paleozoic Era came to a close, widespread erosion dominated the
geologic scene in Arizona.

Mesozoic Era—the Next 155 Million Years

The beginning of the Mesozoic Era and the end of the Paleozoic
Era were marked by regional structural movements that at first
elevated Arizona and the adjacent States. To the northeast in Colo-
rado the Uncompahgre Highlands were rejuvenated. In southern
Arizona and New Mexico a large upland was outlined—the Mogol-
lon Highlands. These highlands, occupying at times parts or all of
southern and central Arizona and parts of New Mexico or Cali-
fornia, have been a major influence on erosion and sedimentation
in Arizona and western New Mexico throughout the Mesozoic and
Cenozoic Eras.

Mesozoic orogenic activity, the first in the Arizona area since
Precambrian time, accompanied the uplift of the ancestral Mogollon
Highlands. The activity produced many granitic intrusions, consid-
erable volcanism, and some metamorphism. The earliest known
Mesozoic volcanism occurred in Late Triassic time and is recorded
by flows and tuff in southeastern Arizona and to the northward by
altered volcanic ash beds and aggregates of stream-laid pebbles of
volcanic rocks in the Chinle Formation of northern Arizona.

Triassic and Jurassic Periods—90 Million Years

In Early and Middle Triassic time the ancestral Mogollon and the
Uncompahgre Highlands outlined a broad upwarped area that ex-
tended from south-central Arizona to southwestern Colorado. Trias-
sic marine, near-shore, and continental sediments, mainly of choco-
late-brown siltstone and silty sandstone of the Moenkopi Formation,
overlapped eastward from the waning Cordilleran geosyncline onto
the slopes of these highlands during the last eastward incursion of
the sea from this geosyncline.

Renewed regional upwarping in Middle and Late Triassic time
caused the final retreat of the Triassic sea westward from Arizona
and uplifted differentially the Uncompahgre and ancestral Mogollon
Highlands. Between these highlands lay a west-northwestward-
sloping trough or valley; uplift steepened the slopes of its flanks, and
erosion removed an unknown amount of the Moenkopi and older
sediments. The Chinle Formation was deposited subsequently in
this valley. Its base is marked by coarse conglomerate—the Shina-
rump Member—which was laid down principally by streams flow-
ing north from the ancestral Mogollon Highlands (fig. 3). The dep-
osition of the Shinarump Member was followed by the deposition

of varicolored shale, which forms the other members of the Chinle
Formation. These formations are being eroded at present to form
the colorful badlands of the Painted Desert.

During the deposition of the upper part of the Chinle Formation
the generally north- and northwest-trending drainage was diverted
to the west and southwest, probably because the Uncompahgre
Highlands were elevated more than the ancestral Mogollon High-
lands. As a result, the drainage from the Uncompahgre area in-
creased, and deposits from this highland buried those deposits laid
down earlier by the drainage from the Mogollon Highlands. This
major directional change in drainage continued throughout the
deposition of the Wingate Sandstone and the Moenave and Kayenta
Formations. The bulk of these deposits is orange-red silty sandstone
and siltstone, fluviatile in origin. Deposits of this type may have cov-
ered much of the State. Locally, the regional drainage on the
Uncompahgre Highland slopes was interrupted by thick ac-
cumulation of dune sand; these deposits are now the upper part of
the Wingate Sandstone and the Navajo Sandstone.

During the early part of Jurassic time, major changes took place
in western North America as the Cordilleran geosyncline was des-
troyed. The Uncompahgre Highlands decreased in prominence, but
the ancestral Mogollon Highlands occupied a broad area in Arizona
and New Mexico north of the Sonoran geosyncline. An arm of the
Jurassic seas extended as far south as northeastern Arizona and
northwestern New Mexico, and the sea in the Sonoran geosyncline
transgressed as far north as the international boundary between
Sonora and New Mexico. Volcanic eruptions and igneous intrusions
accompanied by local uplift and faulting may have taken place in-
termittently in southern Arizona throughout the Jurassic Period.

Near and along the shores of this ancient Jurassic sea, the sandy
and silty sediments of the San Rafael Group were deposited in
northeastern Arizona (fig. 4). To the west of the old shorelines a
thick blanket of dune sand accumulated, which is represented mainly
by the Cow Springs Sandstone. At this time the Uncompahgre High-
lands were not as high above the seaways as they had been during
the Triassic; hence they contributed little sediment. As a result, most
of the Jurassic sediments were derived from the ancestral Mogollon
Highlands to the south.

Near the end of the Jurassic Period the seas withdrew northward
from Arizona owing to regional upwarping, and a gigantic flood
plain gradually was built northward from the ancestral Mogollon
Highlands to the margin of the retreating seas. Generally sluggish
streams flowed on this plain and deposited the muddy and sandy
detrital material which comprises the Morrison Formation.

Cretaceous Period——65 Million Years

When the Cretaceous Period opened, erosion was the dominant
geologic process, although shortly after its beginning the sea invaded
Arizona during one of the great marine inundations of the North
American Continent. At the beginning of Early Cretaceous time the
Sonoran geosyncline extended northwestward into southeastern
Arizona (fig. 5). Several thousands of feet of rocks, deposited in this
geosyncline, crop out in places in southwestern New Mexico and
southeastern Arizona. They are mostly shale, arkosic conglomerate,
and sandstone and make up the formations of the Bisbee Group.
This sequence of rocks is separated by several erosion surfaces that
indicate interruptions in deposition. Conglomerate in the Lower
Cretaceous rock sequence suggests that parts of southern Arizona
were mountainous areas with streams that carried coarse debris to
the subjacent valleys and basins within the Sonoran geosyncline, and
many ranges protruding from the eastern flank of the ancestral Mo-
gollon Highlands may have been islands or peninsulas within the
Early Cretaceous sea.

Regional uplift caused the withdrawal of the Early Cretaceous
sea from most of Arizona, and erosion followed. Although parts of
southern Arizona probably were mountainous, most of northern
Arizona was a wide plain. In general, streams flowed from the an-
cestral Mogollon Highlands located in what is now southern Arizona
‘and southeastern California, northeastward across this plain to the
central part of the newly formed Rocky Mountain geosyncline,
which lay roughly in what is now Colorado and Wyoming. In Late
Cretaceous time, widespread regional downwarping caused the co-
alescing of the seas in the Rocky Mountain and Sonoran geosynclines
and the inundation of much of middle North America. This sea,
during its maximum inundation, may have spread as far southwest-
ward as central Arizona, depositing the sediments that now compose
the Dakota Sandstone, Mancos Shale, and some of the overlying
members of the Mesaverde Group (fig. 5). During the slow with-
drawal of the Late Cretaceous seas, many minor transgressions and
regressions occurred, probably as a result of pulses of regional up-
warping and subsidence. The resulting oscillations of the shoreline
caused complex interfingering of deposits of silt, sand, swampy muck,
and peat that upon consolidation became the siltstone, sandstone,
and coal of the Mesaverde Group and the Mancos Shale.

In southern Arizona rocks of Late Cretaceous age were deposited
near their source, and their distribution and characteristics were
markedly affected by local structural movement and volcanic ac-
tivity; they are mainly sandstone and conglomerate intercalated with
some marine shale beds and volcanic rocks. These form the Sonoita
Group, Recreation Red Beds, and most of the Amole Arkose. Most
of southwestern Arizona may have been undergoing erosion, but
some scattered remnants of sandstone and conglomerate with flows
and tuff interbedded may be of Late Cretaceous age, thus suggesting
that deposition may have occurred locally.

OF THE GEOLOGICAL EVOLUTION IN ARIZONA THROUGH TIME

T he Laramide Orogeny—Late Mesozoic and Early Cenozoic Age

Regional upwarping, perhaps the initial phase of the Laramide
orogeny (Late Cretaceous to early Tertiary), became increasingly
frequent during latest Cretaceous time and resulted in the Creta-
ceous sea withdrawing northward into Utah and eastward into New
Mexico before the end of Cretaceous time (fig. 6). Continued warp-
ing, accompanied in places by igneous activity, uplifted all of west-
ern North America and destroyed the Rocky Mountain and Sonoran
geosynclines. As a result, landmasses stood high, and erosion, there-
fore, was widespread and locally severe at the close of the Cretaceous
Period.

The Laramide orogeny, occurring during Late Cretaceous and
early Tertiary time roughly 80 to 40 million years ago, was a major
episode of uplift, igneous intrusion and volcanism, complex thrust
and normal faulting, intensive mineralization, and some metamor-
phism. During this time, igneous activity formed the intrusive por-
phyritic rocks that are so commonly associated with the large copper
deposits of Arizona.

In Arizona, the Laramide orogeny produced regional and differ-
ential uplift and subsidence that divided the State into localized
mountain highs and troughlike structures or basins where generally
coarse detrital material accumulated. In southern Arizona, as indi-
cated by the distribution of the Cretaceous rocks, these basinlike
structures transected the ancestral Mogollon Highlands, and some
probably were present in Early Cretaceous time; but in northern
Arizona and adjacent States, structural movement that produced
the Black Mesa, Kaiparowits, San Juan, and other basins did not
begin until late in the Cretaceous Period and was not completed
until neir the end of early Tertiary time. «

In southern Arizona the rocks resulting from the Laramide oro-
genic activity are andesite flows, tuff, mudflows, sandstone, and con-
glomerate, which were metamorphosed locally and were intruded
in many places by granite and porphyry. Some of these rock units
are represented by the Silver Bell Andesite and the Claflin Ranch
Formation and their equivalents, such as part of the Bronco Vol-
canics near Tombstone and the Cat Mountain Rhyolite in the Tuc-
son Mountains. All these rocks, in places more than 5,000 feet thick,
overlie the prominent erosion surface cut on folded Cretaceous and
older rocks. The relief in southern Arizona at that time was rugged,
an environment that caused coarse detrital sediments to accumulate
in valleys and basins.

Northern Arizona probably was again part of a gentle plain that
sloped outward from the rugged terrain in southern Arizona. North-
ern Arizona did not receive much deposition, because sedimentation
was centered chiefly in the developing Uinta basin of Utah and the
developing San Juan basin of northwestern New Mexico, in each of
which several thousands of feet of sediments were deposited. Perhaps
the only rocks preserved in northern Arizona during Late Cretaceous
and early Tertiary time crop out near Springerville. These are
reddish-brown mudstone and conglomerate that contain pebbles of
andesite similar to the andesite of the Silver Bell Andesite, indicating
that much of this material was laid down by generally northward-
flowing streams.

Cenozoic Era—the Last 70 Million Years

Post-Laramide Cenozoic geology is dominated and controlled by
regional and differential upwarping and subsidence and large-scale
faulting. This activity eventually resulted in the present major physi-
ographic features and drainage. The present Mogollon Highlands,
the Colorado Plateaus and Basin and Range physiographic prov-
inces, and part of the Mogollon Rim were outlined during middle
Tertiary time and probably before the Miocene Epoch (g D). A
pulse of large-scale faulting, tilting, and uplift during Miocene and
Pliocene time outlined the general positions of many of the present-
day mountain ranges and valleys. Concurrent with the development
of the mountain ranges and valleys was the gradual evolution of the
Colorado River system. Lk

Volcanic rocks form an important part of the Cenozoic strati-
graphic record because they have similar composition and texture
over large areas. Thick accumulations of volcanic rocks of early and
midéle Tertiary age are dominantly andesitic, rhyolitic, and dacitic
flows and tuff and pyroclastic rocks that now cap many mountain
ranges and uplands in the Basin and Range province. In contrast,
the late Tertiary and Quaternary volcanic rocks are principally
basalt flows and cinders; well-shaped cinder cones of this type and
age are in the White Mountains, near Flagstaff, and east of Douglas.

Thick sequences of sedimentary rocks of middle Tertiary age were
laid down contemporaneously with the eruptions of the volcanic
rocks. Locally, near Tucson, such a sequence is more than 10,000
feet thick, and in many parts of the Basin and Range province ex-
posed thicknesses of more than 3,000 feet are common. The Colorado
Plateaus received less sediment because they stood higher due to
slow, continuing uplift. Middle Tertiary rocks, however, are 2,000
feet thick in the Chuska and White Mountains—the chief remnants
of middle Tertiary deposition in northeastern Arizona. All these sedi-
mentary rocks were deposited by streams that pre-date much of the
Colorado River drainage system and the present topography; they
are mainly grayish red to brown and consist of siltstone, silty sand-
stone, and conglomerate. Locally, a considerable amount of vol-
canic tuff and some gypsum or limestone are present. Several dif-
ferent names have been given the middle Tertiary rocks, e.g., Hel-
met Fanglomerate in the Sierrita Mountains, Pantano Formation
near Tucson, Whitetail Conglomerate in the Globe-Superior-Ray
area, Locomotive Fanglomerate near Ajo, and Chuska Sandstone in
the Chuska Mountains.

Beginning in Miocene time and continuing for most of the Plio-
cene, differential uplift and subsidence accompanied by large-scale
normal faulting accentuated the outlines of the Basin and Range and
Colorado Plateaus physiographic provinces, formed the mountain
chains and valleys, extended the Mogollon Rim as a drainage divide
between the two provinces, and integrated the ancestral stages of the
Colorado and its tributary river systems (figs. 7 and 8). By the Mio-
cene, the ancestral Colorado River on the Colorado Plateaus appar-
ently drained southwestward and crossed the present Grand Canyon
in a broad valley whose general trend was similar to the present
drainage. Uplift continuing on the Colorado Plateaus caused all the
plateau drainage systems to be entrenched and initiated the cutting
of the Grand Canyon by the Colorado River. In central Arizona
south of the Mogollon Rim, a prominent divide at this time, the
upper Salt River drainage system was developed in intermontane
basins, but in southeastern Arizona, the upper Gila River drainage
was incompletely developed. The ancestral Gila River was mostly
imponded in several large and small closed drainage basins until
shortly after early Pleistocene time when through-flowing westward
drainage was established. In southwestern Arizona, the Colorado,
Gila, and Salt Rivers probably were not through-flowing streams
as they are at present. Instead, they also may have been imponded
within the numerous valleys of the Basin and Range province. Con-
temporaneously with these drainage conditions, a marine embay-
ment from the Gulf of California at times covered much of south-
western Arizona and southeastern California. Limestone and detrital
sediments containing marine invertebrate fossils of near-shore types
record the presence of this embayment. By late Pliocene time this
embayment receded, and the through-flowing drainage of the Colo-
rado River and also those rivers south of the Mogollon Rim was
extended southwestward across Arizona.

In late Tertiary and Quaternary time, as the Colorado Plateaus
and Mogollon Highlands of Arizona were elevated with respect to
most of the Basin and Range province, streams of the Colorado
River system were entrenched progressively along their present
courses, and in places the streams cut spectacular canyons. The cut-
ting of the Grand Canyon may have started 10 to 15 million years
ago. The trenching of Marble and Glen Canyons by the Colorado
River anid the Salt River Canyon probably began between 5 and 10
million years ago. Canyon de Chelly is perhaps the youngest large
canyon, having an age of not more than about 5 million years. By
3 or 4 million years ago the streams were flowing several hundreds of
feet below the canyon rims, and the Colorado River system existed
in nearly its present form, although not to its present depth, across
Arizona. '

During all of late Tertiary and Quaternary time, contempora-
neous with the canyon cutting, erosion removed from the Colorado
Plateaus a thickness of between 1,000 and 6,000 feet of rock. The
erosion was continuous except for temporary interruptions when
gravelly sediments were deposited in the Grand Canyon-Glen Can-
yon area and when the Bidahochi Formation was deposited in the
ancestral valley of the Little Colorado River.

In contrast, as a result of the general subsidence of the Basin and
Range province in late Tertiary and Quaternary time, thick depos-
its of alluvium accumulated in its intermontane valleys at the same
time that the mountains and the Colorado Plateaus were being
eroded. This alluvium in southern and western Arizona is not a
single unbroken sequence but consists of several deposits that are
clearly exposed in several large stream valleys, namely in the Santa
Cruz, San Pedro, Verde, Big Sandy, and others.In some of these
valleys, the aggregate thickness of the deposits is more than 2,000
feet, and in parts of southwestern Arizona the alluvium buried some
of the lower mountain ranges. These alluvial deposits are composed
of mixtures of weakly to moderately cemented sand, silt, and gravel.
In many of the valleys, such as the San Pedro Valley, clay, gypsum,
and some limestone beds also were deposited, and these strata in-
dicate the presence of temporary lakes. Deposits of salt and anhy-
drite laid down in closed basins were penetrated during the drilling
of deep wells in Detrital and Hualpai Valleys near Lake Mead and
at Safford. Few of the alluvial deposits have been named formally,
but some have been designated as the Gila Conglomerate in south-
ern Arizona, the Muddy Creek Formation and Hualpai Limestone
near Lake Mead, and the Verde Formation in Verde Valley.

These late Tertiary and Quaternary alluvial deposits in the Basin
and Range province also were subjected to varying degrees of re-
current uplift, subsidence, large-scale normal faulting, and tilting.
The deposits of Tertiary age were involved in major faulting and
tilting, but those of Quaternary age have been displaced only locally
by minor faults. Erosion accelerated by the structural activity re-
moved part of the alluvium, and many valleys were deepened 500
to 1,000 feet or more. After deepening, most of the valleys were re-
filled by later alluvial deposits; thus, the alluvial sediments in many
valleys record several pulses of uplift and erosion alternating with
subsidence and alluviation.

The latest episode of the geologic history of Arizona has been one
of erosion that resulted from general upwarping during late Quater-
nary time. Terraces along the main streams were produced in most
parts of Arizona, although deposition took place locally. Near
Phoenix and on the Colorado River delta near Yuma more than
300 feet of alluvium was deposited. Some alluvium and lake beds
were deposited at Red Lake in Mohave County and near the Will-
cox Playa in Cochise County. Dune sand was deposited along the
shores of these ephemeral lakes, and the sand dunes that are wide-
spread over the Colorado Plateaus and near Yuma were formed at
this time. Deposits of flood-plain alluvium, commonly as much as
150 feet thick, form narrow bands along streams. Part of this allu-
vium merges laterally with local glacial deposits of Pleistocene age.
The latter are preserved in parts of the White Mountains and on
San Francisco Mountain near Flagstaff and record the only glacial
activity in Arizona.

/\\
g,

Defiance-Zuni area
where Cambrian to

\ Q*OQ Y Mississippian rocks
dggal 23 i Q. usually are miss-
&{’ "e‘,"lfeof' S ing. Part of this

8 - Rpraptty b area may not have

7/ : {J»lee Yo, been inundated by

\ 6.1:} 4 oD the seas.
‘gf"ee \sg % ’ez 2 i _
0.1. Q%‘ lt» Q < @G | /
-é). o) %b ‘,’6@ OQ "&@O H _— T
U 6x 9, e 2 S8 28 i /
} N 2 Qe J»Q
/ 20 20,2 Q. Lo,
Q{( O?, 00 (o) @Q@ 4
2 0 fg S @
5 1}1 6o® % .% §/ !
N € So,20 2 M I
/ %2 b4 Y,,
b e %0 ¢ 638 9, L
\~ eo 1;9061?@ .);) & 4 % l
e Sl (’Of G),o ‘/If 62(‘
b, T M e 0 Ay
o G e | *4/
\\ ; [) ( ———————
EXPLANATION iy 3

—— e

Approximate northwestern
and southeastern limits
of Ordovician rocks

Figure 1. Cambrian to Mississippian time
Early development of the Paleozoic Cordilleran and Sonoran geosynclines.
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Figure 2. Pennsylvanian time

Late development of the Paleozoic Cordilleran and Sonoran geasynclines
accompanied by rise of the Uncompahgre Highlands and subsidence
of the Paradox basin.
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Figure 3. Late Triassic time

Waning stage of the Cordilleran geosyncline and uplift of the Uncompahgre
and ancestral Mogollon Highlands.
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Maximum extension of the Jurassic seas.
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