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ABSTRACT

The Cengzoic palengeography of Arizona is ip-
terpreted from the sedimentary and volcanic strota
throughout the state. Paleogeographic features such
as mountains, plateaus, - depositionzl basins, and
drainage systems are interpreted within the
constraints of known structural features of Laramide
age, and in some places, the depth of erosion into
the pre-Cenozeic basement rocks. The absence of
Paleocene sediments and the pronounced unconformity
beneath Cenoczoic rocks attests to an epeirogenic
uptift of the region during the Laramide orogeny.
This uplift was most pronounced in central and
western Arizona. The resultant erosion produced a
beveled surface that cut deeply into Precambrian
rocks of central Arizonma and removed much of the
Mesozoic cover of the future Colorado Plateau.
Paleocene drainage systems transported the sediments
of that age northward to the Uinta basin of Utah and
eastward to the San Juan basin of New Mexico, altong
the downwarped Coconino and Baca-Eager basins that
were formed as a synclinal
Mogoilon Highlands. The northward regional drainage
was controlled by the Sevier foreland basin in Htah.

furing the Paleccene and Eocene, compressional
deformation of the Laramide orogeny uplified the
Rocky  Mountains,  which interrupted  eastward
drainages and converted the Colorado Plateau to a
very large internally drained basin during the
Eocene. It was botnded on the west by the Sevier
thrust belt, on the north by the Hinta uplift, on
the south by the Mogollon Highlands and by the Rocky

Mountains to the east. That same deformation
created numerous north-trending anticlinal  and
synclinal folds, thereby converting the Cclorado

Plateav into a syncliinorium. These interjor folds
controlled the developuent of drainage patterns
throughout the remainder of the Tertiary.

Eccene strata or the southern Colerado Plateau
are typically coarse-grained, weil-sorted
conglomerates, with ¢lasts of Precambrian -igneous
and metamorphic rock whose provenance was the
Mogelien Highlands of central and southern Arizona.
These strata were deposited in elongate synclinal
and erosional valleys mnorith of the Mogollion
Highlands by streams that fiowed northward into the
early Tertiary Coconino and Baca-Eager basins on the
southern margin of the Colorade Plateau. The coarse
clastics were deposited at the southern margins, and
fine-grained clastic and carbonate sediments
accumulated in the more distal, northern parts of
the basins. Drainage patterns were controlled by
Laramide anticlinal uplifts and synclines.
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In southern and western fArizona, Paleocene
volcanic rocks are common, but no sediments of

Paleocene or Eocene age are known. Eacene volcanic
rocks are rare in Arizona. 0ligocene sediments and
volcanics occur in  uplifted fault blocks of
present-day mountain ranges and in the subsurface of
several sedimentary basing. These sedimentary rocks
include  coarse-grained, angular, pooriv-sorted
redbeds that were deposited as fanglomerastes
adjacent to Tocal highs that were formed by Laramide
and middle Tertiary orogenesis. Fine-grained
clastic, carbonate, and evaporite sediments are
intercalated with those basin margin fanglomerates
in sbme areas, suggesting deposition in the center
of closed basins. Late Oligocene-farly Mipcene
strata include fanglomerates and fine-grained
fluvial and lacustrine sediments with clasts and
flows of silicic tc intermedizte volcanic rocks
reflecting the onset of extensive volcanism and
structural warping of the mid-Tertiary crogeny.
Miadle Miccene sediments and volcanics were affected
by low-angle normal faulting, suhsequent folding,
and unroofing of metamorphic core complexes.

Late Miccene-Pleistocene sedimentary and vol-
canic rocks are qgenerally confined to basins that
coincide with modern valleys throughout the state.
Late Miocene to Holocene strata in the Basin and
Range Province were deposited in  normal-feult
bounded extensipnal basins initiated by the Basin
and Range disturbance. In southern Arizona basin
deposits typically exhibit gradation from marginal
fanglomerates to fine-grained clastic, carbonate,
and evaporite sediments in the centers of closed
hasins. By late Miocene time, the integrated
drainage system of the Gila, Salt, Verde and other

tributaries to the Tlower Colorado River had
developed, and dissection of the higher basing
{e.gq., Chino Valley, Verde, Tonto, and Safford

basins) had begun in response to the Towered base
tevel established by the opening of the Gulf of
California in the late Mincene. The
Pliocene-Pleistocene paleogeography of Arizona was
similar to present topography except for a few
Holocene volcanic mountains and increased dissection
nf erpded stream valleys. '

INTRODUCTION
Nature of the Stratigraphic Record

Locations of sedimentary basins, drainage
systems, and source sreas shown on the maps (Figs.
2-7) in this paper have been Jinterpreted from
scattered QCCUrrences of Tertiary marine,

lacustrine, and fluvial sedinents and  their
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relaticnships to Laramide and subseguent structural
and topographic features. The vecord vavies from
sparse  occurrences  of Fncene  and  Gligocene
sedimentary  vocks to  common  and well-preserved
Miocene and  Pliocene deposifts. Chronelcoical
coptral is alsg quite variabie and is Dbased on
isotopic dating of intercalated volcanics and
pateontological correlations (Fig., 1),

The areal extent of Paleogene basins and
drainage systems is highly interpretive because the
deposits have been subsequertly deformed by middie
¥igcene tectonic events and by younger Basin and
Range extensional tectonics. They alsc have heen
largely removed by erosion or covered by younger
depasits. The Paleogens deposits of southern and
western Arizona are found only in sxposed fault
blocks of presegnt-day mountain ranges or in deeper

portions of wells driiled beneath *he HNeogene
sedimentary and volcanic Ti11 of wmodern basins.
Some Faleogene units are precisely dated by isotopic
ages on interhedded wvolcanics or by mammal fossils.
The ages of other Paleogens rocks are loosely

constrained by the unconformable relationships with
older rocks and by degree of structural deformation.

Source areas for Paleogene sirata are poorly
known becausa outcrops are limited and because very
few detailed measured sections, facies analyses, or
pateogeographic  analyses have been done. The
coarse-grained fluvial strata were probably derived
from adjacent  highlands that are not cleariy
definable because they were subsequentiy disrupted

by middie and Jlate Tertiary tectonic events. Many
of the Tertiary units, particulariy those of
Palecgene age, consist  of  texturally immature

alluvial fan deposits that accumulated adiacent to
active fault scarps or near elevated areas that were
formed by wolcanism, plutonism, or tectonism
Fine~grained clastic and chemical deposits are also
present, although facies relationships ave difficult

to analyze because of the smell lateral extent of
preseyved outcrops.

Source areas Tor MNeogene strate &re more
obvious because the facies relationships are

consistent with present topography. Fine-grained
clastic, hiogenic, and/or chemical strata typtcally
occur tn the central parts of the basins and grade
Taterally to fanglomerates at the basin margins.
Most of the Tine-grained wmaterials of the
basin-center facies are typically buried beneath
vounger Bbasin 311 diments and are not commonly
exposed, Some hasins have lheen dissected by
Quaternary erosion, thus exposing the eartier
basin-center facies. A few Closed hasing remain un-
dissected,

Regionat Setting

Arizana is dividen into  twoe  distinct
structural-physicgraphic  provinces--the  Colorado
Plateau Province to the north and the Basin and
Pange Province to the scuth, with a narrow
Transition Zaone in between. While the whole state
was  affected by epeirogenic uplift in  late
Cretaceous time, these two  regions  responded
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o Lar ani “tzry  tectonism,
presumably  due  too differences thickress and
composition  of  the crust, which resulted in

different types of Laramide sivuctural features ang
Canoroic sedimentary basing,

The Larvapide cstructures on  the relatively
stable Colorado Plateau weve tormed by subtle
structural  warping or monactine  growth,  which

conrtrolled the development of drainage systems and
subsequent erosion. Laramide uplifts disrupted the
pre-taramide regional orainage patterns that Tlowed

eastward from the Sevier thrust belt in Nevads and
northward from the Mogolion Highlands of central
Arizena (Cooley and Davidson, 1963}, into the

ceastal plain and the Cretaceous westorn Intarior
Seaway that occupied novthern Arivona, Structural
foatures in the Transition Zone and Basin and Range
Provinece of southern and wasterr Arizona were formed

by wore interse structurai deformation.  There,
Cenozoic deformaticn began with Leramide regional
uptift, plutonism, volcanism  and thrusting;
continuad with mid-Yertiary foldina, faulting and
volcanism; and culminated with iate-Tertiary
extensional tectonics. As a  result of these
differences in structural deformation, only a few
Cenozoic sedimentary hbasins were formed on  the
totorado Plateau, while numerous Cenozoic basins

were formed in the Transition Zone and southern and
western Arizona.

The Tlocations of Cenczoic sedimentary deposits
[some with intercalated wvolcanics) are shown on &
series of paleogeographic maps (figs. 2-7) that
depict successive time intervals. The precise ages
of many of these units are nol known, and many of

them span more than one TYertiary epoch. The
sedimentary basins were formed and defined by
apisodes of crustal deformation and  erosion,

including the Laramide crogeny {lLate Cretaceous to

tate Focene); mid-Tertiary orecgeny [late Eocene to
middle Miocenel; and the Basin and Range disturbance
{middle Miocene the present).

The stratigraphic units that were deposited in
hasins formed by these tectonic events tend to span
the times of deformation, and are not limited to the
epochs of the standard Cenozcic time scale, For
this reason, the mapped dintervals used herein
reflect the times of basin formaticon, i.e., Paleo-
cene-middie Eocene (Fig. 3), late Focene-middle
0ligocene (Fig. 4}, tate Oligecene-middle Miocene
{(Fig. 5), late Miocene to early Pliocene (Fig. 6)
and late Pliocene-Recent {Fig. 7) rather than epoch

bourdaries. Volcanic rocks from many stratigraphic
units have been dated and their age is used to
relate the stratigraphic units to epoch subdivisions

of the
{1983}

standard Cenozoic fime scale of Palmer
(Fig. 1).

Age of Sedimentary Rocks

Isotopic dating of intercalated volcanic rocks
is the most useful techrique for dating Cenozoic
sedimentary vocks. Numerous dates published during
tha past few years, have provided the chronologic
control necescary for our interpretation of the
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Figure 1: Correlation of selected Tertiary stratigraphic units and basin-fill sequences in Arizona. The shifting
of depocenters through the Tertiary is illustrated by Eocene deposition in the {olorado Plateau area,
Oligocene deposition in southern Arizona and late Miocene-Pliccene deposition across the state
{modified from Hations and others, 1982).

o - isotopic date; * - péleonto?ogicm age; + - lithologic correlation.

EXPLANATION OF SYMBOLS ON MAPS 2 - 6

/ Topographic and structural ‘ o Qutcrop arsas X Uplift axis
highs .

y ¥3329raphic a_md structural % Metamorphic core complexes X Syncline axis
Faylts; bar & ball on .
)/‘/ downthrown side L Monocline

o Erosional limits of
Inferred drainages oo ° Paleozoic strata /j Thrust fault

Uplifts: D=Defiance;M=Monument; K=Kaibab; CC=Circle CTiffs; I=Zuni; S=Sedona arch; C(M=Chuska Mts.
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Figure 2:
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Late Cretaceous to Eocene tectonic Teatures of the Colorado Plateau synciinorium. The peripheral up-
11fts (Sevier thrust belt, Mogollon Highlands, Rocky Mountains and tne Uinta uptift), ware formed by
thrusting and/or vertical uplift by compression from the west and south. Foreland downwarping
occurred in a concentric pattern, inside the uplifted periphery. The northeasterly compression
warped the interior of the area into several large northwest-southeast anticlines and synclines, tnat
constrained the development of drainage patterns throughout the Cenozoic. FEocene depositional basins
are indicated by the shaded pattern and are restricted to the peripheral downwarps. Gligocene
sediments are absent from the synclinorium, probably indicating uplift at that time with drainage
towards the 0ligocene depositional area east of the Rocky Mtns. in Colorado, Wyoming and Nebraska.
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Figure 3:

CENGZOIC PALEOGEOGRAPHY, ARIZONA

i

Paleocene to Middie Eoccene Paleogeouraphy of Arizona. The dominant physiographic features at tnis
time are the Mogollon Highlands and the Sevier thrust belt. These areas were broadly uplifted and
being eroded during tne Paleocene. The (olorado Plateau area was raised slightly above sea level,
tilted to the northeast and eroded to a beveled pediment surface by streams flowing into the
Sevier foreland basin and the St. Johns Sag to the Uinta basin and the San Juan basin. By Locene
time, continued warping of the crust created interruptions of the regional drainage and additional
ponding of drainage in the Coconino and Baca~Lagar basins, and deposition of coarse materials
("Rim gravels"} on the pediment surface nearer the rising Mogollon Hightands., The absence of
Faleocene or kocene sediments from southern and central Arizona indicates that those areas were
high enough to cause erosion and no deposition. Other features shown include the "Rimn graveis,"
Laramide monociines and uplifts, and various drainaqes inferred in nerthwestern Arizona.
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Figure 4:

D, NATIONS, 1O WILT, AND RUHL HEVLY
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Late Eocene to middle Oligocene Paleogeography. By late Eocene, continued uplift had raised the
Colorado Plateau synclinorium enough to initiate drainage and erosion of the Coconino basin and cause
the depocenter of the Uinta basin to shift northward. The Baca-Lager basin was not drained because
it was contained by the Sedona arch, Kaibab uplift, Sierra uplift and the cuesta of Mesozoic strata
to the north. During this time the whole Colorade Plateau was uplifted to approximately 1000 m

(3000 feet} and eroded, with sediments transported predominantly northward. In southern Arizona,
sediments of this age began to accumulate in northwest-trending depocenters in droad downwarped
basins that were separated by elongate upwarps.
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Figure 5:

CENOZOIC PALFEOGEOGRAPHY | ARIZONA

Late 0ligocene to Middle Miocene Paleogeograpny. Continued uplift and erosion of the Colorado Plateau
oceurred with drainage centered in the Kaiparowits-Black Mesa downwarp and the Sevier foreland basin,
and northeastward through the Uinta-Green River basins. Eocena sediments were eroded from the Coconing
and Baca-Cager basins. The ancestral Little Colorado River erodes the ancestral Bidahochi basin by
down-dip retreat of escarpment around the Black Mesa downwarp. The ancestral Megollion Rim s forued

ny scarp retreat, down-dip from the Mogellon Highiands, with reworked "Rim gravels” and otner coarse
cediments accumulating along its base. Depocenters in southern Arizona expanding due to continued
warping, with accumuiation of coarse sediments derived from Mogollen Highlands and unroofing of

rising metamorphic core complexes.
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Figure 6:
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Late Miocene to Middle Pliocene Paleogeography. Drainage reversals on the Colorado Plateau were
caused by southward tilting, with depocenters shifting to the Bidahochi and the Muddy Creek basins.
The northeastward drainage from the Kaibab uplift and the Peria Plateau and other, praviousiy north-
ward flowing streams, were deflected southward along the Kaiparowits-Biack Mesa downwarp, into the
Bidahachi basin. The previously northward flowing stream west of the Kaibab uplift was reversed

and flowed southwestward into the Muddy Creek basin that was formed by down-to-the-west normal
faylts. By middle Pliocene the lower Cotorado River eroded 1ts channel across the Kaibab uplift,
captured the Bidahochi basin drainages and completed the modern integrated Colorado River drainage
system. The onset of Basin and Range faulting at 13-12 Ma, created numerous graben-type basins
throughout the Basin and Range Province of Arizona. Orainage systews were disrupted and created
many restricted basins where fluvial, volcanic, and lacustrine sediments were deposited. by late
Miocens the marine Gulf of California embayment extended northward, to or near the Muddy Creek basin.
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BONATIONS, J.C WILT, AMD RUH. HEVLY

Cenoczoic  paleogeography of  Arizona. Because
Cenozoic volcanism and tectonism is discussed by
several other authors cited in this paper, the
obviously dmportant volcanic stratigraphy is not
summarized There. Many of the dates on these
volcanic rocks were published and/or summarized by
Keith (1977); Eberly and Stanley {1978); Marvin and
others {1978); Peirce and others {1979); Shafiqullah
and others {1978, 1880); Wilt and Scarborough
{1981); and Otton (1982). Pateontologic and
megnetic-reversal chronologies have been used to
supplement isotepic dates {Lindsay and Tessman,
1974, Lindsay, 1978: Lindsay and others, 1984,
Mations and Landye, 1984) {Fig. 1}. '

TECTONIC SETTING

The Tertiary history of Arizona was dominated
by  three major tfectonic events: the Laramide
orogeny, mid-Tertiary orogeny and Basin and Range
aisturbarce. General age ranges of Late Cretaceous
- middle Eocene {Laramide orogeny), late Eocens =
middle Miocene (mid-Tertiary orogeny), and middie
Miocene-present (Basin and Range disturbance) are
commonly wused. However, the exact beginning and
ending age dates vary from place to place because
these  orogenies were  time-transgressive. In
general, the time interval for the Laramide orogeny
was eartier in the west and later in the east (Loney
and Reyroids, 1977). The time interval for the
mid-Tertiary orogeny was earlter in the southeast

~and Tater in the northwest [Wilt and Scarborough,
1981). Therefore, the age ranges used in this paper
are general ranges rather than absolute ages.

The Laramide oregeny of Coney (1972} “iasted
from about 85 Ma {middle Late Cretaceocus) to about
43 Ma {late middle Focene) and resulted ir a broad

epeiragenic  uplift of the entire state, The
southern and central parts of the state were
subjected to compressional stresses, resuiting in

extensive thrust faulting, silicic plutonism and
volcanism, and uplift. The Colorado Plateau area
was raised to a lesser degree as part of the
epeirogenic uplift and became an eroded pediment
surface, gently sloping northward toward the early
Tertiary lake basins of Utah, New Mexico, and
Colorado (Shafiqullah and others, 1980: Epis and
Chapin, 1975}, The Plateau was bounded by highlands
around its periphery, including the Sevier thrust
belt to the wast, the Mogelion Highlands to the
south, the Rocky Mountains to the east, and the
dinta uplift to the north which converted it into a
broad interioriy-drained basin. The Coconino and
Baca-Fager basins were formed by downwarping and
ernsion along the southern margin of the interior
basin and adjacent to the Mogollon Highlands. These
basins were Filled with fluvial and lacustrine
sediments during the Eocene, most of which were
later removed by erosion during the Oligocene. The
interior of the Plateau was warped into several
dominantly north-trending anticlines and synclines
that influenced the subsequent development of
drainage patterns within the Plateau {Fig. 2}.

The second event, the mid-Tertiary orodeny of
Eberly and Stanley {1978) lasted from about 38 Ma
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-equivalents in

{1atest Yocene), through the (0ligouend, o about 12
Ma (middle Migcene) in southern and western Arizona.
During the wid-Tertiary orogeny cructal heat-

metamorphism, melting, and tectonism resulted in the
formation of granitic plutons, assoaciated
intermediate to silicic volcanic rocks, and upltift
of metamorphic core complexes. The resulting
crustal disturbances created local elevated areas
and adgacent basins in southern Arizona that were
filled with predominantly coarse continental
sediments. The sizes and shapes of these beasins
have been obscured by Tater events, but their
distribution and the presence of intercalated
fine-grained sediments suggests that there were
interconnected aveas of internal-drainage (Wilt and
Scarbarough, 1981, Peirce, 1084b). Chaotic
breccias, fanglomerates and low-angle detachment
faults are common in  areas adjacent fo the
metamorphic core complexes, suggesting a process of

unrocfing by erosion and gravity gliding into
adjacent low areas. The absence of (ligncene
sediments and retreat northward of middle and late

Focene deposits in the Uinta basin suggests that the
Plateau was also uplifted enough during the
Nligocene to create external drainage through the
Hnta-Green River and Washakie basins, through the
Rocky Mountains to the Denver basin end Great Flains
where extencive deposits of Oligocens sediments are
found {Fig. 2),

The  third event, the Basin and Range
disturbance of Scarhorough and Peirce (1978) Tasted
from 13 Me {middle Miocene} to the present, although
active tectonism was probably confined to the first

-few million years of that period in southern Arizona

“{Menges and McFadden, 1881). This event was
characterized by crustal extension, basaltic
volcanism, and high-angle normal fsulting, that

resulted in the formation of numerous grabens with
internal drainage. ¥For a more detailed discussion
and documentation of Tertiary tectonic events, see
Eberly and Stanley (31978); Shafigqu)iah and others,
1920; Damon and others [1984).

PALEOBIOGEOGRAPHY

The Tertiary basins of Arizona and adjoining
areas contain a variety of plant and animal fossils.
Comparison of these fossils to their nearest living
modern communities permits
uniformitarian reconstruction of Tertiary
palecsnvironments, including inferences of climate,
elevation, and drainage patterns. The Paleogene
pertion of this reconstruction must be based on data
from adjacent areas since there is very little
fossil data from rocks of that age in Arizona. The
Meogene fossil record i% gquite good, with numerous
occurrences of fossil plants, invertebrates and
vertebrates known across the state {Nations and
Landye, 1984).

Paleobotany and Paleoageography
The fossil record of Cenozoic plants indicates

that many modern families and genera of angiosperms
and gymnosperms have stratfaraphic ranges that
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extend back to fhe early Cenozoic, permitting
interpretations of paleocenviromments. There is
increasing similarity of these floras tc modern

communities, from early Cenczoic to the present.

Modern plant communities are limited to narrow
climatic ranges that are largely controlled by
elevation above sea level. The composition of plant
communities of the past are known from fossil
records of pollen or other plant remains, and the
ciimatic condiftions that existed at the time and
location of their deposition can be inferred. The
variation of fessil plant communities that are
preserved in rocks of the same age in adjoining
locations, can be interpreted as indicating
differences in paleoclimates and/or elevations of
the depositional sites. Based on the interpret-
ation of uniform Neogene climate {Wolfe, 1978}, the
occurrence of plant communities with different
temperature tolerances in sediments of different
ages in the same area, are believed to indicate
changing elevations of the depositional basin
{Axelrod and Bailey, 1976). This makes the fossil
ptant record a valuable tool for interpreting
paleoclimates and related elevation changes through
the Cenozoic.

LARAMIDE (85-43 Ma) PALEQGEQGRAPHY
Paleocene (66.4-57.8 Ma)

The shallow Cretaceous seas which  had
previously occupied the northeastern and
southeastern portions of Arizona and adjecent aveas
(Enos, 1983; Molenaar, 1983) had receded by early
Tertfary time as a result of the epeirogenic uplift
of the region during the Laramide orogeny
{Dickinson, 1981; Haxel and others, 1984).

and northwestern Arizona was broadly uplifted and

the Paleozoic and Mesozoic strata of northern
Arizona were tilted gently to the north.  The
previously established northward flowing streams

beveled the strata to a gently sloping pedimeni and
began  transporting debris from the exposed
Precambrian and Paleozoic rocks across the beveled
surface. The southern edge of the mountainous
region scuth of the Mogollon Highlands formed as a
result of compressive deformation, plutonism and
volcanism, in a thrust-faulted terrain called the
Maricopa thrust belt. In the southeastern portion
of the state, silicic plutonic and volcanic rocks of
Paleocene age include the Gringo Gulch volcanics
(60.4 Ma), Beehive Peak rhyclite (60.5 Ma), Ruby
Star granodiorite ({67-53 Ma) and Patagonia
granodiorite {64-58 Ma} {Keith, 1977). WNo Paleocene
age sedimentary rocks are known in southern Arizona,
which also suggests that the area was elevated and

undergoing erosion, with no Tow areas in which
deposition could occur.
In the northern portion of the state and

adjacent parts of the Plateau, faulting and folding
of the Laramide arogeny produced broad downwarps
such as the Sevier foreland basin, Uinta basin, San
Juan basin (Hamilton, 1978), and the Baca-Eager
basin (Chapin and Cather, 1981}, in which early

The-
tectonically stable Mogolleon Highlands of central
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- Cather,

Tertiary sediments accumulated. An additional basin
herein named the Coconine basin is defined as the
downwarped portion of the Cocenino Plateau in which
garly Eocene fluyial and lacustrine sediments were
deposited (Young, 1987; Young and Hartman, 1984},
They were formed adjacent to the large cscale or
regional uplifts  {Sevier, Mogollon, San Juan,
Sierra, etc.) that bounded the Colorado Plateau
synclinorium (Fig., 2). Other downwarps were formed
in the central part of the future Plateau, e.q.,
Kaiparowits, Black Mesa, and Henry basins. These
subordinate basins were adjacent to upiifts such as
the Xaibab, Echo Cl1iffs, Monument and Defiance
uplifts [{Hunt, 1986; Kelley, 1959, Chapin and
1981) {Fig. 1). No sedimentary units of
Paleocene age have been definitely identified in
northern Arizona. The absence of Paleocene
sediments on the {olorade Plateau of northern
Arizona suggests that the area was being eroded with
the derived sediments being transported into the
Paleocene basins of Lake Flagstaff in southwestern
Utah and the San Juan basin of northwestern New
Mexico (Punt, 1956). It s probable that the
removal of all Mesozoic strata from the Coconino
Plateau, where early Eorene sediments were
deposited, ({Young, 1982} and the erpsion of
post-Triassic sediments from the Eocene-0ligocens
Baca basin area (Chapin and Cather, 1981), was
accomplished by this Paleocens erosion. The
dratnage courses prcbably followed the synclinal
axes or strike valleys that were developed paraile]
to the uplifted Sevier thrust belt to the west and

the Mogollon Highlands te the south (Figs. 2 and 3).

Paleocene Palechiogeography

At the beginning of the Laramide orogeny in
late Cretaceous time, much of Arizona was near or
below sea level (Enos, 1983; Molenaar, 1983). As
the area was elevated above sea Tevel, it was
colonized by humid, warm-iemperate %o subtropical
mesophytic forests. Palynological studies of the
Paleocene Qjo Alamo and Macimiento formations of the
San Juan basin by Anderson {1960) documented a
diverse assemblage of spores and pollen of taxa
whose modern phytogeography permits interpretations
of the adjacent Paleccene topography. Fossil polien
of the gymnosperms Podocarpus and Taxodium in those
formations, indicate significant topographic relief
in the source areas of those sediments. Podocarpus

~lives today in upland areas of southern Mexice and

Central America, while Taxodium is typicaliy found

in wet, coastal lewlands of Mexico and the
southeastern United States, Angiosperm  pollen
reported by Andersen (1960} includes subtropical

taxa such as the Bombacaceae and Sapindaceae, which
probably grew in low-lying areas near the basin
margin; but also includes more temperate taxa such
as maple (Acer), alder (Alnus), willow [Salix), oak
{Quercus) elm (Ulmus), tupelo (Nyssa) and basswood
{Tilia}, that must have grown in the adjacent S5an
Juan  Mountains, and other siructurally and
topographicatly high areas such as the Monument,
Dafiance and Zuni uplifts where more temperate
climates existed {Fig. 2).
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.The similarity of the Paleocens {lora in the
“san Juan pasin to that fr the Paleocene S$ilverado
Formation of «uthwastern California (Axelrod, 1979
Gaponoff, 1984) suggests that the former was also
deposited very near sea level and that the Plateau
area was not very high above sea level during the
Palencene. The forests of gymnosperms and both
ever-reen  and  deciduous angiosperms persisted
through the Paleccene into the Eocene (Axelrod and
Batley, 1976: Leopold and MacGinitie, 1972},

Focene (57.8-36.6 Ma)

Northern Arizona

Eoccene "Rim gravels" of Peirce and others
{1979) crop out at several places along the Mogollen
_PBim and on the Ceconino and Shivwits plateaus (Fig.
3,7). These gravels are well-rounded, well-scrted,
fluvial deposits that were transported from a
southerly scurce and deposited on Cretaceous, Tri-
as51C or Periiian vocks that were expesed on the
Paleocene pediment, downslope from the Mogollon
Highlands, They are now preserved at high
elevations along the southern edge of the Plateau
and are interpreted as remnants of a well-developed
stream system that was flowing across the Paleocene
pediment from central and northwestern Arizona
northward toward the Eocene Coconino and Baca-Eager
basins on the present southern edge of the Colorade
Plateau ({Fig. 3). They consist of clasts of
Precambrian sedimentary, metamorphic and plutonic
rocks and lower Paleozoic limestones and cherts that
were derived from Precambrian and Paleozoic terranes
in the Mogollon Highlands of central Arizona. The
presence of the "Rim gravels" on the high plateaus
indicates that the streams that carried these
sadiments predated the development of the Mogellon
v that subsequently separated the drainages of the
{uiorado Plateau and the Transition Zone. The age
o’ the "Rim gravels" has been bracketed in the
Whiteriver area between 54.6 Ma and 28 Ma by Peirce
ahd others (1979} with the maximum age determined by
clasts in the gravels and the minimum age by the
overlying volcanics (Figs. 3 and 4). The occurrence
of widespread early Eocene fluvial and lacustrine
codiments on the Coconino Plateau suggests an
=xtensive drainage system flowed from west-central
Arizona ascross the erosional surface that was cut
down  to  the Kaibab Limestone during the. late
rretaceous and Paleocene when it lay at a lower
#levation {Young, 1979, 1982). These strata include
rmim  gravel-type sediments of Precambrian clasts
dorived from the south, and overlying lacustrine
1imestonas dated as early Eocene by fossil snails
{Yourg and Hartian, 1984). Young noted that the
strata on the Coconino Plateau occur in a structural
downwarp on top of the Kaibab Limestone (here called
Coconino basin) and appear to have been deposited in
a drainage system that was bounded on the north by
the Laramide age Supai Monocline (Young, 1982}
{Figs. 2 & 3). Similar gravels are present on the
Triassic Moenkopi Foemation, heneath Miocene (6-0
Ma) basalt flows on the Shivwits Mlateau {Lucchitta,
1975}, which cruld have been deprsited in the margin
of Coceninn hasin ++ that same time {Fig. 3).
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The Eccene Eagar Formation crops out in the
Springerville area (Fig. 4). It fincliudes basa)
cravels and fine-grained sediments equivalent tg the
Focane Natil Formation of southwestern New Mexico.
These sediments were deposited in the Baca basin
which was Tocalized in a downwarped area the St.
Johns Sag of Kelley {1955) and eroded down to
Triassic strata during the Tlate Cretacecus and
Paleocene by an eastward flowing stream system. The
initiation of sedimentation in the Baca Basin was
caused by structural damming of the easterly
palecdrainage by the Sierra uplift {Chapin and
Cather, 1981). They appear to be the fine-grained
eguivalent of the "Rim gravels" of the Show Low area
{Lucas and Ingersoll, 1981), The Coconinc and
Baca-Eager basins appear to have been separated in
central Arizona, possibly by renewed uplift of the
Sedona arch of Blakey {1980),.

Southern Arizona

No records of Cocene age sediments have been

_described for southern Arizona.

Eocene Paleobiogeography

No Eocene polien records are known in Arizona,
but the Focene Green River and associated fermations
of Utah and Colorado include sediments transported
by streams flowing northward from Arizona. These
formations contain pollen of plant taxa which Tive
today 1in environments ranging from cool temperate
uplands to subtropical lowlands (Newman, 1983).
Eocene pollen indicative of warm temperate o
subtropical Towland environments includes
Cycadaceae, Taxcdiaceae, Palmae, Rutaceae,
Malvaceae, Euphorbiacese, Bombacaceae, Sapindaceae
and juglandaceous taxa such as Engelhardtia. Fossit
pollen indicative of cooler, drier, temperate
farests includes Podocarpus, Ulmus-Zelkovia, Acer,
Carpinus, Corylus, Salix, Populus, Castinopsis,
Pinus and such juglandacecus elements as Larya and
Pterocarya. Joint occurrence of these taxa in those
tformations is indicative of a source area with an
environmental gradient ranging from warm, moist
Towlands to cooler, drier uplands., Modern analogs
for such assemblages are found in the broadleaved
evergreen forests of southern China and eastern
Mexico (Axelrod and Bailey, 1676). These pollen
records indicate that such environments existed ir
elevated regions around the Green River and Uinta
basins, possibly including the Kaibab and Monument
uptifts, and the Mogollon Highlands of northern and
central Arizona (Fig. 2}. Focene pollen and
macroscopic plant remains suggest that similar plant
comminities ranged over a wide area from Wyoming,
California and New Mexico (Axelrod, 1966; Cushman,
1983; Leopold, 1983; Leopold and Machintie, 1972).
The only Eocene fossils reported from Arizona are
viviparid gastropods snails in the 1limestone of
Coconino basin (Young and  Hartman, 1984} and
charophytes {Lasky and Weber, 1949}, and hydrobioid
snails {Nations and Landye, 1384) from the Artillery
Formation south of the Bill Wiiliams River,
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MID-TERTIARY (40-13 Ma) PALEOGEOGRAPHY

01igocene {36.6-23.7 Ma)

Northern Arizona

No Oligocene sediments are kaown on the
‘Colorado Plateau except the eoiian Chuska Sandstone
that crops out high on the eastern side of the
D?fiance uplift (Damon and Shafigullah, 1981} {Fig.
5.

The absence of fluvial or lacustrine sediments
on the Colorado Plateau is interpreted as indicating
that the Plateau was uplifted enough during the
0ligocene to cause erosion of the ragion by
northwarg flowing drainage systems. These streams
are balieved to have followed the relatively Tow
Uinta~Green River downwarps northeastward, between
uplifts of the Wyoming Rockies, to the (ligccene
depositional basins and Great plains of northeastern
Colnrado, Wyoming, Montana and Nebraska (Fig. 1).

By late Oligocene the Mogollon Rim with up to
600 m relief was formed by scarp retreat caused by
down ~dip erosion of the narthward dipping Meseczoic
and Paleozoic strata. This minimum age of the Rim
is defined by the presence of pre- 22 Ma gravels of
probable Oligocene age which were deposited at the
base of the eroded escarpment by streams flowing
along its strike valley (Peirce and others, 1879).
These gravels and other sediments south of the
Mogolion Rim in the White River, Cibegue and Alpine
areas, including the 25 Ma aplian sandstone of
Fseudilla Mountain (Damon and Shafiqulish, 1981),
are halieved to be the result of the reworking of
"Rim gravels® and transport of fresh garavels by
eastward fiowing streams from  the Mogollon
Héghiands, after the Mogollon Rim was formed {Fig.
5.

Sputhern Arizona

Stratigraphic units of (ligocene age ave COommoen

in the southern part of Arizona, where they
accumulated as  predominantly  coarse clastic
sadiments in  local basing formed by crustal

deformation during the mid-Oligocene Figs. 4,5). The
shape and size of these basins are interpreted in a
yery generalized way, but are based on the observed
distribution of Cenozoic sediments in elongate
patterns, which suggest that the southern Arizona
crust was broadly warped. Drainage systems weve
probably Jlocalized by the continued development of
broad scale folding (Fig. 3). The (Oligocene strata
sccur as isclated exposures in uplifted fault blocks
_of present-day mountain ranges and in the Tlower
portions of deep grabens that resulted from the
disruption of {ligecere basins during subseguent
Basin and Range fauiting. The area of apparent
concentration of early to middie Oligocene sediments
in seutheastern Arizona is believed to have been a
local downwarped "sump®  te  which the Mogollon
escarpment drainage  flowed (Figs. 4, 5). Early
Dligocene strata are dominantly fine-grained but the
middle and late Oligocene strata are coarse-grained,
reflecting the onset of the Mid-Tertiary orogeny.
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“material or proximal tuff deposits.

farly Oligocene units in southeastern Arizona

include the Locomotive fanglomerate, Helmet
fanglomerate, Whitetail Corglomerate, Mineta
Formation, and Pantano Formation (shafiquilah and
others, 1978, 19803 Wilt and Scarborough, 1981,
Pairce, 1984b; Damon and others, 1984,  They range
widely in thickness and in Yithology, but are
typically coarse-grained and poorly sorted. They

generaily consist of reddish-brown
either as alluvial-fan accumulations
2000 to 10,000 ft thick, or as relatively thin,
hasal conglomeratic units underlying fgnimbritic
voleanics of early to middle Oligocene age {Wilt and
Scarborough, 1981), Because of +his relationship to
0ligocene ignimbrites, Wilt and Scarborouch {1981)
designated these as "ore-ignimbrite sediments”

They occasicnally contain fine~grainad members
consisting of light-colored to greenish mudstone,
calcareous shaie and Timestone with some gypsiferous
beds that are of probabie lacustrine origin. The
limestones are commonly fetid, indicating 3 nigh
organic carbon content, and deposition in lacustrine
environments. The presence of red fangiomerate and
monolithologic megabreccia averiying or underlying
Fine-grained strata indicaies that nearby areas had
high relief (Wilt and Scarborough, 1981).  These
observations suggest that southern Arizona during
the Dligocens was & mountainous region with local
internal drainage systems in which lakes ang playas
were ormed periodically (Fig. 5). The Oligocene-

Miocene conglomerate and redbeds of the Yuma area
(0lmstead and others, 1973) and several other fine

g coarse-grained deposits such as the 531 Murk,

congtomerate,
ranging from

rlanton Hills, and 8ila Bend limestones and the
t pcomotive fanglomerate, indicate conditions in
southwestern Arizona were similar to those in

southeastern Arizona {Wilt and Scarborough, 1951).
Oligocene and/or early Miocene isotopic dates of
intercalated volcanics in cores from deep wells in
the Paradise, Higley, Picacho and Red Rock basins
(Fig. 1), indicate that the south Central Arizona
{the &ila Low of Peirce, 1976} subsided during the
mid-Tertiary ovogeny, and has vemained low ever
since. ‘

Volcanism was not common until middie 0ligocene
(30 Ma) when silicic volcanism termed the
"ignimbrite flareup” by Coney (1976) began. 0Oligo-
cene sediments intercalated with thick sections of
voleanics in the "ignimbrite package” of Witlt and

Scarborough (1981} include the WNipper Formation,
Faraway Ranch Formation, Cloudhurst Formation,
Artillery Formation, upper 511 Murk Formation,

vinter Formation, and many others £1gs. 4.5 Many of
these formations include relatively thin (compared
to the volcanics) sections of mudstone, fetid and
cherty limestone, and tuffacecus shale indicating
probable depesition in lacustrine environments.
These sections also commonly contain thick units of
monolithologic breccia, indicating high basin-margin
relief and deposition of landsiide debris.

sediments deposited after  the bulk  of
ignimbrite volcanics were extruded were included in
the "post-ignimbrite  package' by Witt  end
scarborough (1981). These sediments are generally
iight-colored and contain thin, reworked tuffacecus
One exampie is
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The areal extent of Bidahochi Formation
outcrops has been mapped by Akers (1964}, which
provides a minimum area of the fiuvial and
lacustrina Bidahochi basin. Cooley {1962} suggested
that calcarenys send and s$ilt, that crops out
between basdalt and the Chinle Formation at Sunset
Buttes, 30 km southwest of Winslow s similar to the
vpper Bidahochi Formation. Several other cutcrops
of Tertiary sediments along the Mogollon Slope and
in the Little CLclorado River valley (Ulrich and
others, 1984) appear to be genetically related to
the upper BRidahochi and are interpreted here as
such. If those deposits were continuous with the
Bidahochi Formation, then the fluvial sands of the
Bidahochi basin probably extended as far west as the

adequately.

Kaibab Uptift  (Figure 6). Lucchitta  (1984)
postulates a ‘threugh-flowing, ancestral {pre-Basin
and  Range  faulting) Littie Colorado  River

approximately along +its present course and in the
same direction. This is Tlogical because a long
erosional event by a well established drainage
system was necesssary to erode the topographic basin
in which the Bidahochi Formation was deposited. Me
propose that this stream course was established in
the strike valley of the Chinle Formation on the
Mogollon  Slope after headward erosion by a
southeastward-flowing stream in the Baca-Eager basin
jntersected the northward-flowing regional drainage
down the Xaiparowits-Black Mesa downwarp, The
resulting stream capture created the
northward-fTowing ancestral Little Colorado River,
and continued to erode the Little Colorade River
valley between the Kaibab Uplift to the west and the
Black Mesa plateau %o the east (Figs. 4 and 5).

Bidahochi sedimentation may have begun in that
erosional valley as early as 10-15 Ma (Lance, 1954},
At that time, southward tilting of the Plateau,
nrobably effected by subsidence in the adjoining
Basin and Range Province, caused the reversal of
drainage of the long established northward drainage

system (Figs. 5 and B}. By that time, headward
erosion by the ancestral Little Colorado and San
Juan rivers had dissected the Cretaceous
cliff-forming sandstones enough to allow the

reversed drainage to abandon the previcus regional
drainage in the Kaiparowits-Black Mesa downwarp, and
to flow into the ancestral Little Colorado River
Valley possibly along the course of Moenkopi Wash
{Fig. 6). That dissection effectively separated the
Kaiparowits and Black Mesa plateaus. Sedimentologi-

cal evidence of the early development of this
drainage vreversal may be found 1in the gravels
containing lithologic clasts from the San Juan

Mountains that are now leocated on White Mesa {Hunt,
1956). It is likely that the Marble Canyon portion
of the Colorade River and the Paria River were
entrenched during that drainage reversal into the
Bidahochi basin (Fig. 6). The other streams of the
upper Colgrade River system were integrated into the
reversed drainage system inte the Bidahochi bhasin at
that time, 1including the San Juan River which
established its course across the Monument uplift by
late Miocene time {Hunt, 1956, Huber, 1981).

The segment of the Colorado PRiver which
Presently flows west of the Raibab uplift, was
fiowing northward as part of fhe Sevier foreland
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basin drainage (Figs. 3,4,5) until the drainage
reversal in late Miocene time. With the southward
tilting, this river changed its course southwestward
and flowed into the Muddy Creek basin {Fig. 6). By
5.5 Ma the Guif of California had opened and the
lower Colorado River segment was eroding its channel
northward toward the Muddy Creek basin (Fig. &), It
cut its channal down into the 5.9 Ma Fortification
Hi1l basalt of the Muddy Creek Formation and
complieted the lower Colorado River drainage, between
5.9 and 3.8 Mz {(Shafiqullah and athers, 1980). The
Towered base level resulting from the opening of the
Gulf of California increased headward erosion by the
river, thereby capturing both the Marble Canyon
segment of the Colorado River and the Little
Colorado River completing the integration of the
upper Colorado River system with the lower Colerado

River to the Gul¥ of California {Figs. & and 7).
Sedimentation continued in the ancestral Littie
Colorade River Valley wuntil the Kaibab Uplift

barrier was breached by headward erasion of the
lower Colorade River at its present confluence with
the Little Colorade River sometime after the middle
member of the Bidahochi Formation was deposited 6.7
Ma {Scarborough and others, 1974). This breaching
of the Kaibab Uplift and draining of the Bidahochi
hasin probably occurred primarily by headward
erosion and stream capture by a short tributary to
the Tower Colorade River during the FPliocene.

Since then the mouth of the Little Colorado River
has been lowered to 900G m {2700 Tt} above sea level,
well below the 1970 m (5900 ft) lowest elevation of
the hase of the Bidahochi Formation. This lawering
of local base level resulted in the removal of much
of the Bidahochi Formation from & large portion of
the ancestral Little Colorado River Vzlley (Fig. 6).

incised meanders on the Doney C1iffs Monocline
{Breed, 1969}, easterly flowing drainage channels on
Gray Mountain {Barnes, 1985, pers. comm.), and
barbad drainages of the Little Celorado River were
probably developed during the deposition of the
Bidahochi Formation, prior to its dissection by the
integrated Colorade River system.

Pliocene {5.3-1.6 Ma)

Basins that continued to accumulate sediments
through upper Miocene and into the Pliocene include
the Gulf of California embayment (Bouse Fm.), Muddy
Creek basin, Bidahochi basin, Verde basin, Safford
Basin{?), Big Sandy basin, San Pedro basin,
Perkinsville basin, San Raphael basin, Duncan basin,
and the Safford basin., They 211 are partially or

~entirely Pliocene in age, but appear tc have been

drained at different times during the Pliocene as
headward erosion of the developing integrated stream
system veached them and breached their margins.

Miocene-Pliocene Paleobiogeography

Neogene plant and animal fossils are relatively
common in Arizonma. The locations and taxonomic
compositien of the Cenozoic fossil localities of
Arizona were summarized by Nations and Landye {1984}

cand Lindsay (1984).
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Aquatic plants, inveriebrates and vertebrates
have been used to interpret intrabasin environments
of deposition in the Bouse Formation (Smith, 1970},
Muddy Creek basin (Blair and others, 1979%; Cornell,
1979), Verde basin (Nations and others, 1981) and in
the Bidahochi bzsin (Taylor, 1957; Baskin, 1975).
Former drzinage patterns have been inferred from the
distribution of fossil and modern fish faunas (Uyeno
and Miller, 1965; Smith, 1966; and Miller, 1981).

Terrestrial palynomorphs and macrofossils in
Neogene sediments have been cited as evidence of
elevation above sea level for several Miocene
depositional basins, The occurvence of pine and
other high altitude genera in the Nogales Formation
(Damon and Miller, 1963), the Bidahochi basin
(Anderson, 1962), and the Verde basin (Mations and

others, 1982), indicates elevations above 1300 m
{4000 ft). The absence of higher elevation {+2200
m) taxa such as Abies, Picea and Pseudotsuga in

Miocene or clder sediments of Arizona suggests that
there was no topography of that elevation until the
Pliocene, at which time those genera appear in the
Safford basin {Martin and Gray, 1962). They become
common in the .Suiphuvr Springs Valley and in the
Tacustrine sediments of the Colorado Plateau during
the Pleistocene {Nations and lLandye, 1984).

The occurrence of fan palm (Washingtonia) in

_the Miocene Big Sandy basin {Axelrod, 1950; Yorley,

1979) indicate warm ciimates ana elevationsless than

1200 m (3500 ft). A similar interpretation is

indicated for the Pliccene of the Yuma bhasin, based

on the occurrence of paloverde (Cercidium or
Parkinsonia) {Lee and Zavada, 1977).

Preliminary analysis of the distribution of
mammal taxa in Tertiary deposits, suggests that they
may also be useful indicators of paleoclimates and
paleogeography during the Tertiary, including the
development of physiocgraphic barriers to dispersal.

Pleistocene (1.6 Ma - Present)

Other basins, gererally in the Tow-lying areas
of the Basin and Range {the Gila Low of Peirce,
1976), or areas not yet in the modern integrated
drainage system, continued to accumulate sediments
through the Pleistocene and Holocene, They include
Red take, lLuke, Paradise, Higley, Picacho, Red Rock
and Tucson Basins (Figs. 1, 6, 7). As previously
stated, these basins commonly contain sediments
ranging from €ligocene to Recent because they are
Tocated in areas that have remained low since the
end of Laramide %ime, and have remained near or
betlow base level during the Tertiary tectonic
events.

Pleistocene Paleobiogeography

Significant climatic change occurred during the

Pleistocene resulting in  drastically altered
distributions of both plants and animals. The
present dictribution of taxa and the resulting

composition af biotic communities has emerged only
within the past 11,000 years (Axelrod, ~1979).
Associated with this development has been the

351

extinction of wmany Fiio-Pleilstocene vertebrates.
This subject has been thoroughly discussed in a
recent symposium volume (Martin and Klein, 1984).
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