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Laramide
sequential
youngest:
uptifts,

consisted of three major
that are, from oldest to
east-directed folids, basement-rooted
2) hydrous  metaluminous
related dikes; 3) hydrous
accompanied by  southwest-
These orogenic assemblages
become younger eastward and are consistent with
flattening of the Farallon plate as a cause of
Laramide orogeny with progressive decretion of the
overriding North American plate.

The early initial Laramide phase is the earliest
phase of Laramide oregeny and consists of the Laramie
Assemblage in the Colorade Flateau and the Hillsborg
Assemblage in the Basin and Range Province. The
Laremie Assembiage of the Colorado Plateau and Rocky
Mountain provinces consists of fine-grained sediments
from marine and coastal nonmarine {coal-bearing)
facies of  the regressive, Late Cretaceous,
epicontinental sea. Strandline  facies  confain
volcanic components and exhibit facies related to
straight, NEOW~-trending sharelines. tocaily,
quartz-atkalic metaluminous magmatism and related
copper-gold mineralization was emplaced into the
southwest portion of the Colorado Mineral Belt. The
Hilisbore Assemblage of the Basin and Range Province
consists of coarse continental c¢lastics and minor
volcanic components that were deposited in west~
northwest-trending  basins  adjacent to wast-
northwest-trending block uplifts. The magmatic
component of the Hillshora Assemblage consists of
quartz-bearing, alkalic, metaluminous volcanics and
gpizonal stocks of Late Cretaceous age {88-72 Ma)
that are associated with copper-gold minerg]
deposits.

The late 1dnitial

orogeny
assemblages
1)
and thrusts;
arc magmatism and
peraluminous plutonism
directed thrust faults.

Laramide phase s the second
phase of Laramide orogeny and ¥s subdivided into the
Denver  Assembiage in the Colorado Plateau and
southern Rocky Mountains and the Tombstone Assemblage
in the Basin and Range Province. The  Denver
Assembiage consists of coarse arkoses and
conglomerates deposited 1in asymetrical synclinal
downwarps  that generally were formed east of
east~facing basement uplifts during Maesirichtian to
Paleocene time. Yhe Denver Assemblage also consists
of alkati-calcic wetaluminous magmatism  in  .the

central portions of the Coloradc Mineral Belt during
the same time interval. The Tombstone Assemblage
(Late Cretaceous or 75-65 Ma) consists of

alkali-calcic metaiuminous igneous rocks, with minor
volcaniclastic sedimentary rocks, lead-zinc-silver
minaralization, and northeast-directed folding and
thrust fauiting.
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The medial Laramide phase s the earliest
Cenozoic part of the Laramide and is the third phase
of the Laramide orogeny in Arizonma; it is generally
of Paleocene age (65-55 Ma). In the Basin and Range
Province, medial'laramide orogeny is recorded in the
Morenci Assemblage of calc-alkalic metaluminous,
egizona] plutons and associated perphyry copper
mineralizatfon. Sedimentation is generally absent.
The principal structures of the Morenci Assemblage
are the regional dike swarms that strike east-west Lg
east-northeast; the dike swarms  occur  between
west-northwest-striking structura) elements of the
pre-existing Texas Zone which experienced left-slip
movement during the medial Laramide phase. On the
Colorade Plateau and Rocky Mountains, & conspicuous
Paieocene unconformity  §s  developed in  the
stratigraphy of many basins. At the same time,
calc-alkalic to metaluminocus magmatism was emplaced
in the southwestern Colorado mineral belt and may be
a  strato-tectonic  equivalent of the Morenci
Assemblage in Arizona.

The culminant Laramide phase is the fourth or
tatest part of the Caramide orogeny in Arizona and is
Eccene in age (55 to 45 Ma). The Eche Park
Assemblage consists of coarse-grained fan and fluvial
sediments depesited in  north-northwest-trending,
synclinal downwarps developed en echelon in a belt in

central New Mexico 1in the eastern part of the
Laramide orogen. The Green River Assemblage consists
of continental, fluvial and lacustrine sediments

deposited in basins that were gererally developed on
the west or south sides of reverse-faulted uplifts.
The Rim Assemblage consists of gravels and fluvial
sediments deposited in northward flowing streams that
drained @ highland that wes probably uplifted by
underthrust plates in southwestern Arizona. The
Wilderness  Assemblage  consists subalkaline,
peraluminous granites {two-mica granites ar
muscovite- and garnet-bearing biotite granites) and
related gold or tungsten-lead-silver mineralization.
Structurally, the Wilderness Assemblage s
characterized by southwest-directed thrust faulting,

of

mylonitization, and nappe folding. The relative
movement of the upper plate toward the southwest
relative to the Tower plate can be more accurately

described as northeast-dirscted underthrusting of the
Basin and Range Province toward and beneath the
Colorade Plateau. The Orocopia Assemblage had the
deepest emplacement depths of the culminant Laramide
assemblages and consists of Dblueschist-grade
metagraywackes associated with large-scale thrusts
such as the Chocolate Mountain thrust.




INTRODUCTION

Several recent developments provide dramatic new
constraints  for  structural and dynamic inter-
pretations of the various Laramide events. One of
the most significant developments is the discovery of
the Lordilleran two-mica granites and related
deformation which occurred during the late Laramide
orogeny  (Miller and Bradfish, 1980; Keith and
Reynolds, 1980, 1981; Keith and others, 1$80; Keith,
1982).  Other important new data consists of the
several thousand line miles of deep seismic sections
that were shot in 1979 to 1981 during the southern
Arizona overthrust oil play as control for the
Tocation of drill heles. These seismic data showed
conclusively that southern Arizona is pervasively
underlain by numerous Tlow-angle seismic reflectors
down to depths of 15 km (Keith, 1980; Reif and
Robinson, 1981). Drilling results north of Tucson
provided persuasive evidence that the top of one
array of strong reflectors was a major Tow-angle
fault (Reif and Robinson, 1981).

Recently, detailed structural investigaticns
have provided fabric information that constrains
sliplines and kinematics atlong many of the various
faults that had Laramide wmovement (Davis, 1975a;
1978a; Haxel and others, 1984). Pioneer studies used
vein and dike data from middie Laramide plutons to
determine siress patterns operating during intrusion
of Larvamide ignecus suites and associated copper
deposits {Rehrig and Heldrick, 1972, 1976; Heidrick
and Titley, 1982}, Detailed sedimentological invest-
igations (Bilodeauw, 1979, 1982) of early Laramide
sedimentary rocks have furnished paleocurrent and
sedimentological data that constrains the paleo-
geography of early Laramide uplifts.

Results of recent regional mapping in
southeastern Arizona (Drewes, 1981b; Keith, 1983b)
and in western Arizona and adjacent southeastern
California (Haxel and Dilion, 1878; Reynolds and
cthers, 1980; Frost and Martin, 1982; Richard, 1982,
Haxel and others, 1984) have documented the pervasive
regicnal extent of low-angle thrust faults of several
episodes that range in age from late Jurassic to
eariy Tertiary. At Teast some of this thrusting is
probably related to the Sevier orogeny which predated
the Laramide orogeny, but much s of Laramide age
{Drewes, 1981b; Keith, 1982a; Haxel and others,
1984).

The Tlow-angle normal faults of middle Miocene
age that have been mapped and studied throughout the
region {Davis, 1980; Shackelford, 1980; Frost and
Martin, 1982} have increasingly been recognized as
occurring along Llaramide thrust faults (Thovman,
1877b; Haxel and Grubensky, 1984; Keith and Wilt,
1985). Since 1980, several hundred chemical analyses
and several hundred new radiometric  dates
(Shafigullah and others, 1980; numerous articles in
Frost and Martin, 1982) provide a powerful new data
base for vregional stratigraphic correlation of
igneous wunits. As a vresuit of these new break-
throughs and the proliferation of guantitative data,
a resynthesis of existing data with the new data is
necessary.

Approach and Methodology

The synthesis of Laramide orogenesis presented
in this paper is based on a detailed strato-tectonic
approach. A correlation chart was compiled
consisting of many columns, sach from a relatively
limited gecgraphic area such as a mountain range.
Data shown included stratigraphy and structural data
from detailed quadrangle mapping, sedimentological
and fabric data from detailed topical  studies,

geochronological data, igneous rock chemical
compositions, and mefal contents of associated
mineral deposits. Map relationships were used to

establish relative age relationships and geo-
chronological data was used to calibrate stratigraphy
tc the absolute time scale and resolve stratigraphic
problems where relative age constraints were lacking.
To improve stratigraphic resolution, the igneous
stratigraphy (which comprised at Teast 70% of the
data} was categorized according to a chemical
classification of igneous rocks basad on magma series
chemistry currently being developed by Keith {this
volume}. The metal contents of mineral deposits that
were spatially and temporally associated with various
portions of the igneous stratigraphy were also
systematically tabulated.

Approximately 100 local areas were selected from
the region analyzed by Coney and Reynolds {1977} and
Ketth (1978); this dncluded data from  southern
California, Arizona and New Mexico. The data was
assembled into strato-tectonic columns that were
similar to those wused by Coney (1972} to correlate
'on Tand' Cretaceous-Cenozoic orogenesis for western
North America with sea floor spreading data. In
addition to the stratigraphic and structural data,
the strato-tectonic sections contained additional
data such as magma series chemistry, mineral deposit
data, and vradiometric data. After assembly of each
strato-tectonic column, a preliminary time-distance
correlation chart was developed following the
methodoltogy of Coney and Reynolds {1977). That s,
the sections were located on a map of the region and
projected to a medial line oriented approximateiy
perpendicular to the plate tectonic boundary between
the North American and inferred oceanic plates that
were subducted through Cretaceous-Cenozoic time. The
preliminary correlaticn chart 1is 14 feet long and
cannot be included with this paper, although we have
composited some of the columns into seven summary
columns for this paper (Figure 1).

Analysis of the preliminary correlation chart
revealed that the data could be grouped into
diachronous, strate-tectonic assemblages  that
contained unique arrays of Tithological, structural,
econcmic, geochronological, and chemical charac~
teristics. These assemblages are shown on  the
summary correlation chart and are also presented in a
series of assemblage maps and tables throughout the
text. The assemblages are named for particular type
areas, in the same mannar as certain formations and
members of formations are named for type localities.
Assemblages are similar to the rock-stratigraphic
term ‘Sequence' used by Sloss (1963), but are broader
in concept than the  Sequences, because  they
incorporate structures, wmetamorphism, and mireral
deposits as well as rock-stratigraphy.

It was also apparent from the correlation chart
that the various assemblages could be interpreted as
phases or components of Laramide crogeny. The use of
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Figure 1, Summary strato-tectonic correlation diagram for Laramide orcgeny
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the assemblage concept provided a powerful Togical
t0o] to veevaluate the broader aspects or ‘facies' of
Laramide orogenesis, and ultimately its plate

tectenic setting.

BOUNDARIES OF LARAMIDE OROGENY

Lower Limit

Bistinctions  between  Sevier and Laramide
orogenies arg commonly expressed in the literature in
terms of stylistic or temporal differences.
Stylistic differences are typically presented as
thrust faults of thin-skinned decollement style in
the Sevier orogeny versus basement-cored or basement-
rooted upiifts im the Laramide orogeny. Temporal
differences are typically expressed as the time from
140 to 80 Ma for Sevier deformation in the Nevada and
Utah areas (Armstrong, 1968) versus the time from 72
to 43 Ma for the Laramide crogeny in the classic area
of Colorado and Wyoming.

Any definiticns of Sevier or Laramide orogenies
that are based on categorical age and/or structural
style are dinvalid. Some major changes in the plate
tectonic process dramatically shifted the Cordilieran
front eastward from its position in western Wyoming,
central Utah, and the Colorado River region at about
89 Ma and established a new orogenic front some 600
km to the east ai a position extending from Denver,

B
map- direciinn of vargence

o5 plutans

e thrust TadlL, LoEta on upper plat
A~ ovarturned fob

Sevier orogeny {105-834 Ma)

Colgrade to E1 Paso, Texas by about 65 Ma. This
eastward migration of the Cordilleran crogenic front
in the Late Cretacecus is attributable to  flattening
of the subducting slab in Late Cretaceous time
{Keith, 1978; 1982b). Therefore, the Sevier orogeny
is a product of static and stable, constant-dip
subduction, whareas Laramide grogeny is a product of
migratory and unstable, variable-dip, flattening
subduction.

Any definition of Lavamide orogeny in & given
region must ultimately reflect the piate tectonic
processes that drive it. Conseguently, we Tooked for
specific changes in the geology of Arizona, southern
California, and New Mexico that reflected the
switchover from static subduction {Sevier orogeny) to
flattening subduction (Laramide orogeny}. In Arizona
and adjacent regions, the transition between Sevier
and Larvamide orogenies s manifested by marked
changes in the spatial and temporal patterns of Late
Cretaceous magmatism and by marked changes in the
crientation of regional structural features such as
folds and shorelines at about B8 Ma.

Throughout the western United States, the
switchover from Sevier to Laramide orogeny s
manifested by distinct changes in tectonic pattern.
In general, the transition from Sevier to Laramide
orogeny took place from 89 to 84 Ma in the entire
western U,5.  The change was initially expressed
tectonically in the western United States on the east
side of the coastal batholith between 85 and 84 Ma

(Figure 2)., After 85 Ma, the onset of Laramide

=1y
96 Me

Figure 2. Map of Sevier orogeny (105-85 Ma) in Arizona and vicinity.




orogeny moved rapidly easiward throvghout the western
United States. In Artzona and adjacent regions, the
switchover from Sevier to Laramide is marked by
changes in patterns of sedimentation on the Colerade
Plateau, magmatism in  southern (alifernia  and
southern Arizona, sedimentation and deformation in
southern Arizona, and detrital composition of
nearshore marine sandstones on the Colorado Plateau.

Sedimentation on the Colorade Plateau

On the scuthern Colorado Plateau, there is a
continuous stratigraphic  record  throughout  the
transition from Sevier to Laramide sedimentation, and
the onset of Laramide orogeny may be dated precisely.
On  Black Mesa in northeastern Arizona and in the San
Juan Basin of northwestern New Mexico, the beginning
of the flattening process s marked by an abrupt
reorientation and straightening of tLate Cretaceous
shorelines from the more undulatory northwesterly
orientations of Sevier age (Figure 2) to straight,
west~northwesterly (N6OW) orientations of Laramide
age {Figure 3). The shoreline reorientation and
straightening occurred immediately after a major
regression throughout the southern Colorado Plateau
region.  This regression is recorded in the Nicbrara
stratigraphic interval in Turonian to late Coniacian
time {89 to 88 Ma}. This reorientation in northern
Arizoma exactly corresponds to the Early Santonian
shoreline within the Scaphites depressus ammonite
zone of Obradovich and Cobban’s {1975)
rediometrically caltibrated, ammonite time scale for
the Late Cretaceous in North America. On the time
scale, the Scaphites depressus ammonite zone is
assigned an absolute age of apout 88 Ma. This Early
Santenian shoreline 1is vepresented by the Dalton
Sandstone Member of the Crevasse Canyon Formation in
the San Juan Basim and by the marine portion of the
Upper Sandstone Member of the Toreva Formation in
Black Mesa following the stratigraphic correlations
of Peterson and Kirk (1977) and Molenaar (1983). The
Balton-upper Toreva shoreline is  the oldest
NB6OW~trending shoreline and  therefore  these
formations represent the bhase of the Laremide
according to the previously mentioned criteria of
shoreline reorientation.

When the Laramide orogeny began to affect the
southern Colorado Plateau around 88 Ma, the classic
area in the Colorado and Wyeming Rockies was still
experiencing marine sedimentation of the Mancos sea
and would not experience Laramide crogenesis until
after 72 Ma. To show the time-transgressive nature
of the initiation of Laramide orogeny, the base
should be fixed to a specific lithofacies that
reflects ifs onset. in the Colorade Plateau the
strandline beach sandstones that separate marine
facies from continental facies provide a continupus
unit. This rock-stratigraphic unit can be used tqo
track  the northeastward progression of Laramide
oregeny from the southern Colorado Plateau intoc the
classic area in the Rocky Mountains of Colorado and
Wycming.  Thus, we consider those rocks  that
represent continental facies younger than BB.Ma and
that occur west and south of the marine shorelines to
be Laramide rocks. We, therefore, define Laramide
rocks on the Colorade Plateau as continental to
marginal marine rocks at or above the Lalton-upper
Toreve  time-regressive catum (B8 Ma) on the southern
CoTorado PTateau.

Magmatism in Southern California and Arizona

Ancther maximum age constraint for the Laramide
orogeny in southern California, Arizona, and New
Mexico s provided by early Laramide magmatism that
has been radiometrically dated. Keith {1978, 1982b)
and Westra and Keith (1981; 1982) have shown that the
Late Cretaceous arc magmatism may be divided intc
distinct gecchemical zones which become more alkaline
to the east, away from the trench. These gecchemical
belts did not begin tc shift eastward until after 87
Ma.

This eastward shift in magmatism is shown by
U-Pb data for the southern California batholith
(Figure 2), which indicates that metaluminous
calc-alkalic plutenism persisted in the Peninsular
Range batholith until about 89 Ma (Silver and others,
1979).  After 89 Ma, the Peninsular Range magmatic
arc  becomes  extinct. However, after this,
metaluminous magmatism began in Arizona and Sonora,
far east of the Peninsular Range batholith. We
interpret the extinction of metaluminous magmatism in
the Peninsular Range batholith at 89 Ma and the
eastward shift of metaluminous magmatism to be an
expression of the change from static subduction in
the Sevier orogeny to flattening subduction in  the
Laramide  orogeny. Flattering subduction forced
metaluminous magmatism eastward into Arizona and
Scncra after 89 Ma.

In Arizona, magmatism of the initial Laramide is
represented by metalumincus alkalic plutens, such as
the Mudersbach pluton dated at about 87 Ma in the
Plomosa Mountains (Richard Chuchia, pers. comm.,
1983; Reynolds and others, 1985). By 75 Ma similar
alkaline magmatism had migrated into New Mexico and
is assigned to the Hillshoro Assemblage described
below. Therefore, alkaline magmatism younger than 89
Ma and associated seédimentary rocks of the Hi11sboro
Assemblage représent The earliest Laramide rocks  3m
the Basin and Range Province of Arizona and New
Mexico.

As pointed out by Keith and Reynolds (1981),
hydrous peraluminous magmatism is formed by anatexis
of crustal materials during tectonic fusion of the
underriding oceanic plate with the overriding plate.
Therefore, 1in areas where metaluminous magmatism is
intruded by peraluminous series magmatism, a shift
from moderately dipping subduction to flat subduction
may reasonably be inferred. Hence, in near-trench
exposures  in  southern  California, the first
appearance of peratuminous series magmatism is a
strong indicator of flat subduction of the Laramice
arggeny,

In southern California, calc-alkalic
metaluminous magmatism of the Sevier orogeny dated
from 105 to 85 Ma fs directly intruded by
calc-alkalic peraluminous series magmatism in several
areas, such as at Jacumba, the 01d Woman Mountains,
and  the San Bernardino Mountains. The oldest,
reliably dated, unequivocally calcic, peraluminous
series  plutons in southern California are the
peraziuminous, synkinematic silis in the Whipple
Mountains, which have yielded dates of 8% + 3 Ma by
the U-Pb zircon method (Wright and cthers, 1386). In
the O7d Woman Mountains of San Bernardino County, the
Sweetwater Wash  pluton (which is calc-alkalic
peraluminous series) has yielded a 4 point, whaole
rock, Rb-Sr discchron of 79 + 7 Ma, (Miller and
others, 1982). The Sweetwater Wash pluton, however,
intrudes a metaluminous granedioritic pluton that




yields an U-Pb  zircon age of 72 Ma [Miller and
others, 1884}, K-Ar cooling ages for the Sweetwater
Wash pluton are 70.5 Ma (frmstrang and Suppe, 1973},
Thus, the most reliable estimate for the emptacement
age for the Sweeiwater Wash plutan is 71 to 72 Ma.

Numercus other peraluminous plutons in southern
California (Coxcomb batholith, Iron Mountains pluton,
Piute Mountains pluton, and Homer Mountains pluton}
have alsc yielded K-Ar cooling ages between 75 and /2
Ma. By analogy with the Sweetwater Wash pluton, the
cocling ages are prehably close to the emplacement
ages. In summary, evidence from peraluminous plutens
in  the southern California region indicate that flat
subduction began to effect the central Mohave region
by about 83 Ma and was widespread in the region by 75
to 72 Ma.

it is significant that no evidence exists in
southern Califernia for the presence of initial or
medial Laramide strato-tectonic assemblages. The
first assemblage to appear in the area west of the
Colorado River is the culminant Laramide strato-
tectonic assemblage that 15 manifested by the
peraluminous plutons.

Tectonics in the Basin and Range Province

In the Basin and Range Province of Arizona and
southern California, the beginning of Laramide
orogeny 1is less precise because of the Tlack of
continuous stratigraphic control. On & regional
basis, Laramide orogeny definitely postdates the
widespread Aptian-Albian components of the Bisbee
Group. On a more limited basis, Laramide orogeny
postdates early Cenomanian marine facies of the Upper
Bisbee Group, particularly in the Mojado Formation of
southwestern MNew Mexico and upper Turney Ranch
Formation in the Santa Rita Mountains of southeastern
Arizona {about 96 Ma on the Obradovich and Cobban
{1675} time scale). These beds are affected by a
deformation that is truncated by 75 Ma velcanism of
the Salero Group. This deformation is the Late
Cretaceous tectonic disturbance of Hayes {1970} or
the early Piman phase of Laramide crogeny of Drewes
(1981b).

The Fort Crittenden Formation is also, at least
in part, a sedimentological expression of deformation
that occurred after the Turney Ranch and Mojado
formations (post 96 Ma). Fossils collected from the
Fort Crittenden Formation where it crops out in  the
Santa Rita Mountains are Santonian tc Maestrichtian
in age (85 to 65 Ma). However, because the Fort
Crittenden Formation corretatives in the Santa Rita
Mountains underlie the Salero Formation (dated at 75
Ma}, the Fort Crittenden Formation is more reasonably
assigned an age of 85 to 75 Ma.

Regional synthesis of deformation affecting the
Turney Ranch and Mojade formations ia  Arizona
suggests that the uplifts were aligned approximately
parallel to the NG60W shoreiines on the Colorado
Plateau, indicating that the post-87 Ma shorelines
and the structural phenomena in southern Arizona are
of similar ages and may be tectonicaily coordinated.
The age assignment of the deformation is further
strengthened by the Santonian-early Campanian age af
the Fort Crittenden Formation, which s probably
syncrogenic. As such, the Late Cretaceous
deformation is considered early Laramide 1in age
rather than late Sevier. In this way, the west-
northwest-trending uplifts in scutheast Arizoma and

southwest New Mexico may be interpreiec as  the
initial Laramide breakup of the Bisbee GBroup trough
of Sevier age.

Volcanic Detritus on the Colorade Pliateau

The onset of major metaluminous magmatism of
Early Cempanian age in  southern Arizona  and
southwestern New Mexico is recorded in sedimentary
rocks of Santonian and early Campanian age on the
Coloradc Plateau, particularly in the Point Lookout
Sandstone of the San Juan Basin (Cumella, 1981,
1983). Cumella reports that volcanic detritus is
stratigraphically present as low as the Dalton
Sandstone member of the Point Lookout Sandstone of
Santonian age (88 - 86 Ma). No volcanic delritus s
present in the underlying Gallup Sandstone (90 - 88.5
Ma}. Detritus in the Gallup Sandstone was probably
derived from clastic sedimentary successions such as
the Bisbee Group in southern Arizoma and southwestern
New Mexico.

The Tlack of wvolcanic detritus in pre-88 Ma
sandstones on  the southern Colorade Plateau  is
consistent with volcanism being restricted to the
area of the Peninsular Range batholith region far to
the west. When the arc began to shift eastward about
87 Ma, volcanic components from the metaluminous arc
began to be deposited in regressive sandstone facies
on the southern Colorado Plateav. Thus, the
sedimentology of sandstones on the southern Colorado
Piateau suggests that flattening initiaily occurred
between &7 and 88 Ma. These dates coincide with the
dates of shoreline veorientation and arc migration
discussed previcusly.

Summary

We propose the following definition for the
tower 1imit of Laramide orogeny in  southern
California, Arizona, and New Mexico: 1} an eastward
shift after 89-87 Me of metaluminous magmatism in
general, and of quartz-alkalic metaluminous maagmatism
in particular, in southern California and Arizona; 2}
the presence of metaluminous volcanic detritus in
regressive sandstone facies younger than 88 Ma on the
southern  Colorade Plateau; 3) reorientation and
straightening to a N6CW trend of sherelines after 88
Ma on the southern Colorade Plateau, 4) syntectaonic,
clastic sedimentation after 838 Ma and development of
wedge-style, N6QW-trending uplifts within the faormer
site of the foreland trough where Bisbee Group
sediments had been deposited, and 5} appearance of
peraluminous magmatism in southern California at
about 89-87 Ma.

Upper Limit

The termination of Laramide orogeny on the
Cclorade Plateau 1is represented by a widespread
unconformity known as the 'Eocene erosion surface’
(Epis and Chapin, 1975; Gresans, 1981). In the San
Juar Basin in northwestern New Mexico, rocks of the
San Jose Formation below the Eocene erosion surface
are Wasatchian [early Eocene or as young as 50 Ma]
(Baltz, 1967; Lucas and Ingersoll, 1981). Along the
Mogo110n Rim segment of the Colorado Plateau in
Arizona, ‘Rim gravels' contain clasts yielding early
tocene dates and could be middle Eocene in age. The
‘Rim gravels' are truncated by the late Eocene-early
01ligocene unconformity as they are locally overlain




by late Dligocene-Miocens volcanics (K-Ar date of 28
Ma by Peirce and others, 1979}.

Thus,

Eocene or older {older than 43 Ma).

contain

whareas rocks from the earlty Galiurc
and Wilt,
volcanic clasts of Jatest Eocene or

strata on the Celorado Plateau iniArizona
represent the Laramide interval if they

are middle
Such rocks would

late Eocene or younger volcanic clasts,

orogeny (Keith

1985) contain a few volcanic flows and/or

early 0Oligocene

age. A regional unconformity of late Eocene to early
age described by Peirce and others (1979)
on the Colorado Plateau separates the Laramide and

(1igocene

Galiure

orogenies.
Arizona, however, commonly represents a
period of time

This unconformity

in scuthern
much Tonger
because sedimentary and

volcanic

strata of the later parts of the Laramide and of the

garly

In

Laramide orogeny can generally be dated at
youngest age of the Wilderness
the Santa Catalina

Ma, which

parts
preserved.

is the

intrusive complex in

{Keith

Arizona

peraluminous

and

others,

1980). The upper
Laramide orogeny in the Basin and Range
may be defined as the termination of the

of the Galiuroc are generally not

solitheastern Arizeona the termination of

about 44

Mountains
Timit of

Province of

magmatic event and its

associated

mylonitic deformation.

In

a more conventional way, the upper limit of

Laramide orogeny in the Basin and Range Province of

uncopfermity that truncates numerous  areas  of
porphyry copper mineralization, which are related to
calc-atkalic, metaluminous magmatism of Paleocene to
early Focene age (Damon and Mauger, 1966). This
unconformity is  overlain by eariy Oligocene
sedimentary and volcanic rocks as old as 37 Ma.
However,  because the Focene-aged  peraluminous

plutonism of the Wilderness Assemblage probably
occurred at fairly deep crustal levels, these plutons
were not sufficiently uplifted and unrpofed to be
exposed to erosional processes until mid-Miocene time
(about 18 Ma}. Thus, there is no physical way
through the classic use of unconformities to
precisely date termination of the Laramide orogeny
(the peraluminous granitoids of the Wilderness
Assemblage) and the beginning of the Galiuro orogeny
(the  pre-ignimbrite sediments of the Mineta
Assemblage) (Keith and Wilt, 1985).

LARAMIDE STRATO-TECTONIC SUBDIVISIONS

In any given area the Laramide crogeny can
generally be subdivided into four broad phases that
sequentially overprint previous phases in &
systematic manner. The Laramide orogeny is divided
into  four major phases: the earty initial, late
initial, medial, and culminant Laramide orogenic
phases (Table 1). Each phase may contain one or more
strato-tectonic assemblages as Tlateral or vertical
tectonic facies. On a regional basis the orogenic
phases are time transgressive, so that all phases of

Arizona has been defined less precisely by the the Laramide orogeny become generally younger in a
west to east divection (Figure 1}.
Table 1. Summary of taramide gssembiages in Arizona
PHASE ASSEMBLAGE SEDIMENTATION MAGMAT | SM STRUCTURES MINERAL RESOURCES AGE (Ma)
Culminant Echo Park arkesic alluvial generaily shsent NW-trending, sharp, asymm, uranfum 56-43
LARAMIDE fans downfolds, en echelaon
Green River| alTuv. plains, mudfiats none Targe, NW- to N-3 frending ail shale, potash 56-43
& Tacustrine facies asymmetrical thrust uplifts | uranium, oil, gas
Rim fluvial gravels noRE shallow NE-dip paleoslope none 56-43
{Eocene erosion surface)
Wilderness | none peraluminous shallow-dipping mylonite Au disseminations 80-43 A2
calcic and zones and veins
calc-atkalic tow-zngle SW-dir, thrusts W veins, 50-43 NM
Z-mica granitoids large amount of transport minor Ag-Pb-ZIn
Orocopia none none targe regional thrusts qtz pods, minor Au 60-43 AZ
greenschist metamorph. Chocolate-Yincent thrusts
of metagraywackes vy. large amt. shortening
Medial Morenci none cale-alkalic, epizonal HE to ENE striking dikes porphyry Cu-Ma; Cu-In | 75-50 AZ
LARAMIDE plutonism & volcanism | distributed laft shear skarns; Cu-Ag vns; 50-50 HM
hydrous, metaluminous through Texas Zane fringing In-Pb-Ag
Late Denver cse, clastics in asym. iocal nepheline M-trending, E-facing 74-72 UT
Initial basins E of E-facing atkalic magmatism monoclinal uplifis 68-64 AZ
LARAMIDE hasement uplifts 70-65 CO
Tombs tone cantinental clastics atkali-calcic, hydrous NW-striking, NE-dir. folds Pb-In-Ag veins & BO-70 AZ
large exotic blocks plutonism & pyroclast, & thrusts with 1-10 km replacement 70-64 MM
interbed volcaniclastics| volcanism, metaluminous shortening deposits
Farly Laramie regress, marine-nonmar. none N6OW trending shorelines coal abundant 88-72 Al
Inital 35, sh, 1s, bentonite very few yolcanic clasts broad NEOW folds 0it, uranium B88-65 N4
LARAMIDE Hillsborg cse. continental clastics| alkalic hydrous volcanic | E-W wedge uptifts & basins epigenetic Cu-Al 88-65

congl. & alluv, fans

& small stocks
metaluminous

WNW-LSE striking, high-angle porphyries
reverse faults on uplifts
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barly Tnitial Laramide Orogeny

LARAMIE ASSEMBLAGE

Name

The Laramie Assemblage is defined in Arizcona as
those formations above the Scaphites  depressus

ammonite zone, which is the earliest time zone that
marks a dramatic reorientation and straightening of
shorelines on the southern Colorado Plateau. The
Laramie Formation in the Denver Basin of Colorade e
considered f{o be the type Tocality of the Laramie
Assemblage. Between 1875 and 1890 Laramie Formation
or Laramie Group was widely wusad for the
coal-bearing, tagurnal-paludal strata that conformably
overlay the fossiliferous marine Cretaceous through-
out the Rocky Mountain West. Because subsequent
paleontological work showed that the Laramie strata
varied widely in 2ge from Late Cretaceous to Early
Eocene, the U.S. Geclogical  Survey in 1910
restricted  the term Laramie to a particular
time~stratigraphic interval in the Denver Basin. The
Laramie stratigraphic problem was summarized in
detail by Knowlton (1922). Because the term Laramie
is still well-known and  constitutes a  useful
rock-stratigraphic term to describe formations that
represent the tectonic enviromment of the early
initig] Laramide orogeny, we suggest that the term
Laramie be resurrected as Laramie Assemblage to
designate the formations, siructures, and minera)
resources of the early initial Laramide orageny in
the Colorado Plateau and Rocky Mountains, General
characteristics of the Laramie Assemblage  are
summarized in Table 2.

Table 2. Characteristics of Laramie Assemblage of the earty initial Laramide
orggeny
SEDIMENTS MAGMATISH STRUCTURES RESMUIRCES

regressive marine-nonmaring nang
coal-bearing fluvial clastics brozd, open WN&OW-trendine oil
regressive marine ss w/ volcanic anticlines & synclines  wranium
detritus synkinematic with
fossiliferous marine shale, depasition
limestone & bentonite
HBOW striking facies related to
HBUW striking shorelines
ascillatory regresssion to NE

HEQW-trending shorelines  coal

Rocks of the Laramie Assemblage

In detail, the Laramie Assemblage consists of
four major rock types, which are, from landward to
seaward: 1) braidplain deposits of siliceous, pebbly,
trough-crosshedded sandstones and  subordinate
siltstones; 2) coal-bearing, coastal plain sediments
of Tow-angle crossbedded sandstone and fiat-bedded to
virtually structureless siltstones and claystenes; 3)
gernerally regressive marine sandstones deposited in
beach and nearshore envirorments that contain some
volcanic  detrital grains; and 4) fossiliferous,
shallow marine shales with some deeper marine
Timestones and Tocal water-lain bentonite beds. The
volcanic detrital grains in  the wmarine  beach
sendstones consist of detrital grains of plagiociase
feldspars on the southern Cclorado Plateau {Cumeila,
1981). The four facies are arranged from southwest
to northeast parallel to & NG6OW-striking shoreline
that s represented by the regressive beach sands
with the terrestrial coal-bearing strata to the
southwest and the marine Timestones to the northeast
(Figure 3).

The general depositional patiern of all Laramie
AssgmbTage strata from 82 {0 72 Ma was within a
regime of escillatory regression toward the northeast
(Cumelila, 1983; Molenaar, 1983). These strata occur
above a regional unconformity of basin-wide extent
during the lower Niobrara age interval at the base of
the T1-3 transgressich of Molenaar {1983). The best
sequence of regressive ascillatory strata of the
Laramie Assemblage s in the San Juan Basin of
northwestern New Mexico (Peterson and Kirk, 1977;
Molenaar, 1983) and this area is designated as a
reference area for the Laramie Assemblage.

From oldest to youngest, the formations of the
Laramie Assemblage in the San Juan Basin of HNew
Mexico include the Crevasse Canyon Formation, the
undivided Mesa Verde Group, Point Lookout Sandstone,
Menefee Formation, Cliff House Sandstone, Fruitland
Formation and Kirtland Formation (Mclenaar, 1977; New
Mexico Geolegical Society, 1982). 1In Arizona strata
of the Laramie Assemblage are present on Black Mesa
and inciude the upper marginal marine sandstone of
the Toreva Formation, the coal-bearing Wepo
Formation, and the marginal marine Yale Point
Sandstone  (Repenning and Page, 1956). These
formations are listed in Table 3 and are shown on
Figure 3.

Structures of the Laramie Assemblage

The principal structural features of the Laramie
Assembiage are the shorelines represented by the
regressive marine sandstones of the beach facies.
The shoreline marking the southwestern edge of the
middle to Late Cretaceocus epicontinental sea remained
remarkably straight and parallel to a N6OW strike
from 85 to 72 Ma (Cobban and Hook, 1984; Molenaar,
1683). These shorelines are Tisted in Table 3 and
are shown on Figure 3, where each line reprasents the
most Tlandward position of the beach at the time
indicated.

In rnortheastern Arizona on Black Mesa these
shorelines are parallel to a NoOW-trending set of
broad, open anticlines and synclines that deform Wepo
and Yale Point formations of upper Santonian to Tower
Campanian stages (85 to 82 Ma). The folds may have
existed during the deposition of strata of the
Laramie  Assemblage, because the Wepo Formation
depositionally thins sharply away from the Maloney
synciinal area in northwestern Black Mesa (Peirce and
Wilt, 1970). Hence, the downwarps probably existed
during Wepo deposition and could have influenced coal
depesition (Peirce and Wilt, 1970). Although mest of
the anticiines and synclines cannot be precisely
dated, there 1is general agreemant that these folds
precede and are deformed by the north-trending
mongclines (Kelley, 1955; Davis, 1975z, 1978a).

Resources of the Laramie Assemblage

Strata of the Laramie Assemblage contain major
coal resources on Black Mesa in northeastern Arizona,
the Kaiparowits Basin of southeastern Utah, and the
San  dJuan Basin of northwestern New Mexico. In
Arizena the Peabody Coal Compeny s exploiting
multiple coal seams 4 to 20 feet thick on Black Mesa
within the Wepo Formation {Peirce and Wilt, 1970).
The Navajo and McKinley mines of the San Juan Basin
have extracted major production from the Clary and
Gibson coal seams in the Mensfee Formation (Wilson,
1977). In the southern Colorado Plateau region,




significant coal accumulation took place after 88 Ma,
in contrast to lesser volumes and grades of earlier
coals in the Dakota Group, The dramatic increase in
volume of coal accumulation may reflect shealing and
towering of drainage gradients in the  socuthern
Colorado Plateau region in response to the initial
flattening of the underriding Faralion lithosphere.

Abundant o1l and gas production and reserves
exist in the beach sandstones of  the Laramie
Assembiage in the San Juan Basin, particularly in the
Pictured Cliffs  Sandstone and the Fruitland
Formation. Major uranium resources also exist in the
San Juan Basin, specifically in  the Fruitland
Formation and in the Menefee Formation (Chenoweth,
1977).

HILLSBORO ASSEMBLAGE

Name

The name Hilisboro Assemblage was given by Keith
{1984} to the earliest Laramide rocks within the
Basin and Range Province of Arizona and New Mexico.
Lithologic  members and wmineral systems of the
Hillsboro Assemblage are best exposed near Hiilshoro
in  southwestern New Mexico {Hedlund, 1977), and this
area is designated as a reference area for igneous
rocks of the Hilisboro Assemblage. The cantral Santa
Rita Mountains, which has been well documented by
Drewes (1971a,b,c) and Inman {1982), is designated as
a reference area for sedimentary rocks of  the
Hillsboro AssembTage (Figure 3}.  The north-south
compressive deformation of Gilluly (1956) and the
early late Cretaceous disturbance of Hayes (1978)
coincide with the tectonics herein assigned to  the
Hillsboro Assemblage. General characteristics of
rocks, structures, and vesources of the Hillsboro
Assemblage are summarized in Table 4.

Table 4. Characteristics of HilTshora Assemblage of the early fnitial Laramide arogeny

SEDIMENTS MAGHAT] SH SYRUCTURES RESOUACES

coarse contimental clasties nat carmon £-H block uplifts epigenatic Cu-Au
gen. lack uoleanic components  smell volranic centers  £-¥ to WNN-ESE striking hydrathermal
extept {0 upper parts st epizonal high-angle reverse vaults

angular uncenf. aver mig-Cret, porphyritic statks (60 deg.) with shortening

accum. in £-W trending basing  welc. highly recciated §-7 xm vertical throw
adjacent to black Lplifts ‘atites § monzonites -3 &m horizontal throw
congl. & alluvia} fans retzluminous, atkalic  midirectional transpact
gen. Fe-poar, hydrous, N- or Segdirected or
oxidized HHE- or SSH-directed

eithar side of block wplifts

Rocks of the H7llsboro Assemblage

The  principal rock types of the Hillsboro
AssembTage are continental sedimentary rocks
consisting  predominantly of  roundad-ciast con-
glomerate, sandstone and shale; individual sections
range up to thousands of feet thick. In their upper
parts these strata may contain thin tuff beds, but
they gererally lack large amounts of volcanic
components or large exotic blocks, in contrast to
younger Laramide assemblages.

Examples of sedimentary formations assigned to
the Hillsboro Assemblage (Table 5 and Figure 3) are
the Fort Crittenden Formation of the Santa Rita and
Huachuca Mountains in southeastern Arizona {Hayes,
157C;  Drewes, 1871¢), the Czbullona Group in
northeastern Sonora {Taliaferro, 1933; Hayes, 1870),
the  Ringbone Formation of the Little Hatchet
Mountains (Lasky, 1947; Zeller, 1870), possibly the

Javelina Formation of the Pedregosa Mountains in
southeastermmost Arizoma {Fpis, 1956), and possibly
the American Flag Formatien in the northern Santa
Catalina Mountains {Creasey, 1967).

Igneous  rocks assigned to  the Hilisbore
Assemblage are not common, although both volcanics
and epizonal parphyritic stocks are present and form
relatively small volcanic centers. The volcanic
rocks  of the Hillsborc Assemblage ave commonly
brecciated, which indicates fairly high fiow
viscosities and autobrecciation during extrusion of
the flows. Rock types are primarily Tatitic and
monzoniticy chemically the rocks are metaluminous in
character and pliot, with some scatter, in the
alkaline fields (especially the quartz alkalic field)
on a K20 vs 5102 varfation diagram and are generally
iron-poor {Keith, this volume).

Examples of fogneous rocks that are assigned to
the Hillsboro Assemblage irclude the Copper Flat
stock  near Hillsbore, New Mexico, pcossibly the
andesite breccia unit of Callaghan (1953} near Silver
City, Mew Mexico, possibly the Orc Grande pluton in
southern New Mexico (Beane and others, 1975), and
possibly the Mudershach pluton in  the Plomosa
Moun?ains of western Arizona (Scarborough & Meader,
1983).

The rocks of  the Hillsbors Assemblage
unconformably overly strata of the Sisbee Group of
probable Albian-Cencmanian age ({(about 94 Ma) with
general angular discordance. The upper contact of
the Hillsboro Assemblage with the later Tombstone
Assemblage is rarely present. However, in the Little

Hatchet Mountains of southwestern New Mexico {Zeller,
1870) the Ringbone Formation, which is  herein
assigned to the Hillshoro Assemblage, is angularly
truncated by Hidalge Volcanics, which are assigned to
the Tombstone Assemblage and are of Maestrichtian
age.

Structures of the Hillsbore Assemblage

The  structural  features of the Hillshoro
Assemblage appear to be block uplifts that generally
irend east-west to west-northwest (Figure 3}, These
wedge uplifts are bounded by steep, high~angle,
reverse faults with typical dips of about 60 degrees.
Vertical stratigraphic throws range from 1 o 6 km
with horizontal throws of 1 to 3 km. Available data,
though sketchy, indicate that these wedge uplifts are
roughly symmetrical with reverse faulting divected
both to the north and south respectively on each side
of the uplift.

Many of the structures occur along faults that
were active in Late Jurassic to Early Cretacecus time
during deposition of the Glance Congicmerate
{BiTodeau, 1978; Bilodeay and Lindberg, 1983). Many
of these faults arve parallel to structural elements
of the Texas Zone and probably are reactivations of
Precambrian  faults in  the Texas Zone, a
west-northwest-trending zone of high-angle faults
that probably originated about 1400 Ma (Swan, 1576).
One of the best exampies of these block uplifts is
the Goverrment Butte uplift south of Tombstone; it is
bounded on the south by reverse faults in the
northernmost Mule Mountains and bounded on the narth
by the Prompter fault (Gilluly, 1956).

Accumulations  of  sedimentary rocks of the
Hillsboro Assemblage consistently occur along or near
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Tahle 3. Examples of Laramie Assemblage of the early initial
Laramide orogeny
SYMBOL EXAMPLES REFLRENCES
; (AR Crevasse Canyan fm. New Mexico Geol. Soc., 1982
I " " Z e C1iff House Fm. Hintze, 1973; 1975
=F Fruitland Fm. Cumella, 1981, 1983
GoOK Kirtiand Fm, Molenaar, 1977, 1983
Ka Kaiparowits Fm. Hintze, 1973; 1975
L Lewis Sh. Cobban & Hook, 1584
M Menefee Fm. Cumella, 1981; MMGS, 15882
My Mesa Verde Fm. NMGS, 1982
S PL Point Lookout Ss. Peterson & Kirk, 1977
L SC Straight C1iffs Fm. Hintze, 1973; 1975
T upper Toreva fra. Repenning & Page, 1856
W Wepo Fm. Repenning & Page, 1956
Wa Wahweap Ss Hintze, 1973; 1975
P Yale Point Ss. Repenning & Page, 1956
MAG LP La Plata, Colo. Tweto, 1979
5y - 84 Black Mesa syncline Kelley, 1955; Davis, 1975a
g W BY Beautiful Valley syn. Kelley, 1955; Davis, 1975a
E cs Cow Springs anticline Kelley, 1955; Davis, 1975a
= CW Chinle Wash syncline Kelley, 1955; Davis, 1975a
5 OHM Howell Mesa syncline Kelley, 1955; Davis, 1975a
Kt Kaibito syncline Kelley, 1955; Davis, 197%a
Kbba Kaibab anticline Kelley, 1955; Dayis, 1975a
Kbbs  Kaibab syncline Kelley, 1955; Davis, 1975a
L Last Chance syncline Keltey, 1955; Davis, 1975a
MB Mount Beautiful ant. Kelley, 1955; Davis, 1978a
- Ma Maloney syncline Kelley, 1958; Davis, 1975a
.»'g.;‘;’j ;;},;"r;}r— PL-YP P Paria syncline Kelley, 1955; Davis, 1978a
gy ,f;f’»gfo?ﬁf,:ff“'(ﬂfdi . L PM Preston Mesa antigline Kelley, 1955, Davis, 1975z
i "AM“"’-"’JS:W. : ' RR Red Rock syncline Kelley, 1955; Davis, 1975a
~ - TC Tuba City syncline Kelley, 1955; Davis, 1975a
¥ vermilion antictine Kelley, 1955; Davis, 1975a
We Wepo syncline Kelley, 1955; Davis, 1975a
Maximum Tandward shrin. Cobban, 1974; Molenaar, 1983
D-3 Dalton~-Toreva shin, Cobban, 1374; Molenaar, 1983
pC-1 Pictured C1iffs-75,5 Ma Cobban, 1974; Malenaar, 1983
pL-2 Pictured C1i¥fs-73.5 Ma Cobban, 1974; Molenaar, 1983
PL-YP Point Lookout-Yale Point Cobban, 1974; Molenaar, 1983
o 3 Black Mesa mine Peirce & Wilt, 1970
§ San Jan Basin WiTson, 1877
2 Laiparowits Basin Keith, 1970
& uranium in Menefee Fm. Chenoweth, 1977
Table 5. Txamples of Hillsboro Assemblage of the early initial
taramide arogeny
Q& SYMBOL EXAMPLES REFERENCES
C w1 AF American Flag Fm. treasey, 1967; Hayes, 1970
ﬂ:%by Z ¢ Cabullona Gp. Taliaferro, 1933
AB Zfc ft. Crittenden Fm. Drewes, 1971c; Hayes, 1970
‘s ; J Javelina Fm. Zeller, 1970
Q R Ringbone Fm. Zeller, 1970
06 = AR Andesite breccia Catlaghan, 1953
,_2_ ] Copper Basin
W Copper Flat stock Tharman&Drewes, 1981 ;Hedlund, 1977
TNLH § £ g Gene Canyon
"R C“ Md Mudersbach pluton Scarborough & Meader, 1983
h'"\..\ 0G Ore Grande stock Beane and athers, 1975
B i | v Ch Cabullona basin Taliaferrn, 1933
167 )
o £ G Geesman T1t Creasey, 1967
G 68 Goverrment Butte Hayes, 1970
9:_: KF Kino Springs Flt Hayes & Raup, 1968
Y LH L. Hatchet Mts. 7eller, 1970
M HMogul fit Creasey, 1967
RT Ragged Top fl1t Banks & Dockter, 1976
| 5Cn Sawmill Canyon fit Drewes, 1§72b
" WoC Winkelman-Beer Creek Simans, 1964
CF Hillsboro Dunn, 1983; Fowler, 1982

Arizona and vicinity.

RESOURCES

Golden Rule mine
Easter Sunday inine
Flomosa Pass

Keith, 1973
Keith & others, 1983
Keith, 1578




faults that trend easi-west fo west-northwest. The
best  exposures of these faults sugyest that there 1s
at least one episode of reverse separation. Examples
of faults which have nearby accumulations of
Hillshore Assemblage sediments {Table 5 and Figure 3}
include: the Sawmill Canyon fault zone in the Santa
Rita Mountains, where Late Cretaceous movement
allowed deposition of the Fort Crittenden Formation
(Lutton, 1958; Drewes, 1972b}); the Kino Springs fault
zone in the northern Huachuca Mountains where Fort
Crittenden Formation 1is preserved {Hayes and Raup,
1968); the Geesman and Mogul fault zones in the Santa
Catalina Mcuntains where American Flag Formation is
preserved (Creasey, 1967); and the Ragged Top fault
zone in the Silver Bell Mountains where the lower
arkose of the Claflin Ranch Formaticn is preserved
(Banks and Dockter, 1976).

In addition, commen angular unconformities
beneath strata of the Hillshoro Assemblage in the
Cabullona basin {Taliaferro, 1933), Little Hatchet
Mountains (Zeller, 1970), Winkelman-Deer Creek area
{Simons, 1964), northern Empire Mountzins (Finnell,
1971}, and Government Butte avea socuth of Tombstone
(6i11uly, 1956) provide strong evidence for activity
along east-west trending faults during sedimentation
of Hillsboro Assemblage formations.

Rounded clasts in alluvial fan deposits and
debris flow deposits in sedimentary sequences of the
Hillsboro Assemblage can be matched with 3ithelogies
on the upthrown side of the faults. For example, @
major west-northwest-striking fault with reverse
separation forms the north boundary of the Sawmill
Canyon fault zone in the central Santa Rita Mountains
{Lutten, 1958; ODrewes, 1872b). In the hanging wall
north of the fault are Precambrian granite and “Pinal
Schist, while Fort Crittenden Formation of the
Hillsboro Assemblage is exposed south of the fault
and contains prominent clasts of the granite and
schist,

In southwestern MNew Mexico  the Ringbane
Formation of Zeller {1970) angulariy overlies the
Mojado  Formation of Albian-Cencmanian age. The
maximum exposed thickness of Ringbone Formation in
the vicinity of Playas Peak in the Little Hatchet
Mountains is more than 7500 feet. The widespread
outcrops of Ringbone 1in the central Little Hatchet
Mountains occur about 4 miles north of a west-
northwest striking, steeply south-dipping, vreverse
fault that juxtaposes porphyritic megacrystic granite
of probable Precambrian age (140C Ma?) against
Horguilla Formation of Pennsylvanian-Permian age.
Congliomerates that are commen near the base and in
the upper part of the Ringbone Formation contain
abundant cobbles that are mostly derived from
Paleozoic limestones. The only presently exposed
cutcrop of Paleozoics in the Little Hatchet Mountains
is just north of the fault and could have been the
source of limestone clasts in the Ringbone Formation,
It 1is significant that at least 16,500 feet of
Cretacepus strata are regionally present above the
Paleozoic section. Thus, at least 17,000 feet of
structural relief must have developed after
deposition of the Mojaco Formation {pest-Cencmanian)
in order to expose the Paleozoic section south of the
Ringbone basin to provide Palsozoic clasts within the
Ringhone Formation. In the northern Coyote Rills
four miles north of the most northerly outcrops of

Ringbone, another large east-west trending zone of

folding and faulting has been mapped by Thorman
(1977) that could have been the ncrthern boundary of

the basin within which the Ringbone Formation was
deposited.

Age of the Hillsboro Assemblage

Regional evidence  suggests  that  tectonic
features of the Hillsboro Assemblage developed after
the Bisbee Group ({after Early Cretacecus or after
gbout 95 Ma) and before the Tombstone Assemblage
(before Late C(retaceous or before about B0-75 Ma).
For example, in the western end of the Tombstone
Hilis near Bronce Hill and Lewis Springs, Gilluly
(1856) observed the Bisbee Formation (middle
Cretaceous) had been sharply rotated around east-west
strikes and was angularly overlain by Bronco
Yolcanics (of our Tombstone Assemblage). From this
and other velationships GilTuly (1955) interpreted
the presence of & first stage, north-south
compressive, post-Comanche (Bisbee Group) defor-
mation, Similarly, the exotic block member of the
Salero  Formation of the Tombstone Assemblage
(probably 7580 Ma) unconformably overlies steeply
dipping Bisbee strata that are folded around upright,
tight anticlines and synclines in the Empive
Mountains (Drewes and Finnell, 1968; Keith and Wilt,
1978).

Direct dates on strata of the Hiiisboro
Assemblage are mostly those obtained from fossils
{freshwater invertebrates, vertebrates such as
dirosaur bones, and petrified wood) that have been
aobtained from the shale member of the Fort Crittenden
Formation, The fossils collectively indicate a Late
Cretacecus (Santonian to Maestrichtian) age of 85 to
65 Ma for the Fort Crittenden Formation (Drewes,
1971¢). A more restricted age of Santonian to early
Campanian {85 to 75 Ma) for sedimentary rocks of the
Hillsboro Assemblage is more likely as voleanic rocks
of the lower part of the overlying Tombstone
Assemblage have yielded numerous age dates from 73 to
76 Ma in southeastern Arizona.

Age dates on igneous vrocks of the Hillsboro
Assembiage show that they become younger eastward.
For example, in western Arizona the Mudersbach pluton
is  dated at about 87 Ma {Chuchla, personal
commynication, 1983; Reynolds and others, 1985). To
the east, in the Hillsboro area of New Mexico, the
Copper Flat stock, which is chemically similar to the
Mudersbach pluton, has yielded a K-Ar age date on
biotite that 1s near 75 Ma (Hedlund, 1877). Still
farther east in the Oro Grande mining district, the
chemically similar OQOrc Grande pluton has yielded @
bioctite, K-Ar date of 47 Ma (Beane and others, 1975).

Resources of the Hillsboro Assemblage

Mineral resclurces related to the Hillshoro
Assemblage mainly consist of epigenetic, copper-gold,
hydrothermal systems that are closely associated with
guartz alkalic magmatism. The best documented
copper-gold system of the Hillsboro Assemblage is the
Copper Flat porphyry copper depesit northeast of
Hillsboro in Sierra County, New Mexico {Dunn, 1$82),
The copper-bearing specularite skarn at Mudersbach in
the central Plomosa district of Arizona is ancther
exampie of guartz alkalic metallogeny.




Late Initiat Laramide Orogeny

DENVER ASSEMBLAGE

Name

The name Denver Assemblage s given to
sedimentary formations deposited in  asymmetrical
synclinal downwarps that predominantly occur east of
east-facing basement uplifts following the definition
of 'Denver-type hasins' by Chapin and Cather (1981).
The Denver Assemblage 1s present on the Colorado
Plateau and in the Rocky Mountains (Figure 4} and is
approximately coeval with the Tombstone Assemblage of
the Basin &nd Range Province. The assemblage is
named for rocks deposited in the Denver Basin east of
the east-facing Front Range uplift of Maestrichtian
age {Morse, 1979). The Denver Basin is designated as
a reference area for the Denver Assemblage.
Sedimentation of the Denver Assemblage tock place
with easterly paleoflows and the formations exhibit
proximal to distal facies distribution from west to
east. Sedimentary rocks of the Denver Assemblage are
predominantly coarse-grained arkoses that contain
coarse  intraformational  congicmerates, General
characteristics of rocks, structures, and resources
of the Denver Assemblage ave summarized {5 Table 6.

Tebhle 6. Examples of Denver Assemblage of the late initfal Laramide orogeny

SEDIHENTS MAGHMAT 158 STRUCTURES AESOURLES

coarse arkose & comgl. igneous rocks mot N trending, E-facing
allyvial fans, plains, & canmon except as  basement uplifts
meander belts with East clasts & local N treading mgnolines
fiewing patenslopes N-trending, open,
asymmetrical synclingl synclinal dawnwarps
downwarps East of deep on West next
E~facing basement Lo steep £ face
uplifts, wedge-shaped of uptift
unidirectionat

factes distribution
unconformity at top

volcanic flows

Rocks of the Denver Assemblage

In Arizona no sedimentary components of the
Denver Assemblage are preserved, although they are
widespread 1in New Mexicc and also occur in Utah and
Colorado (Table 7 and Figure 4). In southwestern
Utah the Claron Formation was  permissively
contemporanecus in part with Laramide reverse fault
movement on faults with east-directed movement, such
as the Grand Wash, Hurricane, Toroweap, Sevier,
Beaver Dam Wash, Gunlock, Cedar Pocket Canyan, and
Shebit faults (Lovejoy, 1976) and is assigned to the
Denver Assemblage. In south central Utah, the Canaan
Peak Formation (Bowers, 1972) ds assigned to the
Denver Assemblage and may have been derived from the
norihern end of the Kaibab uplift.

In the San Juan basin of northwestern New
Mexico, the (jo Alamo Sandstone 1s assigned to the
Danver Assemblage. The 8jc Alamo Sandstone had a
source area to the northwest (Powell, 1973) which
could have heen the Hogback monocline. The Ojo Alamo
Sandstone  differed from the later Nacimiento
Formation in that it did not include velcanic clasts
(Fassett, 1985). Palecflow data indicate that 0jo

515

Alams streams fiowed over the Macimiento uplift,
which did not appear until Focene time.  Other
possible Denver Assemblage formations include the Cub
Mountain Formation in south central New Mexico and
the Poison Canyon and Raton Formations in northern
New Mexico (Figure 4).

Structures of the Denver Assemblage

Principa? structural features of the Denver
Assemblage are large, north-trending, east-facing,
basement uplifis that are paired with asymmetrical
‘Denver-type' basins in the sense of Chapin and
Cather (1981}. Denver Assemblage uplifts have sharp,
gererally nerth-trending, steeply dipping, east-
facing menoclines along their east front. Denver
Assembiage basins are also asynmetric with the
deepest and thickest part of the basin to the wast
bordering the east side of the uplifts (Chapin and
Cather, 1981).

Sedimentation in New Mexico that is associated
with east-facing monoclines includes the Cub Mountain
Formation east of the Tularosa uplift in central New
Mexico and the Poison Canyon and Raton formations
east of the Sangre de Cristo upiift in north central
New  Mexico. In southern Utah the Canaan Peak
Formation {Bowers, 1972) is permissively derived from
the northeastern extension of the Kaibab wuplift.

Table 7. Examples of Benver Assemblage of the late inftiatl
Laramide orogeny

SYMBOL EXAMPLES REFERENCES

Dawsan Arkose Chapin & Cather, 1981

W

E fenver, Arapaho Fm. Morse, 1979

E Farrer, Tuscher Fm. tawton, 1983

wC {laron fm. Lovejoy, 1976; Hintze, 187%
L] Cub Mountain fm. Hintze, 1975
cp Canaan Peak Fm. Bowers, 1972
LR Lave Ranch Fm. Seager, 1975
A 0jo Alamo Fm. Pawell, 1973; Fassett, 1985
PC Poison Canyon Fm. Fassett, 1985
R Raton Fm, Molenaar, 1983

MAG RC Rico stock Tweto, 1979

., BOW Beaver Dam Wash f1t. Lavejoy, 1976

® CPC Cedar Pocket Canyon T1t. Lovejoy, 1976

= oM Grand Wash f1t. Lovejoy, 1976

= BGu Buhtock fit. lLovejoy, 1876

ooH Hurricane f1t. Loveioy, 1976
S Sevier f1t. Lovejoy, 1576
Sh Shebit f1t. Lovejay, 1576
To Taroweap fit. Lovejoy, 1976
CP Ceconine Point mon. Davis & Kiven, 1975
R Comh Ridge mon. Davis & Kiven, 1975
cs Cow Springs mon. Davis & Kiven, 1978
im fefiance mon. Davis & Kiven, 1975
G Granview mon. Davis & Kiven, 1975
H Hogback mon. Davis & Kiven, 1975
K Kaibab Davis & Kiven, 1975
oR Organ Rock man. Davis & Kiven, 1975
RL Red Lake mon. Davis & Kiven, 1975

Front Range uplift Bryant & Waesser, 13980

Ar Archuleta uplift N.M.G6.5. map, 1982
cC Circle Cliffs uplift Kelley, 1455
2} pefiance upltift Davis, 1975, 1878
EC Echo CViffs uplift Davis, 19753, 1978a
L Lucero uplift N.M.G.S. map, 1982
M Monument upltift Davis & Kiven, 1975
Mz Monzane uplift N.M.6.S. map, 1982
st Sangre de Cristo up. Chapin & Cather, 1981
Tu Tulargsa uplift N.M.G.S. map, 1982
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Tabte 9.

Examples of Tombstone Assemblage of the late initial

Laramide orogeny

SYMBOL EXAMPLES REFERENCES

CR €laftin Ranch fm. Banks & Dockter, 1976

Sa Tow. Salero Fm. Drewes, 1971a,b,¢

T8 Teran Basin Grover, in progredfd M3 thesis

WG low. Williamson Simons, 1964; Krieger, 1868a,b
Canyen volc,

T™C Tucson Mtn, Chaos Brown, 1939; Hayes & Drewes,

A Amole stock Bolin, 1976 196

B Bronco VYolc. Gilluty, 1956

CMR Cat Mtn. Rhyolite Brown, 1339; Bikerman, 1962

D Demetrie Voic. Thoms, 15665 Cooper, 1971

HC Hunt Canyon and. Epis, 1956

HY Hidatgo VYolc. Lasky, 1947; Zeller, 1970

Je Josephine Cany. Diopr. Drewes, 1976

ML Mt. Lord Volc. Watson, 1968; Dockter, 1977

MV Meadow Valley Simons, 1972

RB Red Boy Rhyolite Thoms, 1966; Cooper, 1971

RY Roskruge Volcanics Bikerman, 1968

5B Silver Bell Fm. Richard & Courtright, 1960

5G Schiefflin Grndior. Newell, 1577, 1978

5L Sitver Lily dikes Drewes, 1970

Sa Salere Fm. Drewes, 1968, 1571

Si Silvanite stock Zeller, 1970; Lasky, 1947

Sy Sycamore stock Finnell, 1971

TH Tres Hermanas pluton Hoffer, 1970

HC Williamsen Can. Volc. Simons, 1964; Krieger, 1968a,b

Ti Tijeras it

8h Border buckle New Mexico Geol. Soc., 1982

SMb Six Mile buckle New Mexico Geol. Soc., 1982

Sh Serrano buckle Hew Mexico Geol, Soc,, 1982

YOb ¥. 0. buckle Hew Mexico Geol. Soc., 1982

MM-SBR  Mule Mtns.-5. Dome Rock zone

M Mule Mts. CA th.flt. Tosdal, 1982

p Plomosa zone

Hg Harquahala Mtns, Reynolds & others, 1980

sp 5. Plompsa Mts, Scarborough & Meader, 1983

0P Organ Pipe zone

QP Quitobaquito f1t. Haxel & others, 1984

V-5 Vekol-Sheridan Mtn. zone

Cu Copperasity th.f1t. Jockter & Keith, 1978

t-B Comohabi-Baboquivari zone

SB-SR S7lver Bell-Santa Rita zone

8rn Brown Mtn. Mayo & Davis, 1876

HP Helmet Peak Jansen, 1982

MC Montosa Cany. th.flt. Irewes, 1972b

SR Adobe Cnyn f1t, S5.Ritas Drewes, 1971a,b

SWS SW Sierrita Mts, firewes & Cooper, 1973

W Waterman Mis. MGl ymonds, 1959

R-D-B Ray-firagoon-Bisbee zone

AT Antelope Tank flt. Cooper & Silver, 19064

C Courtland area Gilluly, 1956; McRea, 1966

1] Dragoon Mts, Cocper & Silver, 1964

3 Emparer fit, Ray Cornwall & others, 1971

GH Gold Hi11 (Bisbee) Hayes & lLandis, 1964

JL Johnny Lyon Hills Cooper & S7lver, 1564

L0 L. Bragoon Mis, Cooper & Silver, 1964

ap Redington Pass Thorman & Drewes, 1981 19763

SC Silver Cloud fold/thst Keith & Barrett, 1976; Drewes,

T Tortilla Mts, Krieger, 1868; 1974, Keith, 1976

TC Telegraph Canyon, Ray  Theodore & others, 1978

C-P-LH  Chiricahua-Pelencillo-Litgle Hatchet zone

Ap Apache Pass f1t. Sabins, 1957

LH Little Hatchets Zeller, 1970

p Portal area Cooper, 1859; Drewes, 1981a,b

We Wood Canyon f1t. Gitierman, 1958

F florida zone Corbitt & Woodward, 1573

A Amole dist. Brown, 1939; Keith, 1974

8 Tombs tone Butier & Wilson,1938;Devere,1578

SR Mt. Wrightson Keith, 1975

Sa Salero dist. Schrader, 1915; Keith, 1975

Si Eureka & Silvanite, MM Lasky, 1947




Uplifts in northeastern Arizona (Davis and Kiven,
1975; Davis, 1978a) that lack obvious sedimentation
assignable ©o the Denver Assemblage, but that by
analogy ave probably related to tectonics of the
Denver Assemblage, include the Kaibab, Echo C1iffs,
Monument and Defiance uplifts and their associated
north-trending monoclines (Figure 4).

Age of Denver Assemblage

Although there 15 general agreement that the
monoclines postdate the northwest-trending anticlines
(Kelley, 1955; Davis, 1978a), exact timing via
sedimentation for Denver Assemblage uplifts is
tacking in Arizena. However, timing of Arizona
structures can be inferred by strong analogy to
similar structures assigned tc the Denver Assemblage
that have been well dated in Colorace and Utah. For
example in central Colorado, uplifts such as the
Sawatch and Front Range uplifts, which are assigned
to the Denver Assemblage, began to rise about 67.5 Ma
and were uplifted to 7.5 km by 64.3 Ma (Bryant and
Naesser, 1980). In central Utah sedimentation of
Denver Assemblage is recorded in the Tuscher and
Farrer formations which are 74 to 72.5 Ma (Lawton.
1983).

Structural development of Denver Assemblage in
Arizona can be inferred by analogy to have begun in
Arizona and northwestern New Mexico in Campanian time
about 75 Ma. The Kaibab monccline in Arizona-Utah
does have a syntectenic sedimentational unit that is
permissively assignable te the Denver Assemblage.
Sedimentology of the Canaan Peazk Formation, which
contains Campanian palynomorphs in the lower 65 m of
the formation, suggests derivaticn, at least in part,
from)the rising Kaibab morocline about 75 Ma {Bowers,
1972}.

TOMBSTONE ASSEMBLAGE

Name

The name Tombstone Assemblage was given by Keith
{1984) to the rocks of the early part of the Laramide
grogeny that postdate the Hillsboro Assembiage. The
Tombstone Assemblage is present in the Basin and
Range Province of Arizona and New Mexice (Figure 4)
and s approximately coeval with the lLaramie
Assemblage farther north. Rocks, structures, and
mineral depgsits of the Tombstone Assemblage are well
developed near Tombstone, Arizona, (Gilluly, 1956;
Newell, 1974; 1978) and this area is designated as a
type area for the Tombstone Assemblage. Reference
areas are the Deer Creek - Saddle Mountain area in
Pinal and Graham Counties {Keith, Ray-Superior area,
this volume), the Little Hatchet Mountains (Zeller,
1970; Loring and Lering, 1980}, and the Santa Rita
Mountains  southeast of Tucson (Drewes, 1972b}.
General characteristics of rocks, structures, and
resaurces of the Tombstone Assemblage are given in
Table 8.

Tsble B, Characteristics of Teobstane Assembiage of the Tata Inittal Laremide orogeny

SEBLAFNTS BAGHATISH STALL TYRES RESOURCES

cantinental clastics, abundant pyraclastics HW-ztriking, mesothermal Ph-Za-Ag
cg), 58,515t valcani-clastics same epizonal qez. moaz. HE-dirgtted folds wns and repligement
large exotic Blacks porphyritic Stacky & low-angie thrusts deposits
seds at base of thick valcanics Tow= and.—dac. Brecoia shortening 1-10 km.
continental fluvial near large upe dac.-rhy. ignirbrite
voloanic centars flows & ash flows
usconformabie on mid-Cret. strata  metalumbogus, swpadkaline,
atkali-caleie
gen. Fe-poor, hydrous,
oxidizad

Rocks of the Tombstone Assemblage

Sedimentary vocks of the Tombstone Assemblage
typically occur near the base of the assemblage as
continental clastic rocks. The c¢lastic section
includes conglomerates with generally well-rounded
clasts, volcanic  arkoses, and local, fluvially
deposited siltstones and shales. The clastic section
of Tombstone Assemblage formations are particularily
noted for locally significant, exotic blocks of
Mesozoic and Paleozoic rocks that are sometimes as
large as small buildings. The sedimentary rocks
typically grade upward into laterally extensive
volcanic piles and locally include intraformational
volcaniclastic sedimentary rocks.  Thicknesses for
sedimentary rocks of the Tombstone Assemblage are
highly variable, depending upon the thickness of the
associated volcanic piles. Velcaniclastic members
can be as much as 2000 tc 2500 feet thick.

Examples of sedimentary rocks of the Tombstone
Assemblage are shown on Figure 4 and are listed fin
Table 9. They include the arkosic fangiomerates,
quartzites, and redbeds in the Tower part of the
Salerc Formation in the Santa Rita Mountains {Drewes,
197ic), the Claflin Ranch Formation in the Silver
Bell Mountains (Richard and Courtright, 1860; Banks
and Dockter, 1976), conglomerates, sandstones, and
siltstones intercalated within the Tower Witiiamson
Canyon volcanics near Saddie Mountain, Pinal County,
Arizona {Krieger, 1968a,b; Simons, 1964}, and the
Tucson Mountain Chaos in the Tucson Mountains (Brown,
1939; Hayes and Drewes, 1968).

VOLCANIC  ROCKS.  The abundance of velcanic
compofients in the jombstone Assemblage is  in marked
contrast toc the general lack of volcanics in the
garliier Hillsboro  Assembliage. Thicknesses  of
volcanic piles of the Tombstone Assemblage range up
to more than 5000 feet. Volcanic rocks of the
Tembstone Assemblage are  abundant  throughout
southeastern Arizona and southwestern New Mexico, but
are. not present west of Casa Grande, Arizora,
probably because of subseguent uplift during the
latest part of the Laramide orogeny.

Examples of  volcanic formations which are
assigned to the Tombstone Assemblage arve listed on
Table 9 and are shown on Figura 4. They include the
Williamson Canyon volcanics in  the Winkelman to
Klendyke areas {Simons, 1964; Krieger, 1968a,b), the
Silver Bell Formation {Richard and Courtright, 1960}
and Mt. Lord Volcanics {Watson, 1968; Dockter, 1977)
of the Silver Bell Mountains, the <Cat Mountain
Rhyolite of the Tucson Mountains (Bikermen, 1962},
the Demetrie VYolcanics and Red Boy Rhyolite in the
Sierrita Mountains (Thoms, 1966; Cooper, 1971}, the
welded tuff member of the Salero Formation {Drewes,
1971}, the Bronco Volcanics in the western Tombstone
Hills (Gilluly, 1956), the Hunt Canyon andesite in
the Pedregosa Meuntains (Epis, 1956), and the Hidalgo
Yolcanics in the Little Hatchet Mountains  of
southwestern New Mexico (Lasky, 1947; Zeller, 1970).

PLUTONIC  ROCKS. In addition to widespread
volcanism in  Tombstone Assembliage vrocks, numerous
areas contain epizonal, monzo-dioritic to quartz
monzonitic plutons that are Tocally associated with
lead-zinc-silver mineralization. Many of these
plutons were called ‘'barren' plutons 1in  porphyry
copper  literature of the 1970°s (Bolin, 1976).
Examples of plutons that are assigned to  the




Tombstone Assembliage inciude the Amole pluton in the
Tucson Mountains (Bolin, 1976), the flephant Head
Quartz Monzonite and Josephine Canyon Diorite in the
Santa Rita Mountains (Drewes, 1976b), the Sycamore
stock in the Empire Mountains {Finnell, 1971}, the
Schiefflin Granodiorite and the Uncle Sam Porphyry of
the Tombstone Hills (Gilluly, 1956; Newell, 1978},
and the Eureka and Sylvanite stocks of the Little
Hatchet Mountains in scuthwestern New Mexico {Lasky,
19475 Zeller, 1970).

Plutons of the Tombstone Assemblage are commonly
porphyritic with more mafic phases containing up to
2% augite, 3-10% hornblende, 3-8% bictite, and
accessory sphene, magnetite, and apatite. In the
more mafic plutons, major minerals consist of 40-50%
piagiocliase, 5-15% guartz, and 10-30% orthoclase; the
more felsic plutons arve typically biotite quartz
menzonite and contain 5-10% biotite with accessory
sphene, apatite, and magnetite., Modal and chemical
data for Tombstone Ascemblage magmatism show that the
magmatism is metaluminous, ircn-poor, alkalti-calcic,
and hydrous (Keith, this volume).

Structures of the Tombstone Assemblage

Structures of the Tombstone Assemblage consist
of folds and thrust faults that strike northwest in
contrast to the the more east-west trends of the
biock uplifts of the preceeding Hillsboro Assemblage.
The sense of tectonic  transport on  Tombstone
Assemblage structures is consistently northeast~ or
east-directed in contrast to the BHi-directional,
north- or south-directed transport on structures of
the Hillsboro Assemblage. Horizontal  shortening
along structures of the Tombstone Assemblage tended
to be greater with shortening on individual Tow-angle
thrust faults on the order of 1 to 10 km where
documentation exists,

Fxamples of structures assigned to the Tombstone
Assemblage are listed in Table 9 and are shown on
Figure 4. They include: the Mule Mountaing of
southeastern California where Tosdal (1984) has
estimated no more than 10 km of shortening based on
offset dikes; the Ray area wheve no more than 8§ km is
apparent on the basis of an offset overturned fold
(Keith, this volume}; the central Dragoon Mountains
whera there is no more than 2 km of shortening (Keith
and Barrett, 1976); and the Little Hatchet Mountains
where there 1is probably no more than 10 km of
shortening {cross-sections of Zeller, 1970},

Structures of the Tombstone Assemblage have been
best decumented in southeastern Arizona (Drewes,
1981b; Keith and Barrett, 1976}. In southeastern
Arizona folds and thrusts of the Tombstone Assemblage
appear to be arranged into several belts separated by
about 50-75 km (Table 9 and Figure 4}, From west to
east these are the Silver Bell ~ Santa Ritaz zone, the

Ray - Dragoon - Bishee zone, the Chiricahua -
Peloncille - Little Hatchet zone, and the Florida
zZone. Structural zones in southeasternmost

California and scuthwesternmost Arizena may, with
Jass certainty, be assigned to  the Tombstone
fssemblage. From west to east these include the Mule

Mountains - Southern Dome Rock zone, the Organ Pipe
zone, the Yekol - Sheridan Mountain zone, and the
Comobab? -  Baboguivari zone, Scatiered north-

northeast- to northeast-directed thrusis are present
in the southern Plomosa Mountains and the Little
Harquahala and Harquahala Mountains of  western
Arizona, bhut lack the documentation to show lateral

connections inm vegional zones.  Their  transport
direction and relative strato-tectonic position are
similar fo Tombstone Assemblage structures and they
are therefore tentatively assigned to that map
{Figure 4).

Age of Tombstone Assemblage

) AGL  OF STRUCTURES. Many of the northeast-
directed thrusts and folds assigned to the Tombstone
Assemblage are not stratigraphically well
constrained. However, where stratigraphic control is
present, the northwest-trending, northeast-directed
thrust faults and folds are confined to Tombstone
Assemblage strata or are intruded by  younger
calc-alkalic plutens of the Morenci Assemblage. Cne
of the best examples of these vrelationships s the
Montosa Canyon fault (Drewes, 1872b) which places
Permian rocks over Cretaceous Bisbee Group with at
least 3 km of stratigraphic throw. This thrust fault
is related to the Montosa tear fault which is shown
by Drewes (1972b) to be depositionzlly overlain by
the  Wetded Tuff Member (73 Ma) of the Salero
Formation. In the Sierrita Mountains a northwesi-
striking, southwest-dipping thrust fault is shown on
Cocper's (1973) map to be intruded by the Ruby Star
Granodiorite, which is dated at 84 Ma and it related
to the porphyry copper mineralization of the Morenci
Assemblage in  the Sierrita-fsperanza and Pimaz
districts.

In the western Tucson Mountains,
northeasi~directed, generaily high-angle, reverse
faults that place Recreation Redbaeds of Jurassic age
against Amole Arkose of Lower (Cretaceocus age (Mayo,
1968; Mayc and Davis, 1976} are intruded by the
Sitver Lily dike swarm {70 Ma) (Drewes, 1981b). At
the Ray porphyry copper mine in Pinal County, the
Tow-angle Empergr thrust fault, which places Pinal
Schist over east-dipping Apache Group of Precambrian
age, 75 part of a family of similar east-directed
thrust faulis {Metz and others, 1968, Keith, 1983;
this volume). The Emperor fault does not displace
zoning patterns in the Ray porphyry copper system
{(Phil1ips and others, 1974), which indicates the
fauiting was pre-65 Ma, The Emporer fault was
probably pre-70 Ma, because a rhyodacite porphyry
intrudes a similar (but now tilted) thrust in the
central Tortilla Mountains (Krieger, 1974; Keith,
1983b; Kefth and Damon, unpub. data) and intrudes
the Tortilla quartz dicrite dated at 70 Ma (Banks and
others, 1972; Krieger, 1974).

Another similar set of east-directed thrust
faults has been mapped in the Little Hatchet
Mountains of southwestern New Mexico (Lasky, 1947,
Zeller, 1970). These  faults  occurved after
deposition of the Hidalge Volcanics {66-62 Ma} and
were intruded by diorite sills at 58 Ma (Loring and
Loring, 1980).

Some of the ductile shear zone deformation in
the Whipple Mountains may be assignable to Tombstone
Assembiage.  Here, southwest-dipping mylonites with
dominantly northeast-directed 'S-C' fabric may be
synkinematic with metaluminous and peraluminous
plutons of 89 to 73 Ma (Davis and others, 1980;
Wright and others, 1986). These mylonites are
intruded by peraluminous, trondjheimitic aplites that
appear from chemistry to be differentiates of the 89
Ma peraluminous plutons {Anderson and Rowley, 1981).




Anpther avea where velatively tight timing is
indicated for thrust faults of possible rnortheast-
divected {ransport 1is in  the Organ Pipe Hational
Monument, Here, Haxel and others {(1984) show the
Quitobaguito  thrust  faylt cutting a pluton of
Santonian age that 1is probably assignable to the
Tombstone Assemblage. K-Ar cooling ages from the
Quitobaquito thrust zone are about 55-60 Ma and
probebly indicate a minimum age for metamcrphism and
final movement associated with the thrusting (Haxel
and cthers, 1984),

in summary, ages associated with east-directed
shearing and thrusting in western Arizona that are
possibly. assigned to Tombstone Assemblage are about
85 to 75 Ma. In the Tucson region, northeast-
directed thrusts are about 75 to 70 Ma; whereas in
the Lordsburg region of scuthwestern New Mexico,
northeast-directed thrusting 1is about 62 to 58 Ma.
Thus, there appears to be a definite younging of
northeast-directed thrust faults from the west in
California across Arizona to the east in New Mexico.

AGE OF MAGMATISM. Igneous rocks of the Tombstone
AssembTage have yielded abundant radiometric age
dates and also show a clear trend of younger ages to
the east, Examples of magmatism with defined magma
series chemistry {Keith, this volume} follow. In the
Roskruge Mountains west of Tucson, the Roskruge
Volcanics are 78 to 74 Ma (Bikerman, 1968}. In the
Tucson Mountains, rocks of the Tombstone Assemblage
(Amole pluton, Cat Mountain Rhyolite) yield numerous
K-Ar dates ranging from 76 tc 70 Ma (Damon and
Bikerman, 1964; Drewes, 1881b}, North of Tucson in
the Winkelman region, the Williamson Canyen Volcanics
have yielded K~Ar dates between 79 and 74 Ma {Koski
and Cook, 188Z; Reynolds and others, 1985). Farther
east in the Tombstone Hills, the Uncle Sam Porphyry
and Schiefflin Granodiorite have yielded K-Ar age
dates ranging from 76 to 72 Ma (Newell, 1978). Stil}
farther east in the Little Hatchet Mountains of New
Mexico, the Hidalgo Volcanics have yielded K-Ar dates
from 70 to 65 Ma (McDowell, 1971). Finally,
magmatism of the Tombstone Assembtage in the El Pasc
region, namely the Campus Andesite (Hoffer, 1970) and
Tres Hermanas pluton (Chapin, pers. comm., 1982),
has yielded dates of 51-47 Ma.

Thus, Tombstone Assemblage magmatism in southern
Arizona in the general Tucson region is well dated at
about 80 to 70 Ma, whereas Tombstone Assemblage
magmatism in southwestern New Mexico is 70 to 64 Ma
and in the ET Paso area is 51-47 Ma. In any one
locality, magmatism occupied a 5 to 10 miilion year
interval.

Resgurces of the Tombstone Assemblage

The mineral resources of the Tombstone
Assemblage consist of mesothermal lead-zinc-silver
vein and replacement deposits typically associated
with altkali-calcic stocks and dikes. The  best
documented and most famous examples are the silver
mines of the Tombstone district 1in southeastern
Arfzona ({Butler and Wilson, 1938; Devere, 1978).
Additional mining districts of the Tombstone
Assemblage are shown as Late (retaceous (LK) on the
map of metallic mireral districts of Arizona by Keith
and cthers {1983), together with production datea.

Name

postdate
Wilderness Assemblage
Province

designated as the type

The

Fedial laramide Orogeny
MORENCT ASSEMBLAGE

name Morenci Assemblage was given by Keith
(1984) to the rocks of the middle Laramide that
Tombstone  Assemblage and that predate

within the Basin and Range

of  Arizona and New Mexico. Rocks,
structures and mineral deposits of the Morencid
Assemb?age are especially well develeped in the
Morenci area {Langton, 1973) and this area s thus

Assembiage.

Morenci Assemblage are
Pinal

Other well studied

area for the Morenci

reference areas for the
] at Ray (Mineral Creek) in
County (Phil11ips and others, 1974; Banks and

others, 1972; Banks and Stuckless, 1973; Banks, 1974,
1977, 1982}, in the Central district near Santa Rita

n New Mexico (Hernon and Jones, 1968), at the Pima
district south of Tucson

in

{(Titley, 1982), and the

Miﬁerg] Park district northwest of Kingman, Arizona
(W1]k1nson and others, 1982), General  charac-
teristics of rocks, structures, and resources of the

Moren;i Assemblage are listed {n Table 10; exampies
are listed in Table 11 and are shown on Figure 5.

MAGMAT 1SM

RESOURCES STRUCTURES

Table 11. Examples of Morenci Assemblage of the medial Laramide
SYMBOL EXAMPLES REFERENCES

C Cornalia Qtz. Monz. Gilluly, 1946; Dixon, 1966

e Copper Creek grndr. Simons, 1964

CM Cimarron Mins, pluten  Dockter & Xeith, 1878

CM 1 Carrizo Mtns. lac.

Cil Chirreon Wash gradr, Banks & others, 1877

Cx Christmas stock Simons, 1964; Eastlick, 1968
DC Dos Cabezas brewes, 198ia,c¢

GM Granite Mtn. por. Ray Ransame,1919; Banks & otkers,10972
L Leatherwocd gtz. dior. Creasey, 1967; Banks, 1976

Lo Lordsburg Thorman & Drewes, 1978

MP Mineral Park pluton Wilkinson & others, 1982

P Patagonia batholith Simons, 1972, 1974

RM Red Mountain Carn, 1975; Bodnar & Beane, 1980
RS Ruby Star (Qtz. Monz. Cooper, 1973

S Schultze Granite Peterson, 1962

Sy Safford Yalcanics Langton & Williams, 1982

Sa Sacaten Balla, 1976

ShR Shorts Ranch and, Damon & Bikerman, 1964

TC Texas Canyon Cooper & Silver, 1964

UM 1 Ute Mtn laccolith

B Bagdad Titley, 1982;Titley & Wicks, 1965
ps Dripping Spring Mins,  Banks & Krieger, 1977

SB Silver Bell Watson, 1968

T Tortilla Mtns dikes Schmidt, 1971; Keith, 1883

C Ajo Gitluly, 1937; Dixon, 1366

Cx Christmas, AZ Koskt & Cook, 1987

GH Globe Hills, AZ Peterson, 1962

H Helyetia, Rosemont Schrader, 1915; Keith, 1974

M Morenci, AZ Moelick & Durek, 1966

MP Mineral Park Eidel & others, 1968

MP Wallapai Schrader, 1809

R Ray, AZ Metz & Rose, 1966; Banks, 1982
RS Twin Buttes, A7 Barter & Kelly, 1982

RS Esperanza l.ynch, 1968; West & Aiken, 1982
RS Pima Titley, 1982; Cooper, 1860

58 Silver Bell Graybeal, 1982

SMt Saddlie Mguntain Keith, 1983

SM San Manuel Creasey, 1965; Thomas, 1966

SR Santa Rita, NM Rose & Baltosser, 1966

Su Superior, AZ Hammer & Peterson, 1968

Ty Tyrone, NM Kolessar, 1982

We Washington Camp Lehman, 1978; Keith, 1978
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Table 10. Characteristics of Morenci Assemblage of the medial Laramide orogeny
SEOIMENTS | MAGMAT ISM STRUCTURES RESOHRCES
. hone numerous epizonal widespread NE to ENE striking | large mesothermal disseminated
stocks & smajl regional dike swarms porphyry copper systems
P batholiths between E-W to ENE striking lotally contatning skarns & vns
/ Tocal sporadically structural elements of the
i

preserved veleanics
widespread regional
HE to £NE striking
dike swarms
metatuminous
subalkaline
calc-alkalic
Fe-poor, hydrous,
oxidized

Texas Zone that moved in
teft-stip

Cu~In-Ag vns; Ph-In-Ag vns,
skarns ar replacements
marginal to plutons

Cu-Zn skarns adjacent to
epizonal parphyritic plutons

Composite, epigenetic
mesothermal, zoned,
disseminated porph.
copper systems, with sev.
zones in a large system

SET TABLE 11 OB KEY 1G LETTER SYMBOLL

strike-slip favits
voleanics, caic-alkalic
plutons, calc-alkalic
dikes

i

Morenci Assembiage

medial Laramide orogeny
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Rocks of the Movenci Assemblage

No sedimentary vocks are known from the Morenci
Assemblage, in strong contrast to earlier lLaramide
assemblages. In fact, on the Colorado Plateau and
Rocky Mountains a widespread unconformity is present
in most of the basins and represents a hiatus during
mid to TJlate Paleocene. An example s the
unconformity between the 0jo Alamo Sandstone (Denver
Assemblage) and the Nacimiento Formation (Green River
Assembiage} in the northern San Juan basin (Fassetl,
1985).

The  principal rock  types of the Morenci
Assemblage are plutonic, epizonal, porphyritic stocks
of quartz diorite to grancdiorite  composition.
Examples include the Cornelia Quartz Monzonite at Ajo
(Gilluly, 1946), the Schultze Granite in the Superior
area {Peterson, 1962), the Granite Mountain porphyry
at Ray (Banks and others, 1972), the Mineral Park
pluton in northwestern Arizona {Wilkinson and others,
1982), the Ruby Star Quartz Monzonite in the Sierrita
Mountains (Ccoper, 1973), the Leatherwood Quartz
Diorite of the Santa Cataling Mountains ({Creasey,
1967; Banks, 1976), the Chirreon Wash granodiorite in
the Tortolita Mountains {Banks and others, 1977}, and
the Copper Creek granodiorite 1in the Galiurg
Mountains (Simons, 1964).

Another conspicuous feature of  Morenci
Assemblage stratigraphy s the general Tlack of
volcanics, although rhyodacitic voleanics of probable
Morenci Assemblage exist at Red Mountain in Santa
Cruz County (Corn, 1975; Bodnar and Beane, 1980) and
are relatively widespread novth of Safford {Baboon
and Safford Yolcarics of Langton and Williams, 1982).

Modal data  for Morenci Assemblage plutons
suggests that they have more total hydrous minarals
{8 to 25% hydrous minerals) than Tembstone Assembliage
piutons (6 to 15% hydrous minerais), especially in
the more mafic phases. Modal and chemical data fer
Morenci  Assemblage  show that the magmatism is
metaluminous, calc-alkalic, iron-poor, hydrous, and
oxidized {Keith, this volume).

Structures of the Morenci Assemblage

Structural features of the Morenci Assemblage
consist of regional, east-west~ to northeasi-striking
dike and vein swarms and prominent, east-west- to
east-northeast-striking, through-going joints in and
near calc-alkalic plutons of the Morenci Assemblage.
Regional aspects of these structural features have
been discussed by Rehrig and Heidrick (1972, 1976}
and Heidrick and Titiey (1982). The dike and vein
swarms appear to be concentrated between elements of
the Texas Zone that exhibited Teft-s1ip movement
during medial Laramide orogeny.

Examples of dike and vein swarms of the Morenci
Assemblage (Figure 5) include the dike swarms in the
Tortilla Mountains (Schmidt, 1971; Keith, 1983b) dike
swarms in the Southern Oripping Spring Mountains
{Barks and Krieger, 1977}, dikes in the Silver Bell
district (Watson, 1968), dikes in the Saddle Mountain
district (Keith, 1983), and dikes 1in the Central
district of New Mexico ({Jones and others, 1967).

Age of Morenci Assemblage

Rocks, structures, and mineral deposits of the
Morenci Assemblage have yielded numercus radiometric
dates that conclusively show the Morenci Assemblage
is older in the west and younger to the east (Figures
1 and 5). At Mineral Park 1in Mohave County of
western Arizona, guartz monzonite in the Mineral Park
pit yielded age dates of 71.5 Ma {Damon and Mauger,
1966). Farther east and south, the New Cornelia
stock at Ajo is dated at 62.6 Ma (Damon and others,
1964; McDowell, 1971). To the northeast, the Granite
Mountain porphyry and associated porphyry copper
mineratization 1in the Ray area yielded K-Ar dates of
59.5 to 63.2 Ma {Rose and Cook, 1965; Moorbath and
others, 1967; McDowell, 1971; Banks and others, 1972;
Banks and Stuckless, 1973}, Twenty km northeast of
Ray, the Globe-Miami district is extremely well dated
by Creasey (1980), who documents intrusion of the
main phase of the Schultze grancdiorite at 61.2 +0.4
Ma and ages of mineralization at 63.3 +0.5 (Copper
Cities), 61.1 +0.3 Ma (regional quartz sericite
veins); 59.3 +0.7 Ma (Miami~Inspiration orebedy}, and
59.1 0.5 (Pinto Valley).

Numerous dates for mineral deposits within a €0
mile radius of Tucson range from 65 to 58 Ma  (Mauger
and others, 1965; Johnston, 1972; McDowell, 1971;
Banks and others, 1972; Creasey and Kistler, 1962).
Farther to the northeast in the Safford to Morenci
region, calc-alkalic magmatism and associated
porphyry  copper mineralization is 62 to 51 Ma
{Bennett, 1975; McDowell, 1971; Langton and Williams,
1982). Even farther to the east in southwestern New
Mexico, Morenci Assemblage magmatism and mineral
deposits in the Tyrone and Central districts yields
k-Ar dates between 58 and 54 Ma (McDowell, 1971).

In summary, Morenct Assembliage  rocks,
structures, and mineral deposits are about 75 to 70
Ma in western Arizona and become younger to the east
across Arizona to 60 to 52 Ma in easternmost Arizona
and southwestern New Mexico. In any given locality,
the Morenci Assemblage magmatism and mineralization
cceupied & 10 million year interval that post-dated
magmatism of the Tombstone Assemblage (Figuve 1}.

Resources of Morenci Assemblage

Mineral resources of the Morenci Assemblage
include the well known and well-studied porphyry
copper deposits. The anthologles edited by Titley
and Hicks {1966) and Titley (1982) are classics. The
aorphyry copper deposits of the Morenci Assemblage of
the medial Laramide crogeny are the major scurce of
historic copper production in Arizons and the world.
In general, the porphyry copper deposits consist of
jarge, disseminated, mesothermal, annuiar zones of
copper-molybdenum mineralization in or adjacent to
perphyritic, epizonal, metaluminous calc-alkalic
stocks. Some of the systems are extremely iarge and
commonly  exhibit zoning outward from the Cu-Mo-rich
core to copper-zinc to succeeding zones of zinc-
lead-silver-gold, lead-silver, and siiver-manganese.

The Glcbe Hills - Miami - Inspiration - Superior
region {Creasey, 1980; Peterson, 15623 1969) may be &
good example of a giant, compositely zoned, porphyry
copper system that is approximately centered north of
the Schultze granodioritic intrusion (Pinte Valley -
Inspiration - Miami - Copper Cities) with copper vein
swarms on its northeast fringe in the Globe Hills and
at its southwest fringe at Superior. The Mineral




Park - Wallapai district north of Kingman, Arizona
(Wilkinson and others, 1982: fidel and others, 1968:
Schrader, 1909} and  the Central gistrict of
southwestern New Mexico (Hernon and Jones, 1968) are
other examples of large, metallogenically zoned,
composite porphyry copper systems.

Culminant Laramide Orogeny

The culminant Laramide orogeny 1is the latest
part of the Laramide orogeny and is characterized by
the  extremes of processes exhibited 1in ear)ier
phases. Mid-crustal plutonic magmatism is exposeg in
greater volumes than earlier phases and associzted
thrust faults appear tc have the grestest transport
and highest degree of  deformation, including
mylonitization and metamorphism. Supracrustal Eocene
basins alsc record the coarsest and thickest
sedimentary accumulations, reflecting the great
magnitude of the profound tectonic event near the end
of the Laramide (Chapin and Cather, 1981) in the
Celorado Plateau and Rocky Mountain regions,

Culminant Laramide orogeny in Arizona and nearby
areas can  be  suybdivided into at least five
assemblages (Figure 6). The three assemblages on the
Calorads Plateau (the Echo Park, Green River, and Rim
Assemblages} are supracrustal sedimentary assemblages
that were deposited in different types of basins: the
two  assemblages 1in the Basin  and Range are
intracrustal plutonic (Wilderness Assemblage} and
metamorphic (Orocopia Assemblages) assemblages that
were emplaced at middle and Jower crustal levels
respectively, These deep facies would normaily not
be visible on the surface, but uplift and erosion
during the Tlatest phases of the Laramide brought them
cioser to the surface. During the middle and 1later
parts  of the Tertiary, these deep facies were
uplifted and arched by events that exposed the Tlower
facies (the mylonitized rocks of the 'metamorphic
core complexes') as windows in the upper facies {the
nonmylonitized Precambrian crystalline rocks}). The
assemblages are discussed below from northeast to
southwest and from supracrustal +to deeper crustal
levels.

Figure 6,

J Index map of areas of assemblages of the
culminant Laramide orogeny in Arizonz and vicinity.

ECHD PARK ASSEMBLAGE
Name

The Echo Park Assemblage as used in this paper
is largely synonymous with and 1is named after the
'Echo  Park-type basins' of Chapin and Cather (1981);
these basins exist in a north-south belt through
central New Mexico and central Colorado. Seneral
characteristics of the vrocks, structures, and
resources of the Echo Park Assemblage are summarized
in Table 12; examples are Tisted in Table 13 and are
shown on Figure 7.

TabTe 12, Charatteristics of Echo Park Assemblage of the culminant Laramide arogeny

SEDIMERTS MAGMAT ISH STRUCTURES RESOHRCES

gengral lack WK-trending, rel, sharp Urantum
of volcanics  asymmetric syn, downfolds

bounded on East sides

by steep £ dipping

reverse faults

K-S trending zanes with

proximal fan facies

nr basin margin

mainly arkosic atluv. fans
fans fining upward

lack of wolcamic clasts
except near Paleocene fields
scarp-related breccia sheet- HW-trend en echelon folds
wish facies at . marging K-S trending zones af

af basins ME-striking normal faults

Rocks of the Echo Park Assemblage

According to Chapin and Cather (1981) sediments
of the Echo Park Assemblage copsist mainly of arkosic
elluvial fan deposits that become finer upward with
proximal fan facies near the eastern basin margin and
finer grained facies towards the central parts of the
basins.  Breccia deposits of sheet wash facies occur
at the eastern margin of basins and represent
deposits related to steep, topographic scarps. Echo
Park Assemblage sedimentary rocks generally lack
volcanic  clasts, except near Paleocene volcanic
fields.

Examples of Echo Park Assemblage sedimentary
rocks are the Echo Park Formation in  central
Colorado, the San Jose Formation of Eocene of the San
Juan  basin  in northwestern New Mexice, and possibly
the Chuska Sandstone of northeastern Arizona (Figure
7). The San Jose Formation of Eacene age in
northwestern New Mexico probably accumulated in &
northwest-trending, synclinal trough west of the
Nacimiento uptift in a broader, somewhat atypical,
Echo  Park-type basin. Less well-defined rocks
assignable to Echo Park Assemblage may be present as
the Love Ranch Formation of south central New Mexico
and the Palm Park Formation of southern New Mexico
{(Smith and others, 1985).

Structures of the Echo Park Assemblage

The principal basins of the Fcho Park Assemblage
are  north-northwest-trending, relatively  sharp,
asymmetric, synciinal downfolds that are bounded on
the east sides by steep, east-dipping, reverse
faults. The more southerly basins are shown in
Figure 7 and include the Huerfano Park and San Luis
Basins in southern Colorado and the Galisteo-Ei Rito,
Carthage-La Joya, and Cutter Sag-Love Ranch basins in
New Mexico along the Rio Grande Rift (Chapin and
Cather, 1981).

West of the Rip Grande Rift, the San Jose
Formation in southern Colorado and the Chuska
Sandstone in northeastern Arizona and northwestern
New Mexico were depositad in broad, northwest-
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trending  synclines associated with en echelon zones
of  northwest-southeast trending folds. In the
northeast part of the 3an Juan basin, the San Jose
Formation has been deposited in a broad, northwest
trending syncline. The southeastern end of the
syncline 1is part of a distinctive, north-south
trending zone of en echelon folds along the west edge
of ths Nacimiento upiift {Baltz, 1967). These folds
deform rocks as young as the San Jose Formation.
Similarly, the Chuska Sandstone, which is pre-25 Ma
(Trevena, 1979}, occurs in a northwest-trending
syncline that ds clearly superimposed across the
trace of the east-facing Defiance monocline of the
Denver  Assemblage. Also, south of the Chuska
synctine, the Defiance monocline is deformed by a
north-south =zone that contains a set of northwest
trending en echelon folds.

Less commonly, zonas of northeast-striking
normal faults may be developed as part of the Echo
Park Assemblage. The en echelon, northeast-striking
normal faults of the Rio Puerco fault zone 1in  nerth
central Mew Mexico (Slack and Campbell, 1976) are
also tentatively assigned to the Echo  Park
Assemblage. The Ric Puerco fault zone occurs jusi
south of the en echelon fold zone at the western edge
of the Nacimiento uplift and appears to be a
continuation of strain effects related to the
Nacimiento uplift.

Chapin {1983) has recently compiled evidence
that suggests the vregionally aligned, north-south
zone of Echo Park-type basins through central New
Mexico and Colorado may be linked by an anastomosing
fault system of regional extent that trends
north-south parallel to the Rio Grande Rift.  Chapin
infers these faults would have a strong component of
right slip. Some of the faults postulated by Chapin
are shown on Figure 7.

Table 13, Fxamples of Echo Park Assembiage of the culminrant
Laramide orogeny

SYMBOL  EXAMPLES REFERENCES

w fcho Park Em. Chapin & Cather, 1981
; cs Chuska Ss. Trevena, 1979
= ER E1 Rito Fm. Lucas, 1984
th F Farasita Congl. Johnson & Woad, 1956
G Galtlisteg Fm. Lucas, 1984; Baltz, 1978
H Huerfano Fm, Jahnsen & Wood, 1956
LR Love Ranch Fm. Smith & others, 1985
MR McRae Fm. Chapin & Cather, 1981
Sd San Jose fm. Fassett, 1985
v Yallejo Fm. Upson, 1941

MAGMATISM none
North Park-Middle Park bas. Chapin & Cather, 1981
Echo Park basin Chapin & Cather, 1981
South Park basin Chapin & Cather, 1981
C-LJ b Carthage-ta Joya bas. Smith & others, 1985
CS-LR b Cutter sag-Love Ranch bas. Seager, 1975
G-fR b Galisteo~-El Rito bas. Gorham & lIngersoll, 1979
HP b Huerfano Park basin Johnsen & Wood, 1956
PP-L b Palm Park-Lobe basin Corbitt & Wials, 1975
Sd b San Jose basin Fassett, 1985
SL b San Luis basin Tweto, 1979; Baltz, 1565

STRUCTURES

£Cu Circla C1iffs uplift Kelley, 1955

Du Defiance uplift Kelley, 1955

Ku Kaibab uplift Davis & Kiven, 1973

Hu Nacimiento upltift Baltz, 1967

Tu Tularass uplift kelley, 1955

2u Zuni uplift Xelley, 1955

if Ignacio fault Kelley, on NMGS map, 1982
RPf Rio Puerco fault zone Slack & Campbell, 1976
Tf Tijeras fault Lisenbee & others, 1979

Resources of the Echo Park Assemblage

Significant  wranium rescurces occur  in the
Tatlahassee Creek area of  Colorado. In  the
Tallahassee Creek district uranium mineralization
occurs in stratabound bodies within arkoses of the
Echo  Park Formation and also in the Oligocene
Tallahassee Lreek Formation. Published reserves as
of 1978 were 30 million pounds of U308 for the Hansen
orebody.

GREEN RIVER ASSEMBLAGE

Name

The Green River Assemblage as used in this paper
is only partially synonymous with and is named after
the 'Green River-type basins® of Chapin and Cather
(1981) din the Colorade Plateau and Rocky Mountains,
According to Chapin and Cather (1981) "the Green
River-type basins eare large, ellipsoidal <o
eguidimensional in shape, are bounded on three or
more sides by various combinations of the previously
described uplifts, and occur on, or northward of, the
Colorado Plateau. They exhibit a quasiconcentric
zonation of facies and commoniy  contain
volumetrically  significant lacustrine depesits.
Examples of Green River-type basins include the San
Juan, Uinta, Piceance, Wind River, Bighorn, Powder
River, Baca, and greater Green River basins.® In
addition, many of the basins show & depositional
asymmetry with the thickest portions on the north or
east sides of the basins against south- or
west-facing uptifts.

The  term '"Green River Assemblage® differs
conceptually from the 'Green River-type basins® of
Chapin and Cather (1981) because it emphasizes basins
developed west and south of wuplifts and includes
fine-grained sediments deposited in  lacustrine
environments.  The term Green River-type basins as
employed by Chapin and Cather {1981) represents
basins that, in our classification, have a composite
tectenic history of Denver, Green River, and Echo
Park Assemblages. General characteristics of the
rocks and structures of the Green River Assemblage
are summarized din Table 14. Examples of rocks and
structures are iisted on Table 15 and are shown on
Figure 7,

Tabte 14, Characteristics of Green River Assemblage of the culminant Laramide orogeny

SERIMENTS MAGHMAT §5M STRUCTURES RESTURCES

fanglom, facies near Horth scattered tuffs Jarge WW- to H-5 trending oil shale
Ekfor East margings hear asymmetrical vplifts trong
uplifts grading laterally bounded on H and $W sides

inte allevial plains, by major thrust Faults

medflats and lakes with E- to NE-dipping,

Targe volumes of Tow-angle to

carhenates & fine seds. intermediate-angle

The San Juan basin cof northwestern New Mexico is
an excellent example of overprinted strate-tectonic
assemblages. Here, the Ojo Alamo Sandstone of the
Benver  Assemblage is wunconformably overlain by
Kacimiento or Animas Formations of the Green River
Assemblage, which is overlain with local unconformity
by the San Jose Formation of the Echo Park
Assemblage. In the San Juan basin, Denver Assemblage
was succeeded by Green River Assemblage, which was
succeeded by Echo Park Assemblage in the same area.




The facies velationships and transpert directions
record & change from southeastward transport fo
southwestward transport to  westward  transport.
Sediments of the 0jo Alamo Sandstone were transported
couthsastward off the northeast-trending Hogback
mongcline to the west in early Paleocene (Danver
Assemblage}. Nacimiento sediments were transported
southwestward off  the north end of the
couthwest-facing Archueleta uplift in late Paleocene
(Green River Assemblage). San dJose sediments were
transported  southwestward and westward off the
north-trending and west-facing Nacimiento and
couth-southwest-facing Archueleta uplift (Echo Park
Assemblage). The assemblage boundaries are enhanced
by 1lccal unconformities, particularly away from the
basin center, between the 8jo Alamo Sandstone, the
Nacimiento Formation, and the San Jose Formation (New

Mexice Geological Society, 19823 Fassett, 1985). In
the Uinta basin, Tuscher-Farrer Formations of the
Denver Assemblage are unconformably succeeded by the
Colton-Wasateh and Green River Formations {Fouch and
others, 1983} of the @reen River Assemblage.

Our definition of Green ®iver Assemblage
emphasizes sedimentation during latest Paleocene to
middle Eocene that is derived from southwest-facing
monoclines to southwest-directed thrust upiifts that
developed during culminant Laramide orogeny. We
consider the type area for Green River Assemblage to
be the Green River basin south and west of the Wind
River uplift in central Wyoming. Reference areas
would be the Uinta Basin-Uinta uplift pair and the
0wl Creek - Wind River basin pair in central Wyoming.

Sediments and Basins of Green River Assembiage

The fGreen River Assemblage in Arizona includes
sediments in the thinned, southwestern edge of the
Baca basin {Figure 7). The main Baca basin is to the
northeast in MNew Mexice, where it wes probably
bounded on the north by the southern end of the
Defiance uplift, the southwestern edge of the Zuni
uplift, and the western edge of the Lucerc monec]inal
uplifts, and was bounded on its east and southeast
sides by the Sierra basement uplift {Cather, 1980;
Johnson, 1578).

Table 15. Examples of Green River Assemblage of the cuilminant
Laramide orogeny

SYMBOL  EXAMPLES REFERENCES

Green River Fm. Chapin & Cather, 1881

FA Baca Fm. Cather,1983; Cather B Johnson,1984

; N Nacimiento Fm. Fassett, 1985

= A Animas fm. Fassett, 1985

| Cedar Breaks Fm. Hintze, 1875
Flagstaff Ls. Hintze, 1975

MAGMATISM none

v Green River basin  Chapin & Cather, 1981

o Powder River basin Chapin & Cather, 1981

gg Wind River basin  Chapin & Cather, 1981

= Uinta basin Chapin & Cather, 1881

¥4}

Piceance basin
N, A San Juan basin

Chapin & Cather, 1981
Baltz,1967; Lucas & lngerseil, 1981

B Baca basin Cather & Johnson, 1984
Ku Kaibab uplift Davis & Kiven, 1975
0Cm Oak Creek mon.

cCm Cherry {reek mon.

WKm West Kaibab mon. Davis & Kiven, 1975

The Cedar Breaks Formation in scuthern Utah is
also assigned to the Green River Assemblage and may
represent a lacustrine pond of late Paleocene to mid
Focens age between the west-facing Circle Cliffs
menocline oh  the east and the erosional remnants of
the Sevier thrust belt on the west. The Cedar Breaks
Formation may be a southern extension or equivalent
of the Flagstaff Limestone of latest Paleocene to
earliest Focene age to the north. The Flagstaff
Limestone also accumulated in & lacustrine pond
between the west margin of the San Rafael Swell and
the erosional remnanis of the Sevier thrust belt on
the west. '

Formations in the San Juan basin of northwestern
New Mexico that are assigned to the Green River
Assemblage include the Nacimientc Formation and the
Animas  Formation, The Nacimienta Formation of
Paleocene age exhibits facies relationships extending
to the southwestward away from the San Juan uplift
(Fassett, 1985). In the northern San Juan basin,
Nacimiento  Formation interfingers with the
volcaniclastic Animas Formation and 1is deposited
directly on Kirtland-Fruitland Formaticns of the
Laramie Assembiage with <{he {jo Alamo Sandstone of
the Denver Assemblage removed evosionally (Fassett,
1985). Palesflow for the Nacimiento Formation s
towards the southwest, at right angles fto the
paleoflow directions for the 0jo Alamo Sandstone.
The Animas-Nacimiento formations represent deposition
in a Green River Assemblage basin  that was
superimposed on a Denver Assemblage basin during and
after metaluminous magmatism {similar to Morenci and
Tombstone Assemblages) began in the southwest part of
the {olorado Mineral belt about 65-58 Ma.

Structures of the Green River Assemblage

Structures responsible for uplifts and basins
that record the Green River Assemblage include the
classic southwest-facing Wind River uplift of central
Wycming., In Arizona on the Colerado Plateau and
Transition Zone, some west-facing monociines may
possibly fhave developed at this time by analegy with
the better studied uplifts to the north. Possible
examples include the west side of the Kaibab uplift,
the north-south monocline on the Mogollon Rim  near
Oak Creek, and possibly the west-facing monocline
along Cherry Creek in the Sierra Ancha Mountains (the
west side of the Apache uplift of Davis, 1978a).

Resources of the Green River Assemblage

In the Green River basin, 0il shales formed due
to  increased algal productivity in  shallow,
relatively fresh waters during high stands of lake
levels. Trona deposition occurred during low stands
via the seasonal dessication of hypersaline brines in
a small, basin-center Tlake (Eugster and Hardie,
1975)., Some of the oil from the early Eocene oil
shales may have migrated intc anticlinal traps
beneath scuth- or west-directed thrust faults that
border south-and west-facing thrust uplifts. The
thrust cverhangs on the Wind River uplift {Gries,
1980) are especially provocative.




RIM ASSEMBLAGE

Mame

The name Rim Assemblage was given by Keith
{1984) and Keith and Wilt (1985) to the gravels along
the Mogollon Rim in  southern Coconinc County and
southern Navajo and Apache Counties. The assembliage
was named for the 'Rim gravels® of Peirce and others
{1979) and earlier workers., Because of the good
exposures, accessibility, and documentation 1in the
literature, the Mogollon Rim south of Show Low is
designated as a type area for the Rim Assemblage.
The exposures 1in  southern Coconino County, such as
the Frasier Well gravels, are now known to be Focene
in age (Young, 1979; 1982) and are designated as a
reference area for the Rim Assemblage. General
characteristics of rocks and structures of the Rim
Assemblage are summarized on Table 16.  Outcrops of
Rim Assemblage are shown on Figure 7 and are listed
in Table 17. They occur northeast of and were eroded
from the Mogollon Highlands that were reuplifted by
the southwest-directed thrust faulting in a broad
zone across southwestern Arizona (Keith and Wilt,
1985; Nations and others, 1985).

Table 16. Characteristics of Rim Assemblage of the culminant
{aramide orogeny

SEDIMENTS MAGMATISM  STRUCTURES RESOHRCES
fluvial gravels with none shallowly none
very well round. clasts inclined

grade laterally into NE-~dipping
altuvial plain facies paleostope
general lack of W-facing

lacustrine facies manot1ines

Rocks of the Rim Assemblage

Lithologically, the Rim Assemblage consists of
fluvial gravels with very well-rounded clasts which
can be as large as boulders. These fluvial gravels
grade laterally intoe alluvial plain facies and
generally Tlack lacustrine facies. Structurally, the
Rim gravels overlie & regional, very gently inclined,
northeasterly dipping palecslope. In the
Mogollon slope region the unconformity below the 'Rim
gravels’ truncates successively older rocks to the
south (Peirce and others, 1979}, such that a possible
'Rim gravel' equivalent rests on Precambrian granites
south of the Mogollon Rim at Four Peaks at an
elevation of 7200 feet {(Wilson and others, 1969).
The gravels below the Mogolicn Rim are similar to the
'Rim  gravels' and were included as Rim Assemblage in
(keith, 1984). Their present elevation 2000 feet
below the Rim may imply O0ligocene collapse and
drainage reversal along the Colorado Plateav margin
{Peirce, 1985}.

The 'late Eocene eresion surface' of Epis and
Chapin (1975) is a common feature throughout the
western United States (Gresans, 1981). This erosion
surface, also called the Telluride surface, is
overiain by the Mogollon-Datil volcanics dated at 37
Ma, whick also overlie the Eocene Baca Formation
(Epis and Chapin, 1975). The 'Rim gravels' of the
Rim Assemblage are possibly partly correlative with
the Baca Formation of the Green River Assemblage in
northwestern New Mexico {Cather and Johnson, 1984).
They differ in that the Rim Assemblage sediments are

very coarse grained and were possibly  derived  from
the uplifted thrust margin to the soulhwest, whereas
the 6Green River Assemblage sediments 4are finer
argined and were derived from wedge uplifts to the
north or nortneast.

Table 17. Examples of Rim Assemblage of the culminant Laramide
orogeny

PROPERTY SYMBOL  EXAMPLES REFERENCES

SEDIMENTS R Rim Gravels Peirce & others, 1979

E Eager Fm, Cather & Johnson, 1984

cp Coconino Plateav grav. Young, 1979, 1982

MM Mazatzal Mtns. grav. Wilson B others, 1969
MAGMATISM none

STRUCTURES  WKm W side Kaibab mon. Pavis & Kiven, 1975

N«S monoctine Mog. Rim

Age of the Rim Assemblage

The Rim Assemblage is probably of middle to late
Eocene age {52 to 43 Ma). The 'Rim gravels® at Round
Top Mountain contain andesite and latite boulder
clasts of Laramide volcanics that yield K-Ar dates as
young as 54 Ma; they are overiain by a rhyclite
ignimbrite dated at 28 Ma (Peirce and others, 1979).
Near Eager, gravel deposits that are  probably
correlative with Rim gravels have yielded middle
Eccene vertebrate teeth {Young and Hartman, 1984).
Similariy, the Frasier Well gravels, a probable Rim
gravel equivalent in the western Mogollon Rim, have
also yielded a middle Eocene age on & gastroped fauna
{(Young, 1982). Thus, rocks that cap the Mogolton Rim
segment of the Colorado Plateau could be middle
Eocene in  age and would lie above the
Paleocene-tacene unconformity and rest beneath the
late Eocene-early Oligocene unconformity asscciated
with the Oligocene drainage reversal (Peirce and
others, 1979; Peirce, 1985).

WILDERNESS ASSEMBLAGE
Name

The name Wilderness Assemblage was given by
Keith (1984) to a set of peraluminous igneous rocks
of Paleccene-Eocene age and related mylonitic and
recrystallized metamorphic  rocks that gceur
throughout the Basin and Range Province of Arizona
and nearby areas. The name Wiltderness was chosen for
well-exposed, well-documented, peraiuminous plutonic
rocks of middle Eocene age in the Wilderness of Rocks
grea of the Santa Catalina Mountains near Tucson.
These rocks were originally informally called
Wilderness granite by Doug Shakel in 1972 and were
referred to in print by Budden {1975} and formally
adopted by Keith and others (1980) as part of the
Wilderness  suite of plutons in  the Santa
Catalina-Rincon-Tortolita batholithic complex. The
Wilderness granite and its related deformation in the
main range of the Santa Catalina Mountains north of
Tucsen  is designated as the type area of the
Wilderness Assemblage. Other well-studied reference
areas for the Wilderness Assemblage magmatism and
related deformaticn are the northern Coyote Mountains
{Wright and Haxel, 1982) and the Sierra Blanca
Mountains  (Haxel and others, 1984). General
characteristics of the rocks, structures, and
resources of the Wilderness Assemblage are summarized
in Table 18.




Tahle 8. Characteristics of Wilderness Assemblage of the

culminant Laramide orogeny

STRUCTURES RESOURCES

SW-directed, hypo-mesothermat
Tow-angle thrusts  to mesothermal

widespread, Pb-In-Ag veins
shallowly dipping minor Cu-Au veins
mylonitic zones Au in gtz vns
generat SW shear  kyanite

SEDIMENTS
nane

MAGMATISH
widespread, (2-mica)
garnet-muscovite,
granitoid stocks,
bathatithic sills,
aplo-pegmatite dikes
peraluminous,
calc-atkalic & calcic
Fe-pagr to Fewrich,
hydrous, oxidized
Sr init, raties =
7085 to .725

Examples and characteristics of rocks and
structuras of the Wilderness Assemblage are listed in

Table 19 and are shown on Figure 7. Examples of
Wilderness assemblage plutons include @he
well-studied Wilderness Granite batholithic  sill

complex 1in the Santa Catalina Mountains (Keith and
others, 1980; Keith and Reynolds, 1981) and the Pan
Tak granite (58 Ma) in the Coyote Mountains (Wright
and Haxel, 1982},

Rocks of the Wilderness Assembliage

YOLCANIC GAP. In strong contrast to the earlier
Laramide and jater Galiuro assemblages (Keith and

Wilt, 198%), there are no sedimentary or volcanic
rocks in the Wilderness Assemblage., A prominent
'magma gap' from 55 to 38 Ma in southeastern Arizona

had long been recognized as Eocene (Damon and Mauger,
1966; Damon, 1971; Snyder and others, 1976; Coney and
Reynolds, 19775 Keith, 1978). However, this 'magma
gap' has been closed in recent years with a newly
recognized kind of magmatism -- the muscovite- and
garnet-bearing, peraluminous granites {Keith and
others, 1980; Miller and Bradfish, 1980; Keith eand
Reynolds, 1981; Wright and Haxel, 1982). Although
the 'magma gap' of eariier work dis now Tlavrgely
occupied by the peraluminous granitoids, it fis
important to point out that in  the  surface
stratigraphy there is a gap 1in volcanism for the
interval formerly called the 'magma gap’'. Inus, the
term ‘volcanic gap' is probably a move appropriate
term for what was originally called 'magmatic gap'.

MAGMATISM. In Arizona  the perq]uminous
granitoids assigned by Keith (1984) to the Wilderness

Assemblage are now vrecognized to be the most
widespread and most volumingus product of Laramide
magmatism. Magwatism of the Wilderness Assemblage
consists entirely of peraluminous, muscovite- and

garnet-bearing granitoids that commenly contain  well
developed alasko-pegmatite complexes, especially near
the roofs of the plutons. Wilderness Assemblage
plutons generally occur as sills with Tow-velume,
late phases cccurring as dikes that are discordant to
the earlier silis. Many Wilderness Assemblage
plutons are commonly associated with well-developed
mylenitic fabrics in or adjacent to the plutons and
appear to be synkinematically intruded into mylonitic
shear zones (especially southwest- to south-directed
mylonitic shear zones}).

MINERALOGY . Mineralogic data for MWilderness

Assemblage plutons shows that they contain 4 to .13%
hydrous minerals, which are represented by micas

MAGMAT I5M

STRULTURES

RESOURCES

Table 1G.

224

Exampies of Witderness Assemblage of the culminant

Laramide orogeny

SYMBOL  EXAMPLES REFERENCES
96 96 Hills pluton Bradfish, 1978
AP Adams Peak leucogranite Cooper & Silver, 1564
AP E, edge Texas Canyon Cooper & Silver, 1964
] Buckskin Mins, Shackelford, 1979, 1980
BH Buckeye Hills Keith, 1984
BM 8ig Maria Mts., CA Martin & others, 1982
BR Barney Ranch pluton Lingrey, 1982
c Coxcomb range Calzia, 1982
MM Cargo Muchacho Mtns. Keith, unpub.data; Dillon,1976
cy Cadiz Valley batholith  Howard & others, 1982
oC Tortplita Mis. Banks & others, 1977
plos Derrig Canyon granite Banks & others, 1877
£PR E. Peninsular Range Simpson, 1984
GC Gu Chuapo granite Wright & Haxel, 1982
GR Gunnery Range batholith Shafigullah & others, 1980
Ha E. end Harquahala Mts. Keith, 1983
1M Iron Mountain Brand & Anderson, 1982
J Jacumba pluton Walawender, M.J., pers. comm.
MW Marcus Wash pluton Haxel, 1977
oK Gold Basin Theodore & others, 1982
0K Q0 K pluten Theodore & others, 1982
PM Picacho Mountains, AZ Rehrig & Reynolds, 1580
gp Presumidia Peak Wright & Haxel, 1982
PT Pan Tak granite Wright & Haxel, 1982
BT Coyote Mtns. Wright & Haxel, 1982
RM Rawhide Mtns. Shackelford, 1979, 1980
RP Redingten Pass Keith & others, 1980
SBM Sierra Blanca Mis. Haxel & others, 1984
SH Sweetwater, Whipples Miller & others, 1982
W Wilderness plutan Keith & others, 1880
WT White Tank Mts. 8rittingham,ir progress,ASU
WTa White Tank adamellite Brand & Anderson, 1982
YR Youtcy Ranch pluton keith & others, 1980
AR Ajo Road fault Hazxel & others, 1984
BM Big Maria Mtns. Hamiiton, 1982
BP Baker Peak Pridemore & £raig, 1982
BR east Rincan Mtns. Lingrey, 1982
c Catalina flt. Banks,1977; BOrewes,1972,1977
£8H Congress, Rich Hil1} Herald & Russ, 1985
jagt} Dome Rock Mountains Yeats, 1985
EFR E. Peninsular Range Simpson, 1984; Sharp, 1967
EPRsz  E. Penin. Rg. shear zone Simpson, 1984; Sharp, 1967
GRTS Gunnery Range thr. sys. Keith and Wilt, 1986
HM E. Huachuca Mts. thst Hayes & Raup,1968; Davis,1978b
HQ Harquahala Mtns. Reynolds & others, 1980
Jm Jerome area Lindberg, pers. com.
LC Lyle Canyon thrust Keith, unpub. map.
LM Ltittle Maria Mins. Martin & others, 1682
LMt Limestone Mtn thrust Epis, 1956
# Morenci area Langton, 1973
MFTh Maria fold thrust belt  Reynolds & others, 1986
M Mohawk Mountains Mueller & others, 1982
MTS Maricopa thrust system Keith & Wilt, 1985; 1988
gc Queen Creek fold Keith,this vol.; Peterson,1969
S lower plate, Sacaton Cummings, 1982
8 Sleeping Beauty Keith, this vol.
SN Sil1 Nakya Hills Haxel & others, 1984
SR Box Canyon, Santa Rita Keith and Wilt, 1983
55 SH Sferrita Mts, fold Crewes, 1974; Thoms, 1966
SW Swisshelm Mts, Cooper, 1959
SdC Sierra de Cabullona Rangin, 1977
¥ Vulture Mountains White, 1985
WM Wrong Mountain pluton Jrewas, 19723
bW Window Mountain Well Haxel & others, 1984
WWR Whittaker Wash Ranch f1t.Keith, 1983; Krieger, 1968
Boriana Myers, 1983
Reef, Las Guijas Dale & others, 1961
Cobabi Williams, 1963
Mesouite
oK Gold Basin Theodore & others, 1982
CHM Cargoe Muchachos
P Picacho, CA Van Nort and Harris, 1384
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onty. In the lower portions of the plutons, the
principal mica mineral is biotite with accessory
magnetite {up to 2 volume %) and zera to minor
muscovite and irace garnet. The upper portions of
Wilderress Assemblage si11 complexes arve commonly
two-mica granites with muscovite and biotite 1in
approximately equal amounts and with garnet as a
well-developed accessory mineral {1 to 2 volume %
garnet). The two-mica granite portions of Wilderness
Assemblage plutons lecally grade upward into
aplo-pegmatite complexes wup to 1 km thick that
generally are dominated by muscovite with zero to
minor biotite. Garnet 1s a very common accessory
mineral in the alaskc-pegmatite phases and locally
forms spectacular garnet schlieren bands, as in the
Lemmon Rock Teucogranite, which is a roof phase of
the Wilderness granite (Keith and cthers, 1980).

In strong contrast to earlier Laramide magmatism
and later Galiurc and San Andreas magmatism {Keith
and Wilt, 1985), Wilderness Assemblage magmatism does
not contain metaluminous mafic minerals such as
alivine, pyroxene, or hornblende, or mafic
metatuminous igneous inclusions. Wilderness
Assemblage plutons contain microcline K-feldspars
with perthitic Na-plagioclase rather than orthoclase
K-feldspars. Trace  accessory minerals include
apatite, monazite, and rarely corundum.

MAGMA CHEMISTRY. Chemically, plutonic rocks of
the Wilderness AssembTage are peraluminous, calcic
{Sweetwater Facies) to calc~-alkalic (Gold Basin
Facies), iron-poor to weakly iron-rich, hydrous, and
oxidized {Keith, this wvolume}, Their strontium
initial ratios generally range from 0,7085 te 0.725,
which are distinctly higher than earlier Laramide
metaluminous megmatism (0.7042 to 0.7090) or later
Galiuro metaluminous magmatism (0.705 to §.710) and
distinctly higher than San Andreas metaluminous
magnatism {mostly 0.7022 to 0.705 for the basalts)
(Keith and Wilt, 1985). At any given silica
composition Wilderness Assemblage plutons are more
atuminous fhave higher molecular AT203/Cad+Na?0+K20
raties] and mere sodic [have higher Na20/K20 ratios]
than metatuminous magmatism of the earlier Laramide,
later Galiuro, or later San Andreas assemblages.
Manganese appears to increase with  increasing
differentiation as a function of garnet content in
the Wilderness Assemblage plutons, whereas manganese
decreases with increasing differentiation  in
metaiuminous magmatism of the other strato-tectonic
gssemblages.

DEPTH OF EMPLACEMENT. Evidence that the two-mica
granites formed at great depth, probably equal to or
greater than 10 km, comes from & variety of
phenomena. Seven  Tines of petrologic evidence
independently indicate thrust burial of 8 t¢ 12 km or
more.  Firstly, the lack of surface volcanism
suggests that the Wilderness Assemblage plutons did
not intrude close enough to the ground surface to
produce & volcanic expression on the surfzce and must
have  been  deeper than .5 km. Secondly, fluid
inclusion data from mineral  deposits or  from
pegmatites and Tleucogranite phases associated with
Wilderness plutens commonly display high  CO2
densities {greater than  0.70)  requiring a
considerable pressure correction for depths to at
Teast 4.5 km. For example, high C02 fluid densities
occur in fluid inclusions from veins in the 0%
peraluminous  pluton of the Gold Basin district
(Theodore and others, 1982},

A third depth dindicator s the widespread
distribution of phenocrysts of magmatic muscovite of
celadonitic  composition which  indicates depths
greater than 10 km (Anderson and Rowley, 1981),
Fourthly, recent geobarometry on garnet and feldspar
in peraluminous plutons indicates deep
crystailization depths: for example depths of 20 km
or more in the Whipple Mountains (Anderson, 1985).
Fifth, because Wilderness Assemblage plutons have
numerous and abundant pegmatites, their water content
must have been extremely high. Burnham and Jahns
(1562) estimate that water contents for pegmatitic
granites are between 8§ and 10 weight % H?20; they
constructed water depth curves that indicate pH20 of
10 weight % in a pegmatite would equilibrate with the
overriding pressure of the Tithostatic lcad at about
13 km (Burnham and Jahns, 1962),

A sixth depth indicator {3 the presence of
metamorphic minerals such as kyanite and staurolite
in  the metamorphic aurecles of several of the
Wilderness  Assemblage  plutens. For example,
staurclite  is  reported by Waag {1968) in the
metamorphic aureole of the pelitic Apache Group
metasediments din the Catalina Mountains at the roof
of the Wilderness pluton. Minimum depths  for
staurolite stability at amphibolite grade
temperatures are about 8 km. Kyanite occurs 4n  the
metamorphic aureoles of the Brown‘s Canyon pluton in
the Harquahala Mountains, along the American Girl
thrust in the Cargo Muchache Mountains, and near
pegnatites associated with southwest-directed thrusts
in the Big Maria Mountains. At amphibolite grade
temperatures (450 o C} the kyanite stability requires
approximate minimum depths of 12 km {Holdaway, 1971)

A seventh depth indicator is the inference from
gecchronclogic data that the thickness of cover
removed during the mid-Tertiary is about the same as
the thickness of thrust plates added during the late
Laramide. Numergus mid-Tertiary ages by the K-Ar
method have been obtained from rocks that are older
by other age dating methods in the <c¢rystalline
'pseudo-cores’ of the 'metamorphic core complexes’,
In the Santa Catalina Mountains, K-Ar ages for
hornblende or large muscovite grains from these rocks
are either not reset or are only partially veset
(Keith and others, 1980). This indicates that
ambient temperatures in the Tlower plate beneath
possible  thrust plates that served as thermal
blankets prior to 30 Ma were not greater than 400
degrees (. However, K-Ar determinations on bictite
and fission track determinations on zircon and sphene
from several complexes (especially the Whipple
Mountains and  the Santa Catalina Mountains)
consistently yield reduced ages between 28 and 24 Ma.
This strongly suggests that by 24 Ma crystalline
rocks in the ‘'pseudo~cores' had cocled below 200
degrees C, which represents uplift of 8 km assuming a
normal crustal geothermal gradient of 25 degrees
C/km. if the reduced ages are related to uplift
refrigeration of K-Ar clocks, then between Eccene and
mida-0ligocene the complexes with vreduced 28-24 Ma
K~-&r and fission track ages ccoled from 400 to 200
degrees. By 18 Ma fission track ages cn apatite are
reset suggesting that another 4 km of uplift had
occurred between 22 and 18 Ma for a cumulative total
of 12 km.

If it dis assumed that the normel <crustal
geothermal gradient was 25 degrees C/km, a cumulative
upiift of about 12 km s required %o explain the
refrigeration dates. Much of that 12 km is probably
represented by ercosional removal of overlying thrust




plates during Oligocene uplift of the tectonized
crystailine hasement tevranes during medial Galiuro
orogeny  (Keith and Wilt,  1985). I+ it s
acknowledged that the Marble Peak porphyry copper
skarn in  the crystaliine core of the Santa Catalina
Mountains represents a system emplaced no deeper than
3 km about 65 Ma, then & thrust lcading of 9 km after
65 Ma was followed by an ervosional removal of a
minimum  of 9 km of thrust cover during mid-Tertiary
uplift and denudation of the probably Focene-aged
thrust plates,

CONTACT RELATIONSHIPS. Stratigraphically, where
Wilderness Assemblage pYutons are in mutua! contact
with metaluminous piutons of clder Sevier and
Laramide assemblages, the peraluminous  plutons
generally cross-cut the elder metatumincus plutons.
For example, in the Tortclita and Santa Catalina
Mountains plutons of the Leatherwood suite (Morenci
Assemblage) are intruded by plutons of the Wilderness
suite (Keith and others, 1980). In the Little
Dragoon  Meuntains, the peraluminous Adams Peak
leucogranite (aplite phase of Cooper and Silver,
1964} intrudes metaluminous, bictite gquartz monzonite
{main phase of Texas Canyon pluton of Cooper and
Silver, 1964},

Structural Features of Wilderness Assemblage

STRUCTURES.  Structures of  the Wilderness
Assemblage consist of mylonitic zones,
southwest-directed thrust faults, and synkinematic
peraluminous plutons. The widespread, regionally
developed, shallowly dipping mylonitic zones exhibit
a general southwest-directed shear. 'S’ surfaces of
the mylonites invariably contain a NBGOE-NJOE to
S50-70W mineral 1ineaticn.,  These shear zones are
commonly associated with  Tlow-angle, southwest-
directed thrust faults and synkinematic, peraluminous
plutons (Keith, 1982a). Regional seismic data
(Keith, 1980; Reif and Robinson, 1981} strongly
suggest that many of the seismic refiectors can be
correlated with surface outcrops of the mylonites.
Many of the mylonitic zones are shallowly dipping and
are northeasterly inctined towards and  beneath
Precambrian crystalline rocks along the southwestern
boundary of the Colorado Plateau (Otton, 1981),

In Arizona and adjacent regions, several major
southwest-directed thrust systems cccur within the
North Amevican crust. These thrust systems are shown
on Figure 7 and are described from west to east as
follows. The Peninsular Range shear zone occurs
along the eastern side of the Peninsular Range
batholith and along its presumed extension in the 3an
Gabriel Mountains to the northwest. Farther tc the
northeast a zone of possible south-southwest-directed
thrusts, herein named the Gurnery Range thrust
system, may be traced from <the C{argo Muchacho
Mountains to the Mohawk Mountains in southwestern
Arizona. Farther to the northeast, a major zone of
thrusting, named the Maricopa thrust system by Keith
and Wilt (1985), may extend from the C(oxcomb and
Little Maria  Mountains area in  southeastern
California scutheast into northeastern Sonora (Figure
7). Windows of the Maricopa thrust system may be
exposed in the northwest-trending belt of so-called
'metamorphic core complexes that occurs northeast of
the trace of the Maricopa thrust system. Northeast
of a this zone of 'thrust windows', a diffuse system

of  south- to southwest-divected reverse faults and
folds s present dn the southern part of  the
Transition Zone between the Basin and Range and
PTateau provinces.

A1l of the above structures are consistently
associated with peralumincus granitoid magmatism of
the Wilderness Assemblage. In western exposures
(such as the Peninsular Range and Gunnery Range
thrust systems} the thrust systems are associated
with peraluminous calcic magma series (Gold Basin
Facies), whereas in northeastern exposures (such as
the Maricopa thrust system and its uparched windows)
»the thrust systems are associated with calc-alkalic
magma series (Sweetwater Facies). Each of the above
thrust systems is shown on Figure 7 and Table 19 and
is described from west to east in more detail below.

PEMINSULAR ~ RANGE THRUST ZONE. In southern
California, a major, northeast-dipping shear zone was
originally mapped by Sharp (1967). This shear zone
extends from the Palm Springs area southeastward
through the Santa Rosa Mountains and has placed
metamorphic rocks that are older than mid-Cretacecus
{possibly of Paleozoic and Mesozoic age) over the
eastern margin of the Peninsular Range batholith.
The shear zone has been offset by several strike slip
faults of younger Cenozoic age in the Anza-Borrego
State Park area farther tc the south. In all the
abave areas, the shear zone is marked by thick zones
of mylenite that exhibit southwest-directed 'S-C'
shear fabric (Simpson, 1984). The ‘5-C' fabrics
provide strong evidence for the thrust nature of the
zone.

The  Peninsular Range shear zone deforms
metaluminous calc-alkalic igneous vrocks of  the
Peninsular Range batholith that are as young as 79 Ma
{Silver and others, 1979). Potassium~argon cooling
ages (Krummenacher and others, 18975) from the Santa
Rosa Mountain region suggest that the mylonites were
kinematically cold by 75 Ma (Figure 1). The
Perinsular Range shear =zone is intruded by several
synkinematic peraluminous muscovite- and/or garnet-
bearing si11-like sheets west of Borrego Springs and
south of Palm Springs {Anderson and Erskine, pers.
comm. ).

Farther to the northwest mylenitic belts in the
southeastern San  Gabriel Meuntains  have  been
interpreted by May {1985) to be the remnants of the
Late Cretacecus sinistral transcurrent shear zone
that operated as a tear fault within a southwest-
directed thrust network. Thrusts related to this
network occur din the Fraser Mountain area and Mount
Gieason area to the northwest of the sinistral shear
zone.

GUNNERY RANGE THRUST SYSTEM. A diffuse zone of
scuthwest- to south-southwest-directed thrusts may be
found in scattered cutcrops from the Cargo Muchacho
Mountains west of Yuma to the Mohawk Mountains east
of Yuma. In the Cargo Muchacho Mountains near
American Girl Canyon, the Amerijcan Girl thrust mapped
by Dillon (1976) ‘ocally exhibits south-southwest-
divected shear fabric and places the Jurassic
monze-diorite  plutonic  complex over a younger
sequence  of  quartzo-feldspathic meta-arkoses of
possible mid-Cretaceous age.

East of Yuma in the vicinity of Baker Peaks, a
major detachment fault places clastic sedimentary




rocks o middie TYertiary age over a Tower plate of
Precambrian? to Mesozoic crystalline rocks
(Pridemore and Craig, 1982). Clast data from the
mid-Tertiary sediments suggest that they were derived
from a granitic source {Pridemore and Craig, 1982}.

Farther to the northeast in the Mohawk
Mountzins, a similar fault places granitic rocks
called the Mohawk and Owl granites by Mueller and
others (1982) of indeterminate age over a lower plate
consisting of gneisses of undetermined age. The
upper plate granitic rocks are unconformably overlain
by a mid-Tertiary conglomerate - sandsione sequence
similar to the iithologies at Baker Peaks.

Thus, available data suggest that the low-angle
fauTts in the Baker Peaks area and in the Mohawk
Mountains are part of the same regional low-angle
structure. Fabric data from gneisses 1in the lower
plate suggest southwest-directed ductile tectonic
transport. Also, a large folded pegmatite compiex at
the southern and of the Mohawk Mountains exhibits a
southwest-directed sense of overturning (Mueller,
pers. comm., 1982). As documented by Pridemore and
Craig (1982) and Mulhler and others (1982), tilt
directions in the mid-Tertiary sedimentary sequences
suggest northeast-directed normal transport,
However, fabric data from crystaliine vocks in  the
lower plate suggest southwest-directed transport.
Thus, as in many other locations, the Gunnery Range
thrust system has at least two episodes of motion.

South  of  the Gunnery Range fault system,
extensive pegmatites and/or bathelithic plutons have
been intruded into crystailine vrocks of the lower
plate. The Gunnery Range batholith is Paleocene to
earliest Eocene in age (Haxel, pers. comm.; Arnold,
written comm., 1984). Possible pegmatite apophyses
of the Sunhery Range batholith are involved in
apparent  southwest-directed folding in the
southeastern Mohawk Mountains (Mueller, pers. comm.,
1982}, The peraluminous  magma  series  are
conspicuously lacking in crystalline rocks of the
inferred upper oplate of the Gunnery Range thrust
system between the the Gunnery Range thrust system
and the Maricopa thrust system to the northeast. The
general ‘lack of peraluminous plutons in the upper
plate of the Gunnery Range fault system is a
characteristic feature of many of the scuthwest-
directed thrust systems.

MARICOPA  THRUST SYSTEM. In Arizona a major
northwest-trending zone of southwest-directed thrust
faults of the Wilderness Assemblage Js named the
Maricopa thrust system (Keith and Wilt, 1985). The
Maricopa  thrust system consists of  numerous
southwest-directed thrusts and southward-cverturned
folds and nappes (Table 19 and Figure 7).

The western portion of the Maricopa thrust
system is manifested as thrust faults 1in California
in the Big and Little Maria Mountains {(Frost and
Martin, 1982). Here, cratonic sequences of Paleozoic
through Mesozoic rocks have been spectaculariy folded
into huge, ductile nappes the size of 2z mountain. In
the overturned middie 1imb of one fold, the entire
Paleozoic-Mesozoic section has been thinned to much
less than one percent of dits original thickness
{Hamilten, 1982). BDuring the thinning, however, each
stratigraphic wunit (especially the Paleczoic units)
were remarkably well preserved. Structural analysis
of folding of miner structures in the Big Maria
Mountains by E11is (1982) suggest that much of the

deformation dis  related to south-southwest tectonic
transport. Certainly, the overturning sense of the
large nappe structures s south-scuthwestward.

In the Big Maria Mountains, a great swarm of
geperally north-northeast-trending pegmatite dikes is
present in the central and northern parts of the
range.,  Mapping by Hamilton (1882} has presented
evidence that the dikes are 1late kinematic with
respect to much of the this deformation in the Big
Maria Mountains. In the northern and structurally
highest part of the range, the dikes that probably
belong to this swarm are moderately deformed and
boudinaged parallel to much of the regional foliation
fabric.  However, 1in the scuthern and structurally
Tower parts of the range, the dikes appear to cut
cleaniy  through the regiconal foliation and the
extremely attenuated Paleozoic sections.

A biotite K- Ar age of 75 Ma {Martin and others,
1982) provides a minimum age for this dike swarm in
the Big Marias and also provides a minimum to late
kinematic age for the completion of the southwest-
directed ductile deformation and metamorphism,
Martin and others {1982) present numerous K-Ar dates
for  the Big Maria Mountains that conspicucusly
cluster beiween 50 and 70 Ma. As 4n many other
locations, the 50 to 70 Ma ages can be interpretaed as
minimum ages for kinematic activity related to the
thrusting. :

Farther to the east, a probable continuation of
the Maricopa thrust system eastward from the Big
Marias has been mapped in the northern Dome Rock
Mountains {Yeats, 1985). Analysis of fabric data by
Yeats (1985) reveals that most of the thrusting in
the northern Dome Rock Mountains is
southwest-directed.

Farther east in the central and southern Plomosa
Mountains several low-angle faults may be interpreted
as sCuthwest-directed thrust faults and may represent
an eastward continuation of the Maricopa thrust zone.
In the Plomosa Pass area of the central Plomosa
Mourtains, Scarborough and Meader {1983) have mapped
a major Jow-angle fault that cuts up structural
section to the south. It truncates older, east-
directed thrusts and probably truncates the 87 Ma
Mudersbach pluton (Keith and Wilt, 1983). South-
dipping Paleozoic strata in the upper plate contain
south-vergent folds and occur structuraliy beneath a
major thrust. This thrust is now also tilted to the
south and places porphyritic granite similar to the
1400 Ma megacrystic granites over the Paleczoic
section. A kinematic model for this thrusting s
presented by Keith and Wilt (1983a, p. 31A). In the
central Plomosa Mountains south of Interstate 10
another thrust cuts up structural section to the
south (Mitler, 1970; Davis, 1985). Recent mapping by
Davis (1985} indicates that this  thrust is
south-directed,

The western part of the Maricopa thrust system
in western Arizona and socutheastern California has
recently been studied 1in detail by Reynolds and
others (1986), who call it the Maria fold thrust
belt. The wmore ductile style of the Maria fold
thrust belt compared to the more brittle style of the
eastern part of the Maricopa thrust system in
southeastern Arizena s probably due to the greater
amounts of pest-thrust erosion in the Colorado River
region which has exposed deeper Tevels of the thrust
system. Similar ductile structural style 1is found
down dip from the Teading edge of the Maricopa thrust




system  in  southeastern  Arfzona. This ductile
deformation is present in the Santa Catalina-Rincon
thrust window north and east of Tucson and closely
resembles that in  the Maria fold thrust belt of
Reynolds and others (1986).

Southzastward extensions of the Maricopa thrust
system from the Plomosa Mountains are difficult to
document. On Figure 7 a large concealed area 1s
indicated betweern the exposures in the Plomosa
Mountains and the next well-documented south~directed
thrusting along the strike of the Maricopa thrust
sytem in the Sierra Blanca Mountains in the Papage
Indian  Reservations. However, exposures 1in the
western Gila Bend Mountains near Cortez Peak may
possibly be related to the Maricopa thrust system.
Here, northeasi-dipping fabric cuts a quartz dioritic
gneiss of undetermined age and locally contains a
faint northeast-trending lineation. Ficat of
well-lineated, mylonitic, muscovite granite s
present in many of the washes that drain Cortez
Butte. HNorthwest of Coriez Butte, Wilson and others
{1969) show a granitic outcrop of Precambrian? age.
However, this granitic rock strongly resembles
mylonitic muscovite granites that could be late
Laramide in age and may possibly be related to
southwest-divected thrusting. More work needs to be
done in this area to confirm the presence of the
Maricopa thrust sysiem.

Farther to the southeast along the strike of the
Maricopa thrust system, southwest-directed thrusting
is present in the Papago Indian Reservation.  These
southwest-directed thrust faults are interpreted by
us to represent the possibie southeastward extension
of the Maricopa thrust system from the Plomosa
Mountains region. In the Papago Indfan Reservation,
outcropping thrust faults mapped by Haxel and others
{1984) that probably comprise parts of the Maricopa
thrust system inciude the Windew Mountain Well thrust
in the Sierra Blanca Mountains, a possible thrust
north of the Sil Nakya Hills that would have been
responsible for southwest-overturned strata there,
and & similar situation at the Ajo Road fault north
of the Coyote Mountains,

The Sierra 8lanca Mountains contain the best
evidence of south-southwest-divected thrusting that
is synkinematic with the emplacement of the Sierra
Blanca muscovite granite pluton. Mapping summarized
by Haxel and others {1984) shows that eariy phases of
the Siarra GBlanca granite pluton are cut by fabric
that is probably related to their Window Mountain
thrust  structure. However, late phases of the
garnet-muscavite granite cut seme of the fabric.
Foid data frem the Sierra Blanca area indicate south-
or southwest-directed vergence {Davis, 1980} for the
thrusting.

From the Papago Indian Reservation, the Maricopa
thrust system may be traced southeastward across
southern Arizona to the area south of  Tucson.
Southwest of Tucson fin the southwestern Sierrits
Mountains, Thoms (1966) has mapped a northeast-
trending thrust fault with  southwest-directed
transport. Scutheast of Tucson in the northern Santa
Rita Mountains, thrusting originally mapped by Urewes
(1972} has been reinterpreted by Keith (1983) and
Bilodeau (1979) as being related to southwest-
directed thrusting. This interpretation applies, in
particular, to a major thrust zone that juxtaposes
two plates containing Glance Conglomerate  with
different ciast composition. An upper plate of
Paleozoic rocks overiain by Glance Conglomerate

containing Paleszoic clasis has been thrust over a
lower plate of lower Paleozoic and Precambrian rocks
overlain by Glance Conglomerate  containing
Precambrian clasts. This thrust zone, which was
named the Sanrta Rita thrust by Keith [1983), crops
out in upper Box Canyon {NEl/4, Sec. 12, Ti95,R15E)
and may be traced northward to the vicinity of the
Mount Fagin Ranch {W1/2, Sec.35, T175,R1%E).

Farther to the southeast, the Maricopa thrust
system js marked by several major, scuthwest-directed
thrust faults in the Huachuca Mountains (Davis,
1978b}.  This zone of thrusting has been intruded by
alaskite dikes which have yielded a 47 Ma K-Ar date
{Shafiqullah and others, 1980}). Farther to the east
in the Swisshelm Mountains, a spectacular, Jlarge,
overturned syncline of nappe dimension is present and
is overturnad to the  southwest. Numerous
southwest-directed thrust faults have been mapped in
southeastern Cochise County.

From southeastern Arizona, the Maricopa thrust
zone contimues southeast into northeastern Sonora for
about 60 miles to where it is unconformably buried
beneath the Oligocene Jgnimbritic volcanics of the
northern Sierra Madre Occidental. Major structures
originally mapped by Rangin (3977) that show
southwest-directed vergence are present on Sierra de
Cabullona twenty miles south of Agua Prieta and at
Cerro de la Marita ten miles southwest of Agua
Prieta.

WINDOWS INTO THE LOWER PLATE. Northeast of the
Maricopa thrust system a northwest-trending belt of
highly tectonized {commonly mylonitic}, plutonized,
and metamorphosed crystailine rocks are exposed as
windows beneath unmetamcrphosed, ummylonitized upper
plate that s composed mainly of Precambrian
crystailine rock (Figure 8). The plutonized and
tectonized crystalline terranes are  generally
separated from their 'cover' by profound low-angle
fault zones that circumscribe the c¢rystailine rocks
and produce a ‘pseudo-cored' aspect. The term
'pseudo-core' is appropriate because vecent drill
hole results summarized by Reif and Robinson (1981)
suggest that the piutonized and tectonized basement

“gwer plar ef Maricopa Lamist oyslem ‘
(775 upper plate of Haricopa < v tem

Towur plate af Chocolate-Jincent throst :«y'«i.ml:[ T
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Figure 8. Map of lower plate of the Maricopa thrust
system, showing the windows previously called
'metamorphic core complexes',




exists Dbeneath ummetamorphosed cover throughout a
broad vregion. The ‘pseuco-cared' aspect of the
crystalline complexes led to nomenclature such as
‘gneiss dome' in pre-1977 literature and 'metamorphic
core complex’ in post-1977 TViterature (Davis and
Coney, 1979; Crittenden and others, 1980).

Portions of the profound low-angie faults that
surround the underlying crystalline 'pseudo-cores'
have experiencad tow-angle, normal separaticn during
the mid-Tertiary (Davis, 1983; Davis and others,
1980) when the tectonized and plutcnized basement was
uplifted arcund large, anticlinal fold axes (Keith
and Wilt, 1985). However, compelling evidence shows
that  large, Tow-angle reverse or thrust faults
Juxtaposed 'upper plate' over crystailine basement of
the Tlower plate crystalline basement during the
latest part of the Laramide orogeny {Thorman, 1977;
Drewes, 1981; Keith, 1982a; Haxel and Grubensky,
1984).  In our view, the so-called 'metamorphic core
complexes' or 'pseudo-cores' ave simply windows or
fensters inte a regionally extensive crystalline
plate that was deformed, plutonized and tectonized by
thrust faulting in the latest Laramide. The Tlower
plate was then wuplifted in the mid-Tertiary and
exposed in the culminations of Yarge, broad, openly
folded, northwest-trending, antiformal arches (Keith
and WiTt, 1985).

An  exampie of a window into the crystalline
basement is in the Rincon Mountains east of Tucson.
Ductile,  southwest-directed, flexural-flow, fold
deformation of Paleonzoic rocks is present on the east
side of the range (Lingrey, 1982). This fold
deformation 1is cut by the Barney Ranch pluton, which
is at least 37 Ma old; this pluton was assigned to
the Wilderness suite of plutons by Keith and othars
(1980}. This deformation occurs in the Jower plate
of & regional low-angle fault that juxtaposes
nommylenitic Precambrian crystalline  rocks  over
deformed Paleozoic and Cretaceous sections on both
sides of the mountain range (Drewes, 1974, 1977:
Thorman and Drewes, 1$81; Keith, 1983a). Similar,
large-scale, older over younger, low-angle fault
Juxtapositions occur in the Tortolita Mountains
{Banks and others, 1676) and in the Rawhide and
Buckskin Mountains of west central Arizona
(Shackelford, 1979; 1980; Otton, 1982).

Northeast of the zone of 'thrust windows' is a
diffuse system of south- to  socuthwest-directed
reverse faults and felds. This diffuse belt consists
of numerous small scale thrusts and folds widely
scattered throughout the northern part of the Basin
and Range Province and the Transition zone. These
structures are shown on Figure 7 and extend from the
Vulture Mountains and Congress and Rich Hill mining
districts on the west to the Morenci area on the
east.

TIMING OF THRUSTING. Excellent relationships in
the Santa Catalina and Rincon Mountain crystalline
compiexes  indicate southwest- to west-southwest-
directed tectonite fabrics and southwest-directed
thrusting are synchronous  with  peraluminous
magmatism, although the plutons tend to be late
kinematic. MNear Mount Lemmon in the Santa Catalina
Mountains the Leatherwood quartz diorite (70 Ma) and
the early, shallowly-dipping phases of  the
leucogranite phase of the Wilderness granite (45-50
Ma} have been deformed by west-southwest-directed,
'S-C' mylonitic fabrics. These fabrics are intruded
by steeply dipping, later dikes of the leucogranite

showing that the mylonitic fabric developed slightily
before and duving emplacement of the Wilderness suite
of middle Locene age.

To  the southeast in the Rincon Mountainsg,
Lingrey {1982) has shown that Paleozoic rocks have
been  ductiiely deformed by southwest-directed
flexural flow folds that predate the intrusion of the
Barney Ranch peraluminous pluton of at Tleast 37 Ma
(assigned by Keith and others (1980} to the
Witderness suite)., In ‘the western and southern
Rincon  Mountains, Paleozoic siivers along the
previously mentioned Catalina fault zone beneath
Pracambrian crystalline rocks in the upper plate
contain flexural slip to flexural flow folds (Davis,
1975b}) that are consistent with regional
southwest-directed shear {Davis, 1983).

In the Redington Pass area between the Santa
Catalina and Rincon Mountains, a fault similar to the
Catalina fault has been intruded by parts of the
Youtcy Ranch nmuscovite-bearing, peralumincus pluton
that is at least 42 Ma and is probably part of the
Wilderness suite of plutons of Eccene age (Keith and
others, 1980). Throughout the southern and western
pnarts of the Santa Catalinz and Rincon mountains,
peraluminous 5ills of the Wilderness suite are
pervasively affected by southwest-directed, 'S-C'
mylonitic fabric. In the forerange of the Catalinas
in  Bear Canyon, some of this febric is cross cut by
moderately to steeply dipping, garnet-bearing
pegmatite dikes of probable Wilderness Assemblage.
Thus, the cverall relationships between thrusting,
mylonitic fabric, and peraluminous, two-mica
granitoids of Eocene age in the Santa Catalina and
Rincon Mountains strongly suggesi that these elements
are synchronous.

Other areas showing strong evidence  of
synchroneity of the thrusting, mylonitization, and
peraluminous plutonism include the Eastern Peninsular
Ranges {Simpson, 1984; Anderson, 1983; Dokka and
Frest, 1978), the Big Maria Mountains {Hamilton,
1982; Martin and others, 1982), the central
Harguahala Mountains (Reynolds and cthers, 1980), and
the Gunnery Range and Papago Indian Reservations
{(Haxel and others, 1984).

In summary, southwest-directed mylonitic shear
zones, southwest~directed thrust faults and folds,
and peraluminous plutons of the Wilderness Assemblage
all seem +to be broadly synkinematic, although the
piutons tend to be late kinematic. These events
oceur in southeast California between 85 and 75-70
Ma, between 70 to 60 Ma in western Arizona, and
between 60 to 45 Ma in scutheastern Arizona.

REGIONAL MAGNITUDE OF THRUSTING. Both geometric
reconstructions and petrology of  peraluminous
magmatism provide strong evidence for the regional
magnitude of southwest-directed thrusting. Where
southwest-directed thrusting is present, very large
amounts of horizontal transport are suggested by the
difficulty of matching upper plate lithologies with
those in the lower plate throughout southern Arizona
and southeastern California, The amount of tectonic
transport of upper plate relative to lower plate
along  southwest-directed thrust faults of the
Wilderness Assemblage appears to have been much
larger than that associated with northeast~divected
folds and faults of the Tombstone Assemblage of the
earlier Laramide. Where southwest-directed thrusting




is  or  may be present, very larye amountls of
horizontal transport are indicated, because upper
plate rocks are difficult to match or cannot be
matched with Tower plate rocks anywhere din  the
region.

For example 1in the Rincon Mountains east of
Tucson, nommylonitic Precambrian rocks (generally
granodiorite of 1625 Ma} in the upper plate of the
Catalina fault and their probable analogs in  the
eastern Rincons and Johnny Lyon Hills can be found on
both the west and east sides of the mountain range.
These nommylonitized rocks of the Precambrian upper
plate cannot be matched anywhere in  the mountain
range with umnmylonitized crystalline rocks of the
lower plate; all Precambrian rocks in the lower plate
are generally mylonitic (generally granite of 1400
Ma}. To remove the nonmylonitic upper plate from the
generally mylonitic or deformed lower plate along a
Tine parallel to the Tlipeation would require
cumulative transport of at least 35 km, which is the
exposed outcrop width of Jower plate rocks parallel
to lineation. How much of this transport is related
to southwest-directed culminant Laramide thrusting or
how much is related to southwest-directed culminant
Galiuro detachment faulting {Keith and Wilt, 1985} is
not yet clear. However, most of the overlap is
probably due to southwest-directed thrusting of the
culminant Laramice, because similar mismatches occur
regionally, even where there are no mid-Tertiary
defachment faulis,

in the Papago Indian Reservation west of Tucson,
a major lithologic boundary exists {Haxel and others,
1980; 1984}, Stratigraphy north of the boundary
genrerally consists of fairly widespread Precambrian
crystalline rocks that ave unconformably overlain by
the younger Precambrian Apache Group, which are

unconformably  overlain by Paleozoic rocks. The
Paleozoic rocks are unconformabiy cverlain by Bisbee
Group equivalents of mid-Cretaceous age, and all of
the earlier rocks are intruded by Morenci Assemblage
plutons  and  their associated porphyry copper
deposits. Significantly, igneous rocks of the early
to middle Jurassic magmatic arc are not present in
the northern area. Rocks scuth of the boundary
consist only of the Mesozoic magmatic arc,
unconformably overlain by clastic sedimentary rocks
that are mostly mid~-Cretaceous 1in age. This
assembiage is intruded by extensive, peraluminous
plutons of the Wilderness Assemblage of Paleocene
age, which do not dintrude rocks north of  the
boundary.

The  boundary between northern and southern
terranes could partly represent the Maricopa thrust
system that places Precambrian rocks in the neorthern
Papago Indian Reservation over Jurassic-Cretaceous
rocks in the southern Papago Indian Reservation along
a regional, shallowly north- {0 northeast-dipping
thrust. The widespread presence of peraluminous
plutons of the Wilderness Assemblage south of the
currentiy exposed leading edge of the Maricopa thrust
system may indicate that the upper plate was
originatly present over much of the southern Papago
Indian Reservaticn and has subsequently been removed
by Eccene and later ercsion.

Northwest of the Papage Indian Reservation in
the Harguahala Mountains 60 miles west-northwest of
Phoenix, extensive  lithelogic  differences or
mismatches occur between the upper and Tower plates
along the Hercules and Harquahala thrusts, both of
which are southwest- to south-directed thrust faults.

At least 10 km of low-angle structural overlap along
G SSW-MNE tine are vequired to remove Proterozoic
crystalline rocks in the wupper plate of  the
Harquahala thrust from the nonmatching, upside down,
Paleazoic sectioh in the lower plate., At least 20 km
of overiap parallel to a similar SSW-NNE line s
required to remove the mostly Precambrian crystzlline
rocks in the upper plate of the Hercules thrust from
the mostly Mesozoic rocks in the Tower plate. {See
Fig. 1 in Spencer, 1984},

in the Rawhide, Buckskin, and Nerthern Plomosa
Mountains extensive 1ithologic mismatches  occur
between Precambrian crystalline rocks, which are
predominantly mylonitic without 1400 Ma granites in
the lower plates and which are nonmyfonitic with
widespread 1400 Ma granites in the upper plates. In
the  Buckskin  Mountains and Rawhide Mountains
Shackelford (1979, 1980} has mapped a 'middle plate’
of tectonized Paleozoic and Mesozoic rocks above the
Rawhide-Buckskin detachment fault, In one area in
the northern. Rawhide Mountains, Shackeiford shows
that these Paleazoic rocks are structurally overlain
by Precambrian c¢rystalline rocks. The Precambrian
crystalline rocks in that upper plate are in  turn
unconformably overlain by mid-Tertiary volcanic and
clastic rocks. Thus, Paleozoic and Mesozoic strata
are ergsionatly missing above the Precambrian in the
upper plate, although they are present,  though
tectonized, above the Pracambrian in the wmiddle
plate. A similar relationship exists in the northern
Plomosas where a compiexly faulted Paleozaic and
probable Mesozoic metasedimentary section cccurs in
the upper plate of the Plomosa detachment fault
{Scarborough and Meader, 1983).

Thus, juxtapositions of older over younger rocks
are similar in both the northern Plomosa and northern
Rawhide Mountains. if the nonmylenitic
Precambrian-bearing upper plate existed as a regional
sheet from the Rawhide to the Plomosa Mountains, then
35 km of overlap is implied along a Vine parallel to
the widespread N50E-S50W Tineation in the Tower
plate. Similer extensive 1ithologic mismatches exist
between upper and lower plates in the UWhipple,
Chemehuevi, Sacremento, Dead, and Newberry Mountains
of southeastern California and southerrmost Nevada.

The mismatches between the nonmyicnitic
Precambrian crystalline rocks in the upper plate and
the mylonitic rocks in the lower plate are commonly
attributed entirely to wmiddle Tertiary detachment
faulting (Davis and others, 1980; Rehrig and
Reynolds, 1980}. However, the juxtapesition of upper
plate crystaliine rocks in the Whipple Mountains may
have originally been produced by deep level,
northeast-dipping Maricopa system thrusting of the
nonmylonitic Precambrian (Mogollon Highlands) plate
orn the north over the mylonitic lower plate of the
Whipples; this  thrust was later vreutilized in
mid-Miocene time. Recent work by Greg Davis and
Lawford Anderson (pers. comm., 1985) indicates that
the high angle fabric that was formerly thoughi to be
Precambrian by Davis and others (1980, 1982) s now
known to be mid-Cretaceous because the high-angle
fabric cuts the low-angle mylonitic sills (dated at
85-75 Ma) and 1is cut by the Jow-angle mylenitic
fabric {Wright and others, 1986). Because the fabric
is Cretaceous rather than Precambrian, then the rocks
that the fabric deforms may not be Precambrian
either.

The prasence of Mesczoic proteliths in the Tower
ptate 1is becoming -ncreasingly more apparent. For



b

example, in the southwestern end of  the Buckskin
Mountains, nommylonitic  Mesozoic metasedimentary
rocks gradationally become move wmylonitic {Marshak,
1980). Mesozoic  protoliths have vrecently been
recognized elsewhere in the lower plate of the
Buckskin Mountains {Reynolds, pers. comm., 1985} and
may exist in the Cunningham Pass area of the Harcuvar
Mounteins where numerous amphibolite grade lenses of
calc-siticate rocks are present. The occurrence of
Mespzoic protoliths in the mylonitic Tower plate
beneath well-documented nommylonitic  Precambrian
rocks in  the upper plate indicates an older over
younger thrust-relationship over a broad region in
western Arizona.

Ultimate amounts of transport could have been
much greater than the minimum 10 to 35 km of
southwest-directed transport deduced from the overlap
of nonmatching 1ithelogies. The upper plates of the
Maricopa thrust system  throughout  southwestern
Arizona mainly consist of nonmylonitic Precambrian
crystalline rocks that are unconformably overlain by
mid-Tertiary clastics and volcanics. This terrane is
typical of the ‘'Mogellon Highlands' of Cooley and
Davidson (1963) where Paleozoic and Mesozoic strata
were stripped away by erosion during the Mesozoic and
Tertiary. The 'Mogollon Highlands' plate of Tertiary
sediments and volcanics deposited on nonmylonitized
Precambrian granites {1400 Ma} 1is the structurally
highest plate in the Riverside, Whipple, Rawhide,
Buckskin, Harquahala, Big Horn, Harguvar, and Plomosa
Mountains. The Tower plates $n the same region
consist of  tectonically imbricated plates of
myienitic rocks, including Precambrian, Paleozoic,
and Mesozoic strata. These mylanitic rocks occur in
the crystalline 'pseudo-cores' of the Tortelita.
Catalina, Harquahala, Harcuvar, Rawhide, and Buckskin
Mountains. They can be visualized as ‘windows'
through +the nermylonitic upper plate into  the
mylonitic lower plate.

If the Maricopa thrust is taken as the leading
edge of the Mogollon Highlands plate, then present
litholegic overlap betweern the Mogollon Highlands
plate and the lower plate containing Paleczoic and
Mesczoic protoliths would be at least 90 km projected
to and slong the line of the lower plate lineation
{which s N50E-S50W}. This would be the amount of
transport vreguired to remove the overilap; it is the
distance Dbetween the Riverside Mountains in
southeastern California (the southwesternmost
exposures in the upper plate where Paleozoic rocks
are missing and middle Tertiary rocks unconformably
overlie Precambrian) and the northern  Rawhide
Mountains (the northermmost exposures in the lower
plate where metamorphosed Paleozoic sections occur).

Restoration of mid-Tertiary, northeast-directed,
pormal motion along portions of the thrust that have
been reutilized magnifies the overiap problem. For
example, Reynolds and Spencer (1985) speculate that
large-scaie, northegst-directed, normal motion of
Proterozoic rocks in  the upper plate Bullard
detachment fault in the Harcuvar-Harguahala vregion
may have been as much as 50 km, If so, the
configuration before low-angle normal faulting put
the upper plate (Mogollon Highlands plate) 35 km
farther southwest of its present position relative to
lower plate Mesozoic-Paleozoic  strata, This
increases the scuthwest-divected transport during
Laramide thrusting fo a speculated 125 km.

Amounts of southwest-directed thrusting may alsc
be estimated from the petrologic data. For example,

using a petrologically estimated thickness of  thrust
plate above & given Wilderness Assembiage pluton of
about & km and a regional dip from seismic data of
the Maricopa thrust system bepeath the Cotorado
Plateau of about 3o, then about 150 km of thrust
overlap s vrequired using the sine function. This
figure roughly agrees with 1ithological gveriap
evidence presented earlier.

THICKNESS OF THRUST PLATES. A crustal thickening
of 6-8 km s required 1o explain the emplacement
depth of Wilderness Assemblage plutons discussed
eariier.  The peraluminous plutons of the Wilderness
Assemblage formed at 10 km intrude earlier Laramide
plutons of the Morenci Assemblage that formed at
depths shallower than 3.5  km. These  earlier
metaiumincus plutons were drier (2 fo 4 weight %
H20), epizonal plutons and were commonly associated
with mesothermal hydrothermal mineral depesits that
formed at depths shallower than 3.5 km,

For example in the Santa Catalina Mountains, the
Leatherwood suite plutens  (which are Tlocally
porphyritic plutens of the Movenci Assemblage +fhat
are in places associated with porphyry copper-skarn
mineralization that probably formed at depths of less
than 3 km) are intruded by the Wilderness granite
(Keith and others, 1980}, which probably crystallized
at depths of 10 km or more.

Thus, where shallow level, metaiuminous plutons
of the Morenci Assemblage were directly intruded by
deeper level peraluminocus plutons of the Wilderness
Assemblage, the shallower Tevel plutons had to be
deeply buried in order to be in contact with the
deeper jevel intrusions. Beiween the time of the
Morenci Assemblage and the Wilderness Assemblage in
any given area (no more than 1¢ million years), at
least 6 km of crust must have been added above the
Morenci Assemblage. The only way to accomplish this
is to thicken the crust after Morenci Assembiage and
before or during Wilderness Assemblage. A Togical
mechanism to thicken the crust is by major thrusting
of alder rocks over younger rocks during culminant
Laramide orogeny.

Field relationships in several areas also
indicate that ihe preserved thickness of the upper
plate beneath the sariiest Oligocene unconformity was
at Teast 3 km and possibly as much as 12 km thick.
For example on the Papagc Reservation, Haxel and
others {1984} suggest that the upper plate of the
Babogquivari thrust system (which s part of the
Maricopa thrust system in this paper) was on the
order.of 5 toc 8 km thick and was emplaced after
porphyry capper retated  intruysions  (Morenci
Assembiage metaluminous magmatism) and before or
during two-mica granite intrusions (Wilderness
Assemblage peraluminous magmatism}. In the Johnny
Lyon Hills 40 km east of Tucson, about a thickness of
& km of upper plate (consisting of undeformed
Precambrian, Paleozoic, and Cretaceous sediments) may
be preserved abcve a fault that generally dips east
and is analogous to the Catalina fault. This fault
Juxtaposes undeformed  Precambrian  Johnny Lyon
granodiorite in  the upper plate over deformed
Paleozoic and Mesozoic sediments in the lower plate.

In western Arizona the thickness of the rotated
Precambrian plate above the imbricated Paleozoic
section in the northern Rawhide Mountains is at least
3 km thick (Davis and others, 1980}, If the
structural restorations by Howard and others (1982}




for the WMohave Mountains are correct, as much as 17
km of titted crystalline Precambrian rocks are
present above the Whipple Tow-angle fault. In many
other areas, the preserved thickness of the upper
plate is considerably Tess because of erosion during
the Tate Eacene threough Miocene,

Seismic, geochronoiegical, geochemical, and
1ithological data from the Arizona State A-1 well
(Reif and Robinson, 1981) also suggest a thick upper
plate overlapped a significantly different Tower
plate 3in central Arizona. In the A-1 well, Reif and
Robinson report the wupper 2.3 km 1is megacrystic
granite that i3 1400 Ma; it overlies a unit of
muscovite granite dated at 47 Ma which contains
inclusions of biotite hornblende gneiss that is older
than 1500 Ma. The contact between the upper two
units can be considered as both a major lithologic
break and a major tectonic break between two plates.
The upper plate is at least 2.3 km thick and consists
of 1400 Ma granite {part of the Mogollon Highland
plate of this paper); the lower plate consists of
probably mylonitic gneisses containing sills of
peraluminous granite of the Wilderness Assemblage.
Significantly, this inferred tectonic break is aiso
broadly coincident with the low-angle, northeast-
dipping boundary between an upper plate package that
is non-reflecting and a lower plate seismic package
that contains numerous continuous seismic reflectors.
(See)figures in Keith, 1980, and Reif and Robinson,
1981).

The contact in the well discussed above between
the two 1ithologic and seismic units would be part of
the Maricopa thrust system that s at depth and
northeast of its currently exposed leading edge in
southwestern Arizona (Figure 7). The  bictite-
hornklende gneiss of the lower plate s
tTithologically and geochemically dissimilar to the
1400 Ma granite of the upper plate, implying a major
lithelogic mismatch of Precambrian 1ithologies in the
twe plates. This relationship 15  similar to
significant differences between upper and Jower
plates in the Sacaton Mountzins encountered during
drilling for porphyry copper mineralization between
Tucson and Phoenix. There the upper plate consists
of Precambrian (mostly 1400 Ma} and Laramide plutons
and the lower plate consists of schistose rocks.

Age of Wilderness Assembiage

CROSS-CUTTING RELATIONSHIPS. Where the
metaluminous and peratuminous Laramide plutons are
net in  contact, but are in close geographic
proximity, the peralumincus plutons generally yield
younger radiometric age dates. For exampie in the
Papago Indian Reservaticn, the metaluminous Cimarron
Mountains pluten has yielded an U-Pb zircon date of
68 Ma (Smith and Eaton, 1979), wherszas the
peraluminous Pan Tak and Gu Achi granites in the
Coyote and Quinlan Mountains about 30 km to the
southeast have yielded near concordant zircons of &8
Ma{Wright and Haxel, 1982).

Conversely, metaluminous plutons or dikes of the
younger Galiurc assemblages cross-cut Wilderness
Assemblage  plutons. For  example, the Santa
Catalina-Tortolita plutons {25 Ma) intrude
peraluminous pegmatites {45-50 Ma) of the Derrio
Canyon granite and leucogranite of the Wilderness
granite. In the Harquahala Mountains 28 to 25 Ma

microdiorite dike  swarms cross-cut _pera1uminous
plutons in the eastern Harquahala Mountains that are
probably Fecene in age (Keith and others, 1983).

FASTWARD YOUNGING. In common with egrlier
Laramide  metaluminous magmatism, peraluminous
granitoids of the Wilderness Assemblage are generally
clder 1in the west and younger in the east. In the
01d Woman Mountains of southeastern California,
Miller and Bradfish (1980) report a Rb-Sr iscchron of
approximately 80 Ma for the Sweetwater Wash pluton.
Peraluminous plutens in the Whipple Mountains have
also yielded U-Pb dates of 85-75 Ma (Anderson, pers.
comm., 1984). To the east, U-Pb data from the Pan
Tak pluton in the Coyote Mountains yield an age date
of about 58 Ma (Wright and Haxel, 1982). About 60 km
further to the east in the Santa Catalina Mountains,
the Wildarness granite is 44-50 Ma (Catanzaro and
Kulp, 1964; Shakel and others, 1977; Keith and
others, 1980}.

On a vregional scale, the peraluminous plutons
occupy the youngest part of the west to east magmatic
sweep on  the time-distance curve of Coney and
Reynotds (1977). The peraluminous plutans exhibit a
paired relationship with the metaluminous plutons of
the older Laramide. In any given time slice, the
peraluminous piutons occupied a diffuse plutonic belt
west of the older metaluminous magmatism and moved
eastward with  the metalumirous magmatism in a
cocrdinated, paired fashion (Keith and Reynolds,
1981). Because the peraluminous plutons and
associated southwest-directed thrust faults of the
Wiltderness Assemblage are part of the eastward
migration of Laramide magmatism, they should be
considered part of the Laramide orogeny. More
specifically, Wilderness Assemblage magmatism in  any
given area represents the culmination of Laramide
orogeny.

REDUCED  ISOTOPIC  AGES. Another distinctive
feature of the Wilderness Assemblage is regional
Tow-grade metamorphism or heating expressed by
reduced radiometric dates. In any given area
Wilderness Assemblage plutons have been emplaced into
older racks that commonly yield reduced K-Ar and
fission track ages that are about the same age as or
s1ightly younger  than  the emplacement of the
peraluminous granites. As with peraluminous plutons
of the Wilderness Assemblage and magmatism of
Laramide strato-tectonic assemblages in  general,
reduced ages assigned to Wilderness Assemblage become
younger eastward. For example, 1in the Transverse
Ranges of southeast Caltifernia, Milier and Morton
{(1982) have obtained numercus reduced K-Ar dates that
range from 85 to 72 Ma. To the east in the Big Maria
Mountains K-Ar cooling ages on Precambrian through
Mesozoic metasedimentary rocks range from 72-50 Ma
(Martin and others, 1982). In western Arizona
numercus reduced K-Ar ages c¢luster between 60-44 Ma
(Shafiquliah and others, 1980; and Hardy, 1984 in the
Harquahala and Harcuvar Mountains}. In all of the
above mentioned areas, regionally reduced age dates
by the K-Ar and fission track methods coincide with
emplacement ages of peraluminous plutens of the
Wilderness Assemblage.

Resources of the Wilderness Assemblage.

Wilderness Assemblage magmatism  contains
metallogeny  distinctly different from earlier




lLaramide metaliogeny, of which the porphyry copper
deposits associated with the Morenci  Assemblage
epizonal, porphyritic  plutons are  the most
well-known. Tungsten deposits and lead-zinc-siiver
deposits containing winor copper and gold occcur as
veins and replacements associated with  two-mica
granitoids or pegmatites of the Wildernass
Assemblage. The plutons asscciated with the
bese-metal rich deposits (Sweetwater Facies) are more
alkalic than the plutons associated with gold-
refated deposits {Gold Basin Facies}, though both
represent hypo-mesothermal to mescothermal emplacement
depths.

Small amounts of kyanite for refractory uses
have been iccally been produced from kyanite-rich
accumulations 1in and near the thrust zones adjacent
to the gold deposits in the Cargo Muchacho Mountains.
Many occurrences of kyanite have been found near
oxidized, peraluminous calcic pegmatites or plutens.

The more calcic rocks of the Wilderness
Assemblage (Gold Basin Facies) have great ecocnomic
potential and may contain more gold resources than
have been produced from any other Laramide or
Tertiary assemblage in  Arizona. The  recent
discoveries of Mesquite (Glamis) and Picacho in
southeastern Catifornia associated with two-mica~ and
garnet- bearing pegmatites and gold~quartz veins
emphasize the potential of the Wilderness Assemblage
for  future gold production. Resources recently
anngunced by Goldfields at Mesquite amount to at
Teast 63.5 million tons of gold ore at §.058 oz
Au/ton.

OROCOPIA ASSEMBLAGE

f{ame

The name Orocopia Assemblage was given by Keith
{1984) to Laramide recrystallization phenomena in
older schistose rocks that possibly were Jurassic
metagraywackes and that now occur in the lower plate
of the regional Chocolate Mountain thrust system of
southeastern California and southwestern Arizona.
Laramide recrystallization is indicated by numerous
reduced K-Ar aces that record termination of a
metamoyphic event that was possibly associated with
the final emplacement of the schistose rocks, such as
the Orocopia, Rand, and Pelona schists summarized by
Haxel and Dillon  {1978). The term Orocopia
Assemblage was chosen for recrystallization phenomena
in the Orocopia Schist beneath the Chocolate Mountain
thrust within the Orocopia Mountains 30 km east of
Indic in southeastern California. General
characteristics of vrocks and structures of  the
Grocopia  Assemblage are summarized in Table 20 and
examples are listed in Table 21 and are shown on
Figure 7.

Metamorphism of Orocopia Assemblage

There are no sedimentary, volcanic, or plutonic
rocks in the Orocopia Assemblage. Rather, Orocopia
Assemblage  'rocks' consist of metamorphism and
recrystallization phenomena in rocks that predate
Orocopia Assemblage tectonism. Orocopia Assemblage

metamorphism consists of greenschist-grade

metamorphism of metagraywackes that had previcusiy’

been metamorphosed to blueschist grade (Ehlig, 1968;
Graham and England, 1976}.

Teble 20. Cravacteristics of Orocopia Assemblage of the culminant
taramide orogeny

HETAMDRPH | S8 MAGMATISK STRUCTURES

greenschist metamorphism Rone
of mastly blueschist grade
Franciscan metagraywackes

of orig. mid-Jdurassic

to mid~Cretaceous age ?

very large, poss. SW-dir.,
very shallowly ME-dipping
regional thrust faults
{Chocoltate-Vincent
thrust system)
foliation fabric within schists
of lower plate has NE-SW
trending lineation
schistose rocks contain numerous
fold styles of uncertain
kinematics

Petrographic and chemical data (Keith, unpub.
data) is consistent with original deposition in a
basin or possibly a trench that was marginal to the
North American continent. The original
blueschist-grade metamorphism could have occurred in
an accretionary melange wedge developed above the
subduction zone  from Late Jurassic  through
mid-Cretaceous time. The greenschist metamorphism of
the Orocopia Assemblage would then be related to
emplacement via thrusting beneath the North American
plate.

The original metamorphism of the schists is no
older than 163 Ma, which is the date of s
ore-metamorphic pyroxene-hornblende diorite dike that
intrudes metagraywackes of the lower plate (Mukasa
and others, 1984) and may pre-date final emplacement
subsequent to B85 Ma. Numercus reduced K-Ar ages
between 47 to 60 Ma reflect cooling and termination
of metamorphism of the Orocopia Schist perhaps during
the last phases of emplacement. For example, the
Pelona Schist beneath the Vincent thrust in the San
Gabriel  Mountains was metamorphosed during the

Paleocene (Ehlig, 1968; 1984). The concentration of
K-Ar and Rb-5r isotopic ages from the Pelona Schist
and Vincent thrust in the interval between 50 to 60
Ma suggested to Haxel and Dillon (1978) that the
metamorphism occurred in Paleocene time.

Table 21, Examples of Orocopia Assemblage of the culminant
Laramide orogeny

SYMBOL EXAMPLES REFERENCES

SEDIMENTS pone

E M Chocolate Mountains Dillon, 1976
E GR Garnet Ridge Helmstaedt % Doig, 1978
E M Marcus Wash granite Haxel, 1977, 1978
g ] Orocopia Mins,
w 0s Orocopia Schist Haxel & Dillon, 197§
p Picacho, CA Haxel, 15877, 1978
Ps Pelona Schist Crowsll, 1981
R Randsburg Silver & others, 1984
Rs Rand Schist Graham & England,1976; Ernst,1871
G San Gabriel Mtns. Dibblee, 1982; Ehlig, 1981
56 San Gabriel Mtnas, Carter & Silver, 1972
T Trigo Mountains Haxel, 1984
[R5} Castle Dome Mountains Haxel, 1984

MAGMATISM none
CMt Chocolate Mts. thrust Haxel & Dilion, 1982
Rt Rand thrust Crowell, 1981
Vincent thrust Tosdal & Haxel, 1982

STRUCTURES
=
-+




Structural Features of the Orocopia Assemblage

STRUCTURES.  Structures herein assigned to the
Orocepia Assemblage consist of the vregional thrust
faults of the Chocolate-Vincent-Rand thrust system,
which is regionally present throughout southeastern
California and southwestern Arizona (Haxel and
Dillon, 1978; Crowell, 1981). Principal thrusis are
the Rand thrust in the Rand Mountains of northeastern
Kern County, the ¥incent thrust in the San Gabriel
Mountains of northern Los Angeles County, and the
Chocolate Mountain thrust in Riverside and Imperial
Counties of southeastern California and southern Yuma
County in southwestern Arizona.

These structures are vary Targe, very shallowly
northeast-dipping, possibly southwest-directed,
regional thrust faults. The foliation fabric within
schists of the lower plate below the  thrusts
generally have northeast-southwest trending
Tineation. Mineral assemblages in the Pelona Schist
are transitional between blueschist and greenschist
facies (Graham and England, 1976}. The upper plate
of the Orocopia-Vincent thrust system is commoniy
affected by thrust-related mylonitic fabric that cuts
retrograded granulites, amphibelite-grade paragreiss
and  orthogneiss of Precambrian through possibly
mid-Cretaceous age. The thrust-related mylonites in
the upper plate commonly contain a northeast-
southwest-trending Tineation paraliel toc lineation in
the lower plate schistose rocks. Tectonic transport
directions  for the upper plate mylonites yield
contradictory results. Based on Hansen sltip-line
analysis, Haxel and Dillon (1978) suggest that upper
plate was transported northeast vrelative to lower
plate in  the soputheast Chocclate  Mountains.
Southwest-directed transport is indicated along other
segments of the thrust, for example in the Orocopia
Mountains.

MAGNITUDE OF THRUSTING. Subhorizontal transport
along Orocopia Assemblage thrust fauits dwarf those
of all other Cretaceous and Cenozoic assembiages in
the region. Shortening for the Wilderness Assemblage
thrust faults discussed earlier was suggested to be
as much as or greater than 125 km, Lateral transport
along Orocopia Assemblage thrust faults probably was
at least 150 km and may have been as much as 725 km
or more.

The metagraywackes, minor metapelites, cherts,
and mafic metavoicanic rocks in the lower plates of
thrust faults of the Orocopia Assemblage have no
lithaicgic analogs anywhere in the upper plate. That
is, there are no correlatives in the North American
plate above the Orocopia Assemblage thrusts, such as
above the Vincent or Chocolate Mountain  thrust
faults, In southeastern California and scuthern
Arizona, an overlap of MNorth American upper plate
rocks over lower plate metagraywackes of the Orocopia
Schist and correlatives can be reascrably inferred to
be at Jeast 150 km projected parallel to a NSOE-S50W
Tine, which is the average trend of lineation in the
lower plate schistose rocks.

An overlap between upper plate (North American
plate) rocks and Tower plate schistose rocks can be
tenuously extended to at Teast 270 km based on
petrologic data from Wilderness Assemblage plutons
that may have been derived from metagraywacke
protoliths such as the Orocopia Schist. For example
in the White Tank Mountains, Brittingham {1985)
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reports  geochanical, trace element, and measured
strontium  isotopic data {B75r/86Sr=.7048) that is
consistent with a metayraywacke source for  the
Wilderness Assemblage peraluminous pluton in  the
northeastern White Tank Mountains. Similar data on
the Gunnery Range pluton of southwestern Arizona
obtained by Arnold (pers. comm.} 'suggests that the
Gunnery Range piuton may alsc be largely derived from
a metagraywacke protolith. The calcic, peraluminous
pluton in the White Tank Mountains represents the
farthest northeastern extent yet documented of
calcic, peralumincus wmagmatism, If the inference
that it was derived from & protolith of metagraywacke
is correct, then the White Tank Mountains are also
the farthest northeastern extent of  graywacke
protolith beneath the WNorth American plate. The
inferred presence of metagraywacke beneath the White
Tank Mountains would extend the amount of 1ithcleogic
overlap of metagraywacke beneath the North American
plate to a distance of at Teast 270 km along a
northeast-southwest line.

Perhaps the most provocative data  for
continent-scale underthrusting of Franciscan-like
materials beneath MNorth America was reported by
Helmstaedt and Doig (1975). They obtained samples of
blueschist eclegite from inclusions in the nepheline
alkalic diatremes of mid-Tertiary age at Garnet Ridge
and Moses Rock in the Four Corners Region of Arizona
and  Utah. The affinity between the eclogite
inclusions and the Franciscan-like rocks was affirmed
by lawsonite cores and jadeite cores within pyroxene
ant amphibole phenocrysts from the eclogite
inclusions. Helmstaedt and Doig (1975) state that
the only way to get a high-pressure, low-temperature
assemblage bereath a continental area such as the
Colorado Plateau Was to invoke massive
continent-scale underthrusting of  Franciscan-like
materials beneath HNorth America. If it is assumed
that the Franciscan-like eclogite inclusions are
indeed underthrust Franciscan, then the amount of
implied lithologic overlap would be at least 625 km.

The potential cverlap of upper and lower plates
can be extended to 725 km by ‘locating the farthest
west occurrence of metagraywackes in the Tower plate.
In 1968 Robert VYeats suggested that the Catalina
Schist, which occurred beneath ophiolitic  basic
metavolcanic vrocks and Jurassic metavolcanic rocks on
Catalina Island in  southern California might
correlate with the Orocopia Schist and iis
correlatives 1in the Transverse Ranges. If it is
assumed that Yeats (1968) correlation is correct and
that Helmstaedt and Doig (1975) are correct, then
possible overlap of Franciscan material beneath the
Morth Amevican plate could be 725 km from southwest
to northeast.

MISSING CRUST. One of the most remarkable
structural Tfeatures of the Orocopia  Assembiage
thrusting 1is that deep level schistose terranes or
metagraywacke packages have been commenly juxtaposed
against surficial assemblages of the North American
plate. Deeper North American crust, such as the
granulite layer which would be expected in a normal
crustal profile, is missing. For example, in the
southeastern Chocolate Mountains, the Castle Dome
Mountains, and the Kofa Mountains, the Chocolate
Mountain thrust places deep level Orocopia Schist in
direct contact for long distances with supercrustal
rocks of Slumullion, which is a seguence of Jurassic
redbeds, clastic sedimentary rocks and alkaline
volcanic rocks {Haxel, in press}. In ather places,




such as the sputheastern Chocolate Mountains, eastern
San babriel Mountains, southern and western Rand
Mountains of California, vocks of upper crustal
Tevels, such as Precambrian corthogneiss (1400 Ma?
granites), Jurassic?  arthogneiss, and Cretaceous
mesozonal {3-6 km?) plutons, arve in direct contact
w;ti deeper level, schistose terranes of the Tower
plate.

) Granulitic materials and deep Tevel ancrthosite
bodies of the lower crust locally occur in the upper
plate juxtaposed against deep level schists in the

lower ptate of the thrusts. For example, Mendenhall
gneiss of granulitic grade in the San Gabriel
Mountains and anorthosite-syenite complexes dated
about 1100 Ma occur locally in the upper plate of the
thrust 1in the San Gabriel and Orocopia Mountains.
Thus, there are places where the granulite Tower
crust is Jocally preserved in the upper plate, but
for the most part the granulite crust is missing in
the upper plate. In effect, the North American crust
throughout much of the western Mojave desert region
is a rootless, crystailine 'flake' that ds resting
allochthonously on probable schistose basement.

This interpretation 1is consistent with some of
the deep crustal COCORP seismic data recently shot
acress the western Mojave block {Frost and others,
this volume). These seismic sections show numerous
reflecting horizons at depth beneath the western
Mojave that could in part represent the schistose
hasement. Based on the seismic data, the base of the
present crust in the western Mojave region occurs no
deeper than 20 to 25 km, which is.about half of the
expected thickness for normal continental crust.
Thus, the crust has been thinned 100% and the
possibility exists that the lower 20 km of the crust
that had been present in middle Cretacecus time was
removed by decretion thrusting in the early Cenozoic
(Keith and tivaccavi, 1985).

Age of Orocopia Assemblage

Relative age relationships and geochronalogic
calibration along the various thrust faults suggest
thrusting occurred post-85 Ma and terminated about 60
Ma. In the San Gabriel Mountains hornblende-biotite
quartz diorite in the upper plate that is in contact
with the Vipcent thrust yields K-Ar dates on
nornblende of &7 Ma (Miller and Morton, 1983).
Petrographically similar plutons in the upper plate
jmmediately to the east have the same chemistry as
the calc-alkalic plutonism of 85 to 105 Ma in the
Transverse Ranges and in the Southern California
batholith. (One of the plutons in the San Gabriel
Mountains has yielded a U-Pb date on zircon of 80 +10
Ma (Carter and Silver, 1972}. These same plutons
also yield numerous K-Ar dates of 68 to 7% Ma {Miller
and Morton, 1980). Thus, available evidence in the
San Gabriel Mountains indicates emplacement of the
Vincent thrust after 85 Ma.

In the Randsburg area, S$ilver and others {1984)
report & U-Pb date of about 86.5 Ma on zircon from a
granite in the upper plate that is cut by the Rand
thrust zone. This date strongly suggests that thrust
emplacement of the schist beneath the Rand thrust is
younger than 85 Ma. In the Tehatchapi Mountains
north of the Garlock fault, granitoid rocks of the
southern Central California batholith that resemble
the 85-105 Ma, metaluminous, calc-atkalic plutons are
in fauit contact with the Pelaona Schist 1in the
northern Garlock fault =zone and therefore predate

thrusting. in  the southeastermmost Chocolate
Mountains, minimum ages for rock juxtapositions along
the Chocolate Mountaing thrust are Paleocene based on
¥-Ar data on the Marcus Wash Granite, which
cross-cuts the thrust {Haxel., 1977}.

In SUMAATY available radiometric  and
stratigraphic data for cross-cutting relationships
associated with the Rand-Vincent-Chocolate Mountain
thrust system of the Orocopia Assemblage suggests the
thrusting occurred between 85 and 60 Ma. The younger
age limit for the thrusting is also supporied by the
Paleccene-Eocene  cooling ages for thrust-related
metamorphism, In any given area, Orocopia assemblage
tectonism appears to post-date Wilderness assemblage
tectonism. In severa]l areas of southern California,
peraluminous alaskites of the Wilderness Assemblage
are truncated by the Chocolate-Vincent thrust system
of the Orocopia Assemblage.

Resources

There are no metaliic ore deposits discovered to
date associated with the metamorphism of the Orccopia
Assemblage. In the western San Gabriel Mountains
Enlig (1984) reports that many of the quartz veins in
the Pelona Schist beneath the Vincent thrust contain
anomatous gold concentrations.  However, none of
these gold-bearing veins has  yet been proven
commercial.

PLATE TECTONIC INTERPRETATIONS

The foregoing  sections have described a
seguential array of empirically defined strato-
tectonic assemblages. The orderly and seguential
overprinting of the various Laramide strato-tectonic
assemblages is a result of the plate tectonic process
and constitutes a detailed record of that process.
The superposition of the assemblages may be viewed as
the sequential record of magmatic, structurai,
sedimentclogic, and resource phenomena that are
coordinated to and vreflect the flattening of the
underriding Farallon plate beneath the North American
plate from 89 Ma to 43 Ma (Keith, 1982b).

Initial flattening in Arizona and adjacent
regions in the earily initial Laramide is recorded by
the Hillsboro Assemblage 1in the Basin and Range
Province of southern Arizona and Mew Mexico and by
the Laramie Assemblage on the Colorado Plateau.
These assemblages represent the eariiest evidence of
eastward migration after 89 Ma of the Laramide
oragenic front from the position of the Sevier
orogenic front in southeastern California and western
Arizona, Thus, 1initial flattening on the Colerado
Piateau was reflected by a dramatic straightening of
shorelines and an overall shoaling effect that
dramatically increased the volume and area of
centinental sedimentation and coal formation in the
Laramie Assemblage. Weak regicnal compression was
manifested on the Colorado Plateau by broad, open,
symmetrical folding that may have influenced coal
deposition.

In the Basin and Range Province of Arizona and
Mew Mexico, the dinitial flattening din the early
initial Laramide was marked by wedge uptifts and
accompanying  sedimentation in the Hillsbero
Assemblage. The vertical nature of the uplifts




suggests that shortening aroduced by the regional
compression  was  minimal. The dinitial eastward
migration of the metaluminous magmatic arc is also
mantfested by metaluminous, gquartz alkalic magmatism
and attendant copper-goid mineraiization. This
magmatism signals  the first esstward shift of

metaluminous magmatism from its former positien in
the eastern Peninsular Range batholith {105-89 Ma) of
the Sevier orogeny.

As flattening progressed during late initial
Laramide orogeny, increased shortening related fo
increased vregiocnat compression in a NE-SW direction
was recorded as the Denver Assemblage on the Cclorado
Plateau and the Tombstone Assemblage in the Basin and
Range Province. In contrast to the early initial
taramide assemblages {Hillsbore and Laramie
assemblages), structural development during late
initial Laramide orogeny displayed a distinct
northeast- t¢ east-directed vergence. Continued
flattening of the subducting slab was manifested by
less alkaline, atkali-calcic metaluminous magmatism
and associated lead-zinc-silver mineralization of the
Tombstone Assemblage in the Basin and Range Province
and the central Colorado Mineral Belt,

During medial Laramide orogeny, progressive
flattening of the subducting slab was represented by
eastward passage of the main volume of metaluminous
caic-atkalic magmatism and  associated copper-
molybdenum mineralization. In contrast to initial
and culminant Laramide stratc-tectonic assemblages,
the medial Laramide assemblages do not display
evidence of  compressive deformation. Rather,
extensive dilational phenomena expressed as regional,
northeast- to easi-northeast-striking dike swarms
were emplaced between west-northwest-striking zones
distributed left shear in the Basin and Range
Province. In the Basin and Range Province the arc
thermal axis is  represented by the Morenct
Assemblage.

Extreme flattening during the culminant Laramide
orogeny 1s represented by extremes of sedimentation,
compressive deformation, and volumes of magmatism.
Although extreme structural phenomena are recorded
throughout the western United States, Arizona
contains evidence of magmatic phencmena only in the
southwestern half of the state and of sedimentation
phenomena only in  the northeastern half.

In northeastern Arizona, locally coarse clastic
sediments of the Echo Park Assemblage were deposited
in a zone of en echelon, northwest-trending, narrow
synclinal basins that approximately coincide with the
present day Rio Grande Rift. The Echo Park-type
basins probably formed as en echelon, transpressional
basins within & regional zone of north-south
distributed right shear that affected the eastern
part of the Laramide orogen in middle Eocene time.
Kinematic anatysis of the Echo Park type basins by
Chapin and Cather (1981) and Chapin {1983) suggest
that during the middle Epcene, the Coleorade Plateau
was driven north-northeastward and was tectonically
coupled to the Fflatly subducting, underriding
Farallon plate. The north-northeastward translation
of the Colorado Plateau block was accompanied by
regional right shear along its eastern margin and by
south-southwest-directed thrusting (such as  Wind
River and Uinta thrust uplifts) alteng the northern
margin of the greater Colorado Plateau (Gries, 1983).
The south-southwest-directed thrusting and
accompanying sedimentation in Green River-type basins
is part of the Green River Assemblage.
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Farther to the southwest, locally coarse clastic
sedimentation of the Rim Assemblage was deposited on
a northeast-dipping palecsiope called the Hogolion
slope. The HMogolion slope may have drafned a
highland over the Basin and Range Province that
existed above and Just northeast of the outcrop edge
of @ regional thrust system called the Maricopa
thrust system. The Cclorade Plateau may have been
thrust as much as 200 km southwestward along the
Maricopa thrust system during culminant Laramide
orogeny. Downdip aleng the Maricopa thrust system,
numerous  peraluminous plutons of the Wilderness
Assemblage were synkinematically emplaced into south-
to southwest-directed shear zones.

At deeper crust Tevels now exposed in
southwestern Arizona, peraluminous calcic magmatism
and associated, lecally significant, gold
mineralization were emplaced jusi above an even more
extensive, southwest-directed thrust system called
the Chocolate-VYincent-Rand thrust system. At least
700 km of southwest-directed transport could have
taken place along the Chocolate-Vincent-Rand thrust
system. Such large amounts of transport ultimately
may have placed Franciscan-like eclogites beneath the
Colorado Plateau in the Four Corners region. During
the southwest-directed thrusting along the Chocolate-
Yincent-Rand thrust system, major slices of lower
crust may have been detached and aterally
transferred eastward beneath the Colorado Plateau
region and beyond intc the Great Plains region.
Thrusting aleng the Chocolate-Vincent-Rand thrust
system thus represents the most extreme expressicn of
lL.aramide tectonic processes in Arizona and adjacent
regions and may ultimately vrefiect the process of
Cordilleran decretion during the flattest stages of
subduction (Keith and Livaccari, 1985).

During the final and Towest angle stages of
flattening subduction, isostatic response to plate
thickening during the southwest-directed thrusting
may have produced widespread uplift in the Tlate
Eccene, refrigeration of Tow-vetentivity radiometric
systems, and the development of regional ercsional
surfaces over the entire western United States.

CONCLUSION

The tectenic events outlined above may be viewed
as facies related to the arc thermal axis. The
medial Laramide assemblages such as the Morenci
Assemblage with its  metaluminous calc-alkalic
magmatism represent the magmatic arc that E@cks
eyidence of strong  compressional tectonism.
Northeast-directed thrust tectonics of the initial
Laramide orogeny were manifested east of the arc
thermal axis, whereas southwest-directed  thrust
tectonics with extreme amounts of shortening are
recorded west of the arc thermal axis in  the
assemblages of the culminant taramide ovogeny.
Eastward migration of the metaluminous arc thermal
axis was a geometric consequence of flattening of the
subducting  Farallon plate and resulted fin the
complex, but orderly and sequential, overprinting of
strato-tectonic assemblages described above.

This paper has demonstrated that strato-tectonic
analysis 1is a powerful tool with which to unravel
Cordilleran orogenic phenomena. In particular, the
Laramide orogeny, a subject of considerable
controversy in previous literature, can be understood
as an orderly progression of tectonic events that are
not an inference of flat subduction, but  that
establish flat subduction as fact.
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