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STRUCTURAL EVOLUTION OF THE BIG MARIA HOUNTAINS,
NORTHEASTERN RIVERSIDE COUNTY, SOUTHEASTERN CALIFORNIA

Harren Hamilton
United States Geological Survey
Denver, Colorado 80225

ABSTRACT

INTROOJJCT ION

The
Big
Haria Mountains
consist
mostly
of
crystalline rocks of
the upper part of a "core
complex."
Middle Proterozoic gneiss and granite, and
unconformably overlying cratonic lm"er \lesozoic and
Paleozoic strata (Triassic[?] and Lm"er Jurassic Aztec
0uartzite through Cambrian Tapeats Quartzite,
the
metamorphosed equivalents of a stratigraphic section
generally like that of the western Grartd C,anyon) were
overlain by Hiddle Jurassic ignimbrites. All of these
rocks were intruded by }liddle Jurassic granodiorite
and adamellite irt domed plutons. The stratified rocks
are preserved mostly in a large syncline between t",o
major plutons, and in the sidewall--the depressed
floor--of one of them. During Cretaceous time, all of
these
rocks,
including
the
granites,
were
me tamorphosed at greenschis t and epidote-amphibolite
facies, and ",ere transpose,"\ pervasively into cascades
of
recumbent
and gently-dipping isoclinal
folds.
Formations
are
internally
isoclinal
even
where
external contacts are continuous and unfolded.
The
complete Paleozoic sequence, which had a stratigraphic
thickness of about 1000 m, was attenuated by the
combined effects of Jurassic and Cretaceous shearing
and transposition to as little as 10 m, yet the
individual formations in general maintained coherence
and stratigraphic order.
Lithologies and outcrop
appearances were replicated throughout transposition;
layering reflects stratal contrasts, but does not
represent bedding.
Isoclinal folding records shearing
and transposition, not compression, and refolded folds
formed by continuing deformation, and not as a result
of distinct episodes of deformation.
Cretaceous
deformation was due to top-to-the-northeast laminar
flow tvith varying velocity gradients.
A swarm of
muscovite pegmatites of T~te Cretaceous K-Ar age
pos tda tes the major me tamorphism and deforma tion, but
predates some shearing structurally high in the range.

General Statement

Late
Oligocene
and
early
Hiocene
crustal
extension produced detachment faulting.
Upper-crust
crystalline rocks, and overlying Tertiary breccias,
fluvial and lacustrine strata, and volcanic rocks,
were rotated do",n upon the gently undulating faults
marking the tops of the Big Haria and Riverside
Hountains
masses
of
middle-crustal
rocks.
The
detachment
fault
represents
the boundary between
upper-crustal
brittle
fault
blocks,
collapsing
gravitationally,
and
middle-crust
lenses,
sliding
apart by discontinuous ductile extension. The tops of
the lenses are known as "core complexes".
Normal and
strike-slip faults broke the terrain after previously
middle-crust rocks had in tum risen to upper crustal
levels.
The
region has undergone little local
deformation since at least the beginning of deposition
of the Pliocene and uppermos t Miocene marine 110use
Formation.

The Big \laria Mountains, ,,,hich lie along the Hest
side of the Colorado River north of Blythe, California
(fig. 1), provide a spectacular display of geologic
structure. This region was part of the North American
craton from C,ambrian through Early Jurassic time, but
thereafter
underwent
extreme
deformation
during
successive
Cordilleran
events.
The
Proterozoic
basement and overlying cratonic Phanerozoic strata
Here
intruded
by
batholithic
plutons,
and
appropriately
deformed
and
metamorphosed,
during
Hiddle Jurass ic time.
During Cretaceous time, the
entire assemblage,
including
the batholiths,
was
subjected
to
regional
metamorphism
and
severe
transposition
into
northeast-verging
recumbent
structures.
Late
Cretaceous,
post-transposition
magmatism is recorded primarily in a great s",arm of
pegmatites.
Host of the rocks now exposed in the
range Here at middle crustal levels when crustal
extension began in middle Tertiary time, and form a
"core complex".
(This Hidely used term has the
erroneous
connotation
that
some
quite
local
metamorphic event ",as
responsihle
for each such
structure; I regard the structures in question as the
upper parts of the great lenses, by the sliding apart
of ",hich Tertiary extension ",as accommodated in the
middle crust.)
Structurally overlying upper-crustal
rocks were rotated down against the lens on listric
normal faults.
The region has been broadly stable
since middle Hiocene time.
The results of these events are exposed starkly
in this low but rugged range. Altitudes range from 90
m above sea level at the Colorado River floodplain to
about 1000 m on the higher crests.
TIle thin,
distinctive formations of the Paleozoic and 10Her
Mesozoic have generally maintained continuity despite
their severe deformation.
Desert ",eathering has left
them brightly colored and easily traced. The geometry
of complex deformation can be studied here as in few
other parts of the world, and conclusions forced by
such
study
contradict
widespread
assumptions
of
structural geology.
Figure 2 is a highly generalized
outline geologic map.
Present \\fork
I mapped the Big furia Mountains originally--the
east half at 1:24,000 scale, the west at 1:41\,000-during spring field seasons in 1958, 1962, 1964, and
1966.
Only to",ard the end of that early Hork was I
confident that I understood adequately the style of
deformation of the metasedimentary rocks; and other
assignments
precluded
completing
the
Hork
then.
During 1971\, 1979, 1980, and 191\1, the metamorphosed
stratified rocks were wholly remapped, and the rest of
the mapping brought up to 1: 24, 000 scale.
At this
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Figure 2 (facing page and below), Generalized
geologic map of the Big Maria Mountains and the
south edge of the Riverside Mountains
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Figure 1. Index map of part of southeastern
California and southwestern Arizona, showing
location of Big Maria Mountains and neighboring
ranges
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Figure 3. Proterozoic potassic granite, consisting
mostly of K-feldspar megacrysts. Only locally has
this fabric survived metamorphism. Wash boulder,
south-central part of range; scale is 17 em long.

Figure 4. North along axes of isoclines refolded by isoclines refolded by eastward-overturned folds, in Kaibab or
Toroweap white calcite marble and dark-weathering metachert. Inverted section, northeast limb of major
syncline, southeastern Big Maria Mountains. The outer contacts of the formation are plane-parallel, despite
this internal deformation.
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writing, the major task remaining is the completion of
separation of formations '<lithin the Mir!r!le Jurassic to
Triassic
part
of
the
section.
My
previous
publications on the area have consister! only of notes,
abstracts, brief references in other reports, and one
quarlrangle
map
(Hamilton,
1%4;
the
mapping of
ber!rock, but not of surficial geology, on that map is
now obsolete).

ferromagnesian silicates survive; secondary mlscovite,
and,
sporadically,
minor
secondary
biotite,
are
present. Even in the southeast, recrystallization and
crushing have obliterated much of the primary fabric,
and flaser gneiss is developed in places.
North of
about latitude 33 0 46.5' N., the granite is everywhere
severely crushed, and is now a leucocratic gneiss
packed with long, thin augen of potassic feldspar.
No
pegmatites, or granitic masses of other textural
types, are knmVTI to be associated with this granite.

I have mapped also the Riverside Hountains, the
range close to the north of the Big Haria Mountains;
bu t there, depict ion of the me tamorphosed Paleozoic
and lower Hesozoic strata near the Colorado River
still needs to be upgraded.

L.
T.
Silver
(oral
commun.,
1981) analyzed
zircons from two specimens of granite from the eas t
edge of the southeast part of the range for uranium
anr! lear! isotopes, anr! determined the age of primary
crystallization to he ahm.t 1400 million years.

Hork by Others

This granite is restricted to lower plate ("core
complex") position in the Big Maria Mountains:
it is
exposed only structurally beneath Tertiary detachment
faults.
In the Riversirle Mountains nearhy to the
north,
hm<lever,
similar granite occurs above the
detachment
fault,
intrusive
into
upper
plate
Proterozoic gneisses.

Miller
(1944)
recognized
that
Paleozoic
metaser!imentary rocks are present in the Big Maria
Mountains.
Daniel Krummen",cher of San Diego State
University has
used
the area for stur!ent
field
exercises in recent years, and several master's and
bachelor's theses, among them those by F:llis (l9IH) ,
Lafferty (19111), and Martin et a1. (I9IJ!), have been
done in the range under hissupervision.
Carr anr!
Dickey (19110) made a reconnaissance geologic map of
part of the Riversir!e Mountains.

Gneisses

Lower Plate ("Core Complex") Gneisses
Mineral Resources
Precambrian rocks of the north-central part of
the Big Maria Mountains, structurally beneath the
Tertiary detachment fault, consist mostly of dark,
hiotitic and hornblenr!ic gneisses, 'videly migmatized
by Jurassic granodiorite and Cretaceous(?) pegmatite,
and much recrystallized, crushed, and transposed.

The only commercial use, and that marginal, of
the range has been for the gathering of weathered
blocks of wollastonite-bearing Supai Formation for use
as "Driftwood" decorative facing stone.
Tractor
tracks up dark-brown Supai talus slopes mark the sites
of stone gathering.
Hollastonite is widespread in
marbles, particularly in the northwest part of the
range, but prospecting has not revealed commercial
deposits.
Anhydrite schist, hydrated surficially to
gypsum, occurs in Permian marble in the Ear northwest,
and has been driller! and prospecter! there, again
without recognition of commercial quantities.
Calcite
and dolomite marbles are widespread and may he
utilizer!.
F:xtensive
prospecting
of
a
massive
replacement mass of magnetite in marble in the central
part of the range prover! no economic potential.
Small, commercially negligible veins of manganese have
been formed by surficial processes in various parts of
the range. Trifling shows of copper are common.

Upper Plate. Gneisses
Precambrian rocks structurally above the Tertiary
detachment
fault
are
exposed
in
the
Big Maria
Mountains only in the far northeast and at the north
edge of the central part of the range.
Aplitic
granites
anr!
biotitic
and
hornblendic
gneisses,
schists, and amphibolites are widespread. These rocks
are quite different in aspect from those beneath the
detachment.
They are pervasively and finely altered,
and are wir!ely brecciated so that cavernous weathering
is common.
They tend to be varicolored, in contrast
to the somber colors of gneissic rocks beneath the
detachment.
Because
of
the
alteration
anr!
brecciation, foliation is often difficult to see, anr!
tends to be highly variable in attitude.
Hithin the
Big Maria Mountains, these rocks, in contrast to those
now structurally beneath them, are nowhere intrur!ed by
either Cretaceous or Jurassic granitic rocks; the
detachment fault likely records many kilometers· of
horizontal transport.

Jeep trails were bullr!ozed far into the mountains
during the course of stone gathering and prospecting
activities, but all such roads have been washed out,
and in few places is it presently possible to drive
appreciably beyond the foot of the mountains.
PRECAMBRIAN BASEMENT ROCKS

PALEOZOIC METASEDIMENTARY ROCKS

The cratonic section of Paleozoic strata was
deposited above a profound unconformity on a basement
terrain of potassic granite and varied gneisses.

General Statement
Although southeastern California is within the
region of extreme Hesozoic plutonism and deformation,
it was part of the stable craton of North America
during Paleozoic and early Mesozoic time.
The
Paleozoic section, which before metamorphism resembled
that
of
the western Grand
Canyon,
was present
throughout the region.
The most extensive present
exposures of these Paleozoic rocks are in the Rig
Haria Hountains, although the section is preserved in
many other ranges also.
Regional variations and
correlations are discussed by Stone, Howard, and
Hamilton (in press).
In the following account, the
stratigraphic names used are primarily those of the

Potassic Granite
The only Precambrian rock type exposed in all but
north-central and northeastern parts of the Big
~aria
Mountains was, before Mesozoic shearing and
metamorphism,
leucocratic
potassic
granite
of
extremely coarse grain size.
The least-altered rock
in the southeastern part of the range, where Mesozoic
metamorphism was least intense, contains about 60
percent of perthitic microcline, mostly in rectangular
crystals about 2x4 cm in size (fig. 1).
'1uartz has
he en
recrystallized
to
sutured mosaics,
anr!
the
feldspar variably crusher! and altered.
No primary
the
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Figure 5. View northeast at metamorphosed Paleozoic strata of southwest limb of major syncline west-central
Big Ma:ia ~ountains. Kaibab and Toroweap Marbles form gray peak left of center distance, with Coconino
Quartz~te :n slope ~eneath. The main, dark crest is of Supai Formation, above a thin band of white Redwall
Mar~le; th~ck.Devon~an ~nd Cambrian me~adolomite :orms the lower cliffs. The ridges and slopes beneath are of
var~ous Cambr~an forma~~ons, Protero~o~c metagran~te, and Jurassic metagranodiorite.
Most rocks seen here dip
g~ntly n~rtheastward, ~n ~verall upr~ght order; but the simplicity is illusory, for the rocks are crossfolded
t~ghtly ~n northeast-verg~ng folds (figs. 8-11).
Peak 2575 is at far left, and 2551 at far right.
the next range north of the Big Marias, contain the
same, complete Paleozoic section; the assumption by
Carr and Dickey [lqSO] that only the Permian was
present there, and that in formations of stratigraphic
complexity and structural simplicity, reflected their
unawareness of both the Paleozoic stratigraphy and the
structural style.) Present maximum thicknesses of the
formations approximate those of the unmetamorphosed
section;
but
the
metasedimentary
sections
are
internally isoclinal, and these apparent thicknesses
are due to the lapping back and forth of attenuated
partial sections (compare figs. 5, 8, and 9). Minimum
thicknesses, both of individual formations and of the
complete Paleozoic section, are on the order of I
percent of initial stratigraphic thicknesses, and
record extreme Mesozoic tectonic attenuation.

Grand Canyon (cf. HcKee,
1 q6q),
rather than the
different names ~ed for some of the same formations
in the northeastern Hojave Desert and southern Arizona
regions, because of the wide recognition of the Grand
Canyon nomenclature.
The lithologic names applied
with the formation names here are those appropriate
for
the metamorphic condition of
the rocks--as,
Redwall Marble, not Redwall Limestone.
The nearest exposed section of fossiliferous,
unmetamorphosed Paleozoic strata is
that of
the
southeastern Plomosa Hountains, 45 lan to the east
(Miller,
1970;
Miller
and
HcKee,
1971).
The
unmetamorphosed
strata,
together with Precambrian
basement rocks and Cretaceous or Paleogene clastic
strata, are rotated down on a series of gently-dipping
middle Tertiary detachment faults ("thrust faults" of
Miller and HcKee) upon Paleozoic metasedimentary
rocks,
Precambrian
plutonic
rocks,
and
undated
(Jurassic?) metamorphosed dacite or rhyodacite.
The
complete, unmetamorphosed Paleozoic section is about
1000 m thick, and its stratigraphy is the same as that
of the protoliths of the metamorphosed Big }~ria
section.

I have examined virtually the same sequence of
metamorphosed cratonic Paleozoic strata in the Palen
Pass area (between the Granite and Palen Mountains);
in the Little Maria, Rig Haria, Riverside, Plomosa,
and Buckskin Mountains; and in the Harquahala and
Little Harquahala Mountains east of the Buckskins.
The section of distinctive formations is regionally
consistent.
Thickness variations, due to Hesozoic
deformation, are extreme, and in many places abrupt:
in deciphering stratigraphy and structure, sequence,
not thickness, is the critical factor.

The Paleozoic metasedimentary rocks of the Big
Maria Hountains have been extremely transposed and
folded isoclinally; but the stratigraphic section
generally retained continuity during deformation, and
the
section
as
identified
here
is
regionally
consistent in other ranges.
(The Riverside Mountains,

Regional
paleogeographic
maps
prepared
by
geologists unfamiliar with the region have often shown
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two colors are interlaminated.
laminae and foliation
in many pl;lces ;lre cO'ltorted by conspicuous isoc linal
and asymme tric folds.
Present thickness of
the
formation varies
from 0.3
to 150 m.
Granular
weathering
gives
the
unit
a
tendency
to
low
outcrops.
The Grand Canyon name of Muav is used
here.
The forma tion is equivalent to part of the
Bonanza King Limestone of the northeast Mojave Desert,
and to part of the Abrigo Formation of southern
Arizona.

it as part either of a positive element, without
Paleozoic strata, or as part of the Cordilleran
miogeocline
(the continental-shelf wedge)
and as
deformed by the "overthrust belt" of imbricate thrust
sheets of Cretaceous and early Tertiary age.
These
assumptions are
false.
The hinge line between
cratonic and shelf strata trends southwestward, well
to the northwest of here (Stone, Howard, and Hamilton,
in press).
Extreme deformation of Cretaceous age is
indeed recorded here, as described in this report, but
it is of a style wholly different from that of the
foreland thrust belt.
The Paleozoic section recor.ds
Cambrian marine
transgression over deeply eroded
Precambrian rocks, followed by alternating deposition
and erosion through Mississippian time.
The TJpper
Pennsylvanian(?) and Lower Permian clastic strata
record sedimentation from distant highlands produced
by the Hichita-Uncompahgre-Oquirrh event of obliquecompressional
deformation
of
continental
crust
associated with the collision of Africa and South
America
\~ith
North
AmerIca.
Marine
carbonates
follovled in the hIgh Lower Permian, whereas the lower
Mesozoic section is largely or wholly nonmarIne.

Cambrian and Devonian Dolomite Marble
Uniform massive, fine-grained dolomite marble,
white on fresh surfaces but buff, yellowish buff, or
pinkish brown on weathered ones, overlies the Muav.
Thin intercalations of white calcite marble occur
sporadically but are helieved to he mostly tectonic
masses
of
overlying Redwall
Marble
rather
than
stratigraphic intercalations. A zone, no more than 10
m thick, at the base of the formation consists of
green and brown calc-silicate r.ocks, hut calc-silicate
minerals, and metachert, are otherwise inconspicuous
in the formation.
Foliation and internal structure
are seldom visible in the dolomite at outcrop scale,
although isoclinal folds can be seen from a distance
in many places (fig. 9).
The unit has a present
thickness of 0.8 to 200 m.
The dolomite typically
forms cliffs.

The unIts
of
the lUg Marla Mountains are
described here in order from oldest to youngest.
Thicknesses given are those between the outer contacts
of
the
formations
where
they
are
in
proper
stratigraphic sequence, without regard to Internal
duplications or elIsions.

The metadolomite is of very uniform aspect, but
the unmetamorphosed equivalent dolomite in the Plomosa
Mountains section displays conspicuous stratigraphic
variations.
The Plomosa section has yielded no
fossils, but occupies the str;ltigraphic interval in
which only Upper Cambrian and Upper Devonian strata
are
to
be
expected,
in
a
regional
context.
Distribution of strata of those ages is complicated by
widespread erosion both before and after deposition of
Devonian rocks.
Upper Cambrian dolomite thickens
wes tward in the wes tern (;rand Canyon (McKee, 1969),
and becomes increasingly prominent westward in southcentral Arizona also (Hayes,
1975) , so likely is
present in the Plomosa-~Iaria rep,Ion.
The TJpper
Devonian of the western Grand C~nyon and the regIon to
the south of it consists mostly of dolomite (Beus,
1969; McKee, 1969) and presumably is present in the
Maria section.
The stratigraphic name Temple Rutte
(Grand C~nyon) \~ould be appropriate for the Devonian
part of the section; its equIvalent in central Arizona
is the Hartin Formation.
The C~mhrian part of the
dolomite is unnamed in the (;rand Canyon, and is within
the upper part of the Abrigo Formation in southcentral Arizona.

Cambrian Tapeats Quartzite
The basal Paleozoic formation consists of impure
quartzite of widely variable grain size, mostly gray
in color where fresh but weatherIng to buff and
reddish hues.
Muscovi te-rich me ta-arkose is locally
prominent low in the formation.
Intercalations of
schist of Bright Angel type high in the sectIon are
certainly in part tectonic, but likely in part are
stratigraphic also.
Crossbedding is preserved locally
in the southeastern part of the range, but commonly
transposition has left only layer-parallel foliation
and isoclinal folds, the latter usually difficult to
see. Present thickness of the Tapeats varies from 0.5
to 30 m.
The unit locally forms cliffs, but more
commonly weathers to slopes with 10'" outcrops.
The
Grand Canyon formation name Tapeats is used here; the
equiva lent sou thern Arizona name is Rolsa Quartzi te
(~. Hayes, 1975).
Cambrian Bright Angel Schist
Dark metashale, metasiltstone, and metasandstone
succeed the Tapeats Quartzite.
The unit consists
mostly of dark.. green mica-chlorite schist in the
southeastern part of the range, and of brilliantly
specular
dark,
coarse-grained
biotite
schist
elsewhere.
Fine-grained
quartzite,
in
layers
typically
a
few
centimeters
thick,
is
widely
intercalated with schist.
Isoclinal and asymmetric
folds are ubiquitous except in the most-attenuated
sections.
Present thickness of the formation varies
from 0.5 to 130 m.
The unit tends to weather to
recessive slopes, littered with chips and slabs of
schist.
The Grand Canyon name Bright Angel is used
here; the schis t is equivalent to the lower part of
the Abrigo Formation of southern Arizona usage (Hayes,
1975) •
Cambrian

Hississippian RedHall Marble
Coarse-grained,
massive,
pure-calcite
marhle
overlies the metadolomi teo
The marble commonly is
gleaming white in outcrop as well as on freshly broken
surfaces, and typically forms a distinctive white hand
on cliffs between the yellow-weathering metadolomite
and the dark-brown Supai Formation (fig. 5).
The
minor metachert within the Redwall is represented by
brown-weathering quartzite in the southeastern part of
the Big Maria Mountains, and by wollastonite in much
of the res t of the range.
The Redwall commonly has
undergone more severe tectonic attenuation than has
any other formation in the range; present thickness
varies from 0.2 m (fig. 20)--at which thickness the
marble is continuous for hundreds of meters-.,.to about
50 m.
(Stratigraphic
thickness in the Plomosa
Hountains is about 100 m.)
Foliation commonly is
inconspicuous, and internal structure is generally
seen only where metachert is present; there, wildly

~~av ~urble

Pure, coarse-grained, foliated calcite marble
comprises the next formation.
Heathered surfaces are
characteristically gray and yellow gray, and often the
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disrupted and isoclinal structures are typical.
The
(irand Canyon name, Redwall, is used here for this
marble; the equivalent unit in southern Arizona is
Escabrosa T~mestone.
Permian and Pennsylvanian(?) Supai Formation
Impure
quartzite,
subordinate
calcite
and
dolomite marble, and varied calc-silicate rocks form
the Supai Formation, metamorphosed from a variably
calcareous and dolomitic redbeds.
The metamorphic
rocks are mostly white, light gray, or greenish gray
on fresh surfaces, but weather with a darkly varnished
surface;
the
formation
stands
as
dark
brown,
forbidding cliffs, rudely layered by compositional
variations
(fig.
5).
Calcite marble,
or pinkweathering wollastonite in higher-grade rocks, forms a
conspicuous
7,one
generally
present high
in
the
formation.
Low-grade Supai, in the southeast part of
the range, commonly Is covered by a solidly cemented
surficial breccia of angular blocks up to 3 m in
diameter; such breccia can also cover topographically
lower rocks.
Present thickness of the metamorphosed
Supai varies from 2 m (fig. 13) to 200 m (fig. 5).
Isoclinal folds and boudinage can be found in most
places where outcrop-scale layering is apparent.
'l'he
Grand Canyon name Supai is used for this formation
throughout the region (Rlakey, 1979).
Permian Hermit Schist
The Hermit Shale of unmetamorphosed sections is
represented
here
by
fine-grained,
pale-green,
quartzitic calc-silicate schist, quite different in
aspect from the schis ts of both the Cambrian and the
lower Hesozoic.
l-lollastonite is common in the Hermit
in the northwest part of the range.
The schist
weathers readily to small chips, crops out poorly, and
commonly
is
largely
hidden
beneath
talus
from
topographically higher units.
Present
thickness
ranges from 0.7 to 50 m.
Permian Coconino Quartzite
Fine-grained
vitreous
quartzite
is
the
metamorphosed
equivalent
of
the
eolian
Coconino
Sandstone.
The quartzite is white on freshly hroken
surfaces but
commonly buff where weathered,
and
disintegrates to chips and small, equidimensional
angular fragments.
Isoclinal folds are conspicuous
locally on large, smooth outcrops, but commonly are
obscured by the blocky fracturing, and by the subtle
character of layer-related variations
in fabric;
crossbedding is nowhere preserved.
The quartzite
forms cliffs in many areas, but more commonly is a
recessive unit, forming low outcrops on slopes largely
hidden by talus from overlying units.
The Coconino
has a present thickness between 1 m (fig. 13) and 80 m
(fig. 5).

Figure 6. Disrupted metachert in Kaibab or Toroweap
calcite marble, axial zone of main syncline, central
part of range. 6 (top): Chert lenses are planeparallel on right, but disrupted on transposition
folds elsewhere. B: Looking down fold axes of
disrupted lenses, many of which are internally
isoclinal. Coin is 2.4 em in diameter.

Permian Kaibab and Toroweap Marbles
The uppermost unit assigned to the Paleozoic in
the
llig Maria
region consists of calcitic,
and
subordinate dolomitic, marbles, variably cherty, which
include the equivalents of the Toroweap and Kaibab
Limestones (or Formations) of the western Grand Canyon
region.
(The confusing uni t and member names applied
to local subdivisions of these formations, and the
evolution of the designation from Kaibab alone to a
lower formation termed TorO\~eap and an upper termed
Kaibab, are discussed by llissell [1969].) Huch of the
marble contains metachert, and the middle third of the
unit contains almost as much rnetachert as carbonate;
wollastonite is abundant in all but the southeast part

Figure 7. Irregularly refolded folds weathering out
in metachert layers in Kaibab or Toroweap dolomite
marb.e Central part of range; 17 em scale.

7

Figure 8. Northwest over west-central part of range. Pk, Kaibab +
Toroweap; -Pc, Coconino + Hermit; Ps, Supai; MrGm, Redwall + dolomite +
Muav; lower slopes, various units. Beyond Mesozoic schist (Mz) is
attenuated inverted Paleozoic (pz; figs. 12, 13) and mostly Jurassic
metagranodiorite. Note NE-verging fold on Peak 2575 (left; cf. fig.
5); right-slip fault; small steep fault (arrow).
--

Figure 9. West at Peak 2551 (left; cf. fig. 5). Stratigraphic top
(right and bottom) and base (left
center) of dark Supai Formation
marked by dashes. Axial planes of major isoclines in metadJlomite
indicated by arrows. The structure is regarded as verging to the
north (right).

Figure 10, Northwest along axis of major syncline in central part of
range. Stratigraphic top of light Kaibab Marble marked with long
dashes, and top of dark Supai Formation with short dashes, to show
recumbent crossfolds. View of figure 9 overlaps from left.

Figure 11. Sheared-apart isoclines in varicolored calcitic and
dolomitic marbles striped by dark metachert, Kaibab or Toroweap
Marble, looking west, east-central Big Maria Mountains.

or

00

Figure 12. View east along inverted, attenuated Paleozoic section
(between lines), NE limb of major syncline, central port of range.
All formations are present and continuous throughout this view.
Supai is dark bond in center of section. Mesozoic schist on lower
right; Proterozoic metagranite, Jurassic metagranodiorite, and
amphibolite on upper left. Figures 13 and 15 near foreground area.

Figure 13. Inverted section. Mz, Mesozoic schist; Pk, Kaibab + Toroweap; Pc Coconino; Ph, Hermit; Ps, Supai; Mr, Redwall; DGd. metodolomite 8m, Muav; fbt. Bright Angel + Tapeats; Pg, Proterozoic
metagran teo Total thickness of Paleozoic. 15 m.

<D

Figure 14. Aerial views WNW (A, left) and NW (B) in northwestern Big Mario Mountains. Complete. inverted Paleozoic section is intertongued
tectonically. by transposition of initially crosscutting contact. with Jurassic metagranodiorite (Jgd; contacts marked). Lenses transposed to
north (oblique right). Pk, Kaibab + Toroweap; Pch, Coconino + Hermit; Ps, Supai; MG, Redwall to Muav. Between unit MG and Proterozoic metagranite
of Peak 2516 are complexities not indicated here. Right-slip fa\Jlt intervenes between far upper left and rest of view.

of the range.
The marhles are varicolored:
white,
gray, buff, yellow, pink, and hrown, all commonly
striped hy dark-Heathering metachert.
Spectacnlar
isoclinal,
recnmhent,
and
disrupted
structures
characterize
the unit,
on all scales from hand
specimen to monntainside (figs. 4, 0, 7, 10, 11). The
unit varies from 2 m (fig. 11) to 300 m in present
thickness.
Anhydrite schist is a minor component of the unit
in the far northwest, near the west edge of the map
area.
Similar schist is abundant in the Riverside
Hountains and Little H;iria Hountains sections, an,l in
the latter range "as extensively mined for plaster
where
surface-hydrated
to
gypsum.
The
thick
anhydritic section in the eastern Riverside Hountains
weathers
to
landforms
resemhling
swelling-clay
hadlands as the near-surface schist is hydrClted and
expanded.
LOHER 11ESOZO IC
HETASEDIHENTARY AND HETAVOLCANIC ROCKS
Netamorphosed lower Hesozoic stratified rocks
follow with general structural (hut not necessarily
stratigraphic) concordance upon the Paleozoic units of
the
Big
Haria
Hountains,
and
fully
share
the
deformation and metamorphism of those units.
The
Hesozoic
materials
record
continuing
cratonic
conditions through Early Jurassic time, folloHed by
\yidespread silicic magmatism in the Hidelle Jurassic.
The internal stratigraphy of the lower part of this
section is not yet understooel, and its rocks are here
lumped.
Above
these
is
ferruginous
quartzi te,
correlated on a lithologic basis with the Triassic(?)
and Lower Jurassic Aztec Sandstone of the northeast
Hojave Desert region; and above that is metamorphosed
dacite and rhyodacite ignimbrite of Hidelle Jurassic
age.
All of these units preelate the intrusion within
this range of Hidelle Jurassic batholithic rocks.
The meta-ignimbrites approximately correlate with
the widespread llidelle .Turassic hatholiths of the
region, and hence are extrusive manifestations of that
mClgmCltism, which must have heen accompanied by much
deformCltion.
Older deformation and erosion are
recordeel in the Triassic(?) section by conglomerates
containing
clasts
of
Precamhrian
and
Paleozoic
rocks.
I believe, from reconnaissance studies, that
the
Aztec
and
the meta-ignimbrite will
provide
critical keys to understanding these deformations.
In
the northern Palen Hountains, essentially the Big
Naria
Nountains
sequence
of . metamorphosed
lower
Hesozoic and Paleozoic formations is present, dipping
generally southward.
Above the Permian marble there
is a
thick Triassic(?)
section of metamorphosed
clastic sediments; above that is ferruginous Aztec
Quartzite, little enough deformed so that festoon
crossbedding is preserved in it locally; and ahove
that is the meta-ignimbrite.
At the north end of the
HcCoy Hountains, by contrast, meta-ignimbrite dips
south from a hidden contact di.rectly with the Supai
Formation,
apparently
recording
the
unconformity
accompanying magmatism.
(The Palen and HcCoy rocks
were mapped by Pelka
[1973];
the Supai is his
"breccia," the Aztec is the upper unit of his lower
Hesozoic sequence, and the Hiddle Jurassic ignimhrite
with minor intercalated sediments is his "intrusive
rhyodacite
porphyry"
and
"roof
pendants.")
Metamorphism is
slight
in
the McCoy anel Palen
sections.

Figure 15. Structure in Paleozoic formations in
attenuated limb, near view of figure 13. Outer
contacts of formations are plane-parallel and close
together, so deformation is due to laminar flow and
transposition, not concertina compression.
~ (top):
Isoclinal transposition folds in calcite
marble and metachert, Kaibab or Toroweap. View
west; top moved relatively north. Continuing
deformation would have smeared folds into parallel
layers; layers now parallel have been through such
cycles repeatedly.
~ (bottom).
Layering in impure quartzite and calcsilicate rocks of Supai Formation. Thinly-tapered
lenses and truncations record disruption of
isoclines and laminar flow at low angles to
layering. Formation is here attenuated
tectonically to 1 or 2 percent of stratigraphic
thickness.

The units
identified in the lower Hesozoic
section of the southern Big Haria Mountains are
described briefly here. The same units are present in
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the northwest part of the range, but I have not yet
mapped them separately there.
In the northeast part
of
the
range,
fine-grained
blot ltic
gneisses,
migmat ized by Jurassic granitic rocks, likely include
equivalents of the Hesozoic section.
Triassic(?) Metasedimentary Rocks
Between
the
Permian
marble
and
the
Aztec
Quartzite is a section of highly variable greenish
schis ts, derived by metamorphism of shales, sil ts,
sands,
and
conglomerates,
presumably
of
redbed
facies.
(Impure carbonate rocks, and also anhydrite
schist, are important in part of this interval in the
Riverside Hountains,
but
not
in
the
Big Haria
Mountains.)
Metaconglomerates
(fig.
17)
contain
deformed cobhles of the va rious Paleozoic formations,
and of the distinctive Proterozoic potRssic granite,
hut not of Jurassic or younger gran it k rocks. r,las ts
of
calcite marble
in metRconglomerRte have been
flattened to length-thickness ratios of as much as
100: l, whereas those of dolomi te and grani te have
ratios typicRlly near 5:1. This section might include
Upper Permian or low Lo",er Jurassic rocks, as well as
TriRssic ones.
Triassic(?) and Lower Jurassic Aztec Quartzite

Figure 16. Weakly metamorphosed Middle Jurassic
hornblende-biotite granodiorite. Stubby megacrysts
of purplish-gray K-feldspar have white rims, and
are moderately milled by shearing along the
cataclastic foliation. Greenschist facies, southcentral part of range.
Scale is 17 em long.

Ferruginous
quartzite
lies
bet\~een
the
metasedimentary section just noted and the ~liddle
Jurassic
ignimbrites.
This
position,
and
its
Ii thologic character,
permi t
tentat ive correlat ion
with the Hidespread eolian Aztec Sands tone.
This
quartzite is generally quite different in aspect from
either the Coconino or Tapeats Quartzites.
Like the
Coconino, it is uniformly fine grained; but unlike it,
the Aztec is fernlginous enough to commonly Heather
red where metamorphosed at low grade, or to contain
several percent of epidote.
Huch of the Aztec
contains a few percent of muscovite, sufficient to
give the white rock a schistose aspect, and to cause
it to weather typically to flat chips. F,pidotic Aztec
has
the
aspect
of
a
granular,
huff-weathering
leucocratic
schist.
Present
thickness
of
the
quartzite ranges from 2 to 150 m.
Middle ,Turassic(?) Heta-ignimbrite
The
stratigraphically
highest
unit
of
the
metamorphosed section of the Rig Maria Mountains
consists of intermediate and silicic ignimbrite, now
greenschist. At least in the southeastern part of the
range, the 10Her part of the metavolcanic section is
of
darker
rocks,
of
dacitic
or
rhyodacitic
composition, than is the upper, rhyodacitic or quartzlatitic, part.
Plagioclase phenocrysts in lessmetamorphosed rhyodacite in the HcCoy Hountains were
given K-Ar ages of 140 and 176 m.y. by D, Krummenacher
(Pelka, 1973). A Jurassic age is also consistent with
Lafferty's (1981) Rb-Sr isotopic analysis of one
sample
of
meta-ignimbrite
from
the
Big
Maria
Hountains. Strong, planar foliation characterizes the
unit, and only on large, fresh outcrops are isoclinal
folds likely to be conspicuous,

Figure 17. Metamorphosed Triassic conglomerate.
Clasts of calcite marble (white) are flattened and
contorted, whereas more resistant dolomite clasts
are less flattened and less deformed. Matrix is
calcareous phyllite. Looking northward down
oblique fold axes; top moved relatively east.
Greenschist facies, southeast part of range.

MIDDLE JURASSIC GRANITIC ROCKS AND DEFORHATION
Lithology
Batholithic
granodiorite,
adamellite,
and
alaskite were intruded into all older rocks of the
range
during
}1iddle
Jurassic
time,
Like
the
Proterozoic granite, these younger granitic rocks are
much recrystallized, but in general only a little
sheared,
near
the south end of
the range,
but
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ages of 50 to 70 m.y. for muscovite, biotite, and
hornblende in varied me tagran ites and i.n a local
migmatitic complex in the ,vest-centr",l l'art of the
range.
Ratios of 87 Sr j86 Sr and of 87 Rb j8 Sr in these
same specimens scatter widely (Lafferty, 1981), and
can be interpreted to indicate either that both
"Proterozoic and Jurassic rocks are present
each
having had subuniform initial ratios of 87Srj8~sr, or
that most or all rocks are Jurassic and had variable
initial ratios.
Lafferty made the former interpretatlon, whereas I prefer the latter, for the rocks
with the highest present values of both ratios are
strongly peraluminous, and likely were equilibrated
with, or directly mobilized from, Precambrian rocks
(~. Hamilton, 1981).

elsewhere they are thoroughly metamorphosed to angen
and flaser gneisses.
The TnrasRic rocks are quite
di fferent
from
the
richly
potassic,
megacrystic
Proterozoic granite, and are easily distinguished from
it at any degree of subsequent metamorphism and
shearing.
The
little-metamorphosed
Jurassic
granodiorite and adamellite are characterized by
sparse, stubby-rectangular phenocrysts of potassic
feldspar, commonly purplish gray ,.nth rims of white
oligoclase, in a matrix of medium-grained quartz,
plagioclase, white potassic feldspar, biotite, and
hornblende (fig 16).
The adamellite has a smaller
content of mafic minerals than does the granodiorite,
but is of similar aspect.
Sharp contacts were seen
between granodiorite and adamellite plutons in the
south
part
of
the
range.
Intruded
into
the
granodiorite and adamellite are abundant, irregular
masses, up to about a kilometer in diameter, of white
alaskite
and
leucocratlc
medium-grained
biotite
granite.

Gabbro, Amphibolite, and Metadiorite
Hornblende gabbro forms a mass of about 3 km 2 in
the east-central part of the range, lying mostly
between Paleozoic rocks to the south and Jurassic
metagranodiorite to the north.
Although much of the
main mass displays little tectonite fabric, it is
variably metamorphosed to chloritic amphibolite near
its margins, and small masses in "Paleozoic metasedimentary rocks nearby are sheared into pods of
schistose rock.
I interpret the gabbro to be older
than the main Cretaceous metamorphism, and to O\ve its
relatively mild metamorphism to its resistance to
shearing.
L. T. Silver (oral commun., 1981) suggests,
on the basis of his dating of such rocks elsewhere in
the region,
that the gabbro likely is of Middle
Jurassic age, as certainly are the nearby granitic
rocks.
Three hornblende and plagioclase K-Ar ages of
about of) m.y. (Hartin et aI., this volume) from this
gabbro presumably date uplIf't.

Shearing of the grani t ic rocks is only sporadic
near the south end of the range, although quartz there
is thoroughly recrystallized and other minerals much
altered.
Shearing increases north\vestward, through a
transition zone in which granodiorite is more foliated
than adamellite, and than than alaskite.
In the
central and northern parts of the range, all rocks are
metamorphosed
to
strongly
foliated
gneisses,
recrystallized at greenschist facies in the southeast
and at epidote-amphibolite facies elsewhere (fig.
28) •
Foliation in the transition zone commonly cuts
across lithologic contacts, but in the central and
northern
areas
transposition
has
brought
many
lithologic contacts into general parallelism with the
foliation (fig. 19). The leucocratic rocks, irregular
masses in the unsheared terrain, are mostly sheared to
thin,
semi-concordant
sheets
elsewhere.
The
distinctive sparse, stubby phenocrysts of potassic
feldspar in granodiorite and adamellite retain much of
their
shape,
as
squarish augen,
throughout
the
gneisses, and commonly retain even their purplish
color.

Masses of amphibolite (not sholVn on fig. 2) occur
in the ,vest-central part of the range in the same
structural position, between metagranodiorite to the
north and Proterozoic and Precambrian rocks to the
south, or in the southern part of the metagranodiorite.
the topographically highest of these mafic
masses, at the crest of the range just west of the
gabbro and on the upthrown side of the large medial
normal fault of the range (fig. 22), is of metamorphic
amphibolite in its lower part, and of hornblende
gabbro, in part retaining igneous layering, in its
upper part.
These amphibolite masses are inferred to
be metagabbro, derived from minor intrusions related
to the large hornblende gabbro.

In the north part of the range, the Jurassic
granitic rocks occur in metamorphosed migmatites, and
the various components were thoroughly sheared and
metamorphosed together in Cretaceous time (figs. 18,
26, 27).
The grani tic components were alaskite and
the distinctive, purplish-phenocryst granodiorite and
adamellite.
The host components were widely varied
gneisses (mostly or entirely "Proterozoic?) in most of
the migmatite terrain, but more uniform, fine-grained
biotitic gneisses (derived from metavolcanic rocks of
Jurassic age?) in the southeast part of that northern
terrain.

Dark green metadiorite, presumably also part of
the Middle Jurassic family of plutonic rocks, occurs
in the far northwest part of the range.
Jurassic Metamorphism and Deformation

Geochronometry
The intrusion of the Middle Jurassic batholiths
must have been accompanied by major deformation and
contact metamorphism, hut the results of these can be
viewed now only
through
the subsequent ext reme,
pervasive deformation and regional metamorphism of
Cretaceous age.
Meta-skarns present locally in
Paleozoic marbles in contact with Jurassic granites in
the central part of the range are obvious relics of
Jurassic metamorphism.
Huch of the calc-silicate
mineralogy of Paleozoic units also may be inherited
from Jurassic metamorphism. Thus, wollastonite--which
forms only with a low partial pressure of CO 2 , hence
generally only at shallow depths--is widespread in
Paleozoic rocks in the central and northwest parts of
the range; it completely recrystallized during the
Cretaceous event, for it has the pervasive lineations
of the Cretaceous structures, but it may have formed

Two samples were analyzed for lead and nranium
isotopes and dated as having a magmatic age of ahout
160 m.y., Middle Jurassic, by L. T. Silver (oral
commun.,
1981).
One
sample
is
of
partly
recrystallized, but unsheared, porphyritic adamellite
from the south-central part of the range.
The other
is of thoroughly crushed granodiorite augen gneiss,
metamorphosed at epidote-amphibolite facies, from the
west-central part of the range. Granitic and volcanic
rocks of about this age are widespread in southeastern
California, southern Arizona, and northwestern Sonora.
Younger ages, dating cooling or uplift, have been
determined by the K-Ar method.
Martin et a1. (this
volume)
and
Lafferty
(1981)
reported
one
K-Ar
determination of 15q m.y., but otherwise ohtained many
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initially by JueassL" contact metamoephism.
The Paleozoic and lower Hesozoic metasedimentary
eocks of the southern and central Big Maria Hountains
occur in a large, complex isoclinal syncline that
trends generally northwestward (figs. 7., 10).
The
syncline was severely crossfolded by recurnhent and
isoclinal folds during Cretaceous time (figs. q, 10),
and its axial plane as exposed at the ground surface
no\v dips alternately northeastward and southwestward,
varying with the level of eltposure in the cascading
crossfolds.
The syncline is Flanked on both sides,
with a
variable
intervening
helt of Proterozoic
granite, by Jurassic batholithic rocks.
(Similar
relationships hold in the Little Maria Mountains.)
The syncline may have formed, in an upright position,
as a keel between two rising, domical masses of
granite.
The granitic rocks on the two sides are
similar, so the two domes may have formed atop a
single batholith.
Such domical masses of granite are
known in many places, as in the Inyo Hountains
(Sylvester ~~., 1978).
The Paleozoic rocks of the northern Big Haria
Mountains occur in a west-trending helt, dipping
either to north or south again depending on the
position of Cretaceous cross folds relative to the
ground surf<ace (figs. 14, 23, 24).
To the south,
Jurassic batholithic rocks are generally present; to
the north, the rocks are mostly Proterozoic granite
and
gneiss,
variably
migmatized
by
Jurassic
granites.
I interpret these relationships to indicate
that the Jurassic pluton to the south initially spread
over a floor of these Paleozoic and Precamhrian rocks,
and that the floor was depressed to a sUDvertical
attitude, thus becoming the side of the pluton, as the
intrusion grew by added magma.
The pluton is viewed
as having had a domed roof to the south and a
depressed floor to the north, Doth contacts having
been
steep
prior
to
Cretaceous
deformation.
Subsequently
the
floor-be come-side
was
folded
recumbently (fig. 24).

Figure 18, MetamigmatHe, for northwest part of
range.
Jurassic adamellite, minor pegmatite, and
Proterozoic(?) gneiss, sheared and transposed at
epidote-amphibolite facies.

CRETACEOUS DEFORMATION AND

~lliTAMORPHISM

Deformation
All
pre-Cretaceous
rocks
of
the
Big Maria
Mountains, except for masses of Proterozoic gneiss
above the detachment fault near the north end of the
range, were metamorphosed and pervasively transposed
in
northeast-verging
recumbent
structures
during
Cretaceous, or possibly Late Jurassic, time.
The age
of this deformation is hracketed between the 160 m.y.
zircon age of the ~liddle Jurassic granitic rocks,
which fully display the deformation, and the 80-90
m.y.
K-Ar age of dike rocks
that postdate it.
Although most planar structural elements--foliation,
layering, axial planes--now dip gentler than 30 0 in
most of the range, the analysis summarized in the
preceding section indicates to me that most contacts
were steeply dipping when Middle Jurassic magmatism
and deformation ended.
The gently-dipping structures
formed by transposition of steep structures, so
whether a given small fold is an anticline or a
syncline as defined by the striltigraphic progression
within it does not by itself indicate transport
direction.

Figure 19. Undeformed vertical Cretaceous(?)
pegmatite cutting dark Jurassic metagranodiorite
and other metagranitic rocks. Cut 3 m high, westcentral part of Big Maria Mountains.

The
Cretaceous
deformation
is
shown
most
obviously by the distinctive Paleozoic formations.
Tight to isoclinal recumbent folding is displayed at
all scales,
from hand
specimen to mountainside,
throughout
the
range.
Planar fabrics mark the
metaplutonic rocks, and generally the metavolcanic
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The major syncline, defined by the succession of
Paleozoic
and
Mesozoic
formations,
trending
northwestward through
the Big Hari'l 'Iountains is
crossfolded throLlghout by recLlmhent structures (figs.
9,10,22).
IVhat appears, when viewed perpendicular
to fold axes, to he a thick, upright section on part
of the southwest limb (fig. S) is seen in cross
section to he duplicated internally by l'lq,e, nearly
isoclinal folds:
tl,ere is a general sense of upright
stratigraphic
progression,
hut
the
units
are
internally lapped hack and Forth,
the individual
componet1ts heit1g extremely attenuated and shOlving only
a
statistical preference for upright orientation.
Other
"thick"
sections
ShOH
similar
internal
structure.
Contacts of the P1etamorphosed Jurassic granitic
rocks Hith Paleozoic strata are semiconcordant at
Olltc rop scale.
IVhereas me tflmorphosed Proterozoic
granite is only rarely in contflct ,dth any Paleozoic
unit
other
than
Tflpeats
Quartzite,
Jurassic
metaO'ranites
are
in
contact
\vith
at1y Paleozoic
form~tion, and OCCLlr as cOl1cordant lenses within
Paleozoic sections, and as tongLles into Paleozoic
sections.
Initially steep, crosscutting contacts have
been transposed to gently dipping,
semiconcordant
ones; dikes have beet1 transposed to semicot1cordant
lenses.

Figure 20.
Redwall calcite marble (white, with thin
layers of wollastonite that photograph gray)
between Supai quartzite (above hammer head) and
Devonian metadolomite.
The Redwall has a stratigraphic thickness of about 100 m, and is attenuated
tectonically here to 0.2 m.
Southwest limb of
major syncline, southeast part of range.

Intertongu ing,
interpreted
as
derived
by
transposition
of
a
crosscutting
contact,
is
illustrated by figures 14 and 21.
The trflnsposition
Has guided by lithologic cot1tl:asts in the Paleozoic
metasediments, Hhich project as long tongues into
metagranodiorite.
Foliation in metasediments and
met'lgranodiorite
is
parallel.
Tongues
of metasediments
end
in
isoclinal
transposition
folds,
where'ls the metagranodiorite 'It the end of the tongues
is plane-foliated, withoLlt fold geometry.
Attenuation
The hinge of the major syncline is exposed hest
in the central part of the range, just tVest of the
large,
arcuate
normal
fault.
The
Paleozoic
formations, and the Hesozoic formations inside them,
go around
the
hinge,
thinning as
they progress
northward, cross Folded by tight, subhorizontal folds
(fig. 10).
NortlMes t of the main exposed crossfolds,
the Paleozoic section of the north limb is still more
attenuated, and for a length of about 4 km, on both
sides of the strike-slip fault shOlm on figure 2, has
a total thickness varying only from about 10 to 50
m. Tectonic attenuation, all formations being present
in their correct sequence, thus reduces thickness to 1
percent
of
that
of
the undeformed
stratigraphic
section.
Similar attenuations are found in various
other parts of the range.
Even at these extreme
attenuations, each Paleozoic formation maintains its
characteristic outcrop and hand-specimen appearance
(fig. 15):
the lithologies, including to a large
extent
the
layering
features,
were
replicated
throughout the deformation, and are only in the most
distant sense inherited from bedding.

Figure 21.
Northwest along fold axes in Supai
quartzite and calc-silicate rocks.
The white layer
at the bottom is lapped back and forth with top-tothe-northeast overfolding. Small drag folds in
center and top center show the same sense of
motion. Central part of range.

As the contacts bettVeen formations are planeparallel
throughout
these
extremely
attenuated
sections,
despite
internal
boudinage,
isoclinal
folding, an,l laminar flotV (compare figs. P and 15),
it is obvious that the mechanical contrasts bettVeen
formations caused the formations to serve as strain
guides,
ann hence
generally
preserved
them from
chaotic disruption.
In some attenuated sections,
however, much isoclinal interfolding and considerable
disruption have occurred (fig. 25).

rocks, and commonly folds are conspicuous only locally
in them, except insofar as these rocks wrap around
structures defined by obviously layered rocks.
The
Lower Jurassic and Triassic metamorphic rocks do show
many folds in good outcrops, but because lithologic
layering
is
much
less
conspicuous
than
in
the
Paleozoic rocks, the structures are less likely to
attract attention.
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The Hiddle Jurassic to Triassic units display
comparably great variations in thickness. TIle axis of
the northwest part of the main syncline is very close
to
the
attenuated,
northeast
limb of t'aleozoic
forma t ions.

The
Cretaceous
deformation
thus
represents
overfolding and laminar flow l"elatively toward the
northeas t
quadrant,
a tall
scales.
lleC<-luse
stat ist ical1y
the
t'a1eozoic
metased imenta ry rocks
exposed at the surface of the Rig Maria Hountains and
southern Little Haria Hountains have 8entle dips in
the northe<-lst quadrant, Demaree (19R1) , Ellis (19Rl),
Emerson (19R1) , and Xrl1lnl~enacher et '11. (19R1) all
assumed that vergence must be southwestward, despite
the fold geometry that they themselves confil"med. The
northeas t dips appear to me to be merely accidents of
the position of ~le present ground surface relative to
the axial planes of the recumbent and upright folds
around which the rocks are deformed, and to th," belts
of Paleozoic rocks.
The ave rage dip in the llig cia ria
Mountains is approximately horizontal (fig. 2); in the
"core complex" of the Riverside Mountains, '''estnorthwestwA.r,i; in the T~tttle Haria Hountains, north'lard; and in the Arica Hountains, eastward.
Local
dips do not define vergence, whlch ls toward the
northeas t
quadrant,
regaedless
of
",he the l"
that
direction is locally up dip, down dip, along the
strike, or oblique.

Extreme attenuation occurs also in the metamorphosed Proterozoic and Hiddle Jurassic granitic
rocks. Along much of the greatly attenuated northeast
limb of the main syncline, for example, disti'lctive
schistose
augen
gneiss
del"ived
from
Proterozoic
granite is present in stratigraphic position beneath
Tapeats Quartzite on one side, and in concordant
contact with equally distinctive Jurassic granodiorite
augen gneiss on the other, and ye t has a thickness of
only a few meters for long distances.
As the ,hll"assic
intrusive cont<-lct could not have followed so precise a
level l"eLit ive to the stratigraphic base of the
Cambrian strata, transposition and attenuation are
indicated.
Tectonic attenuation is to as little as 1 percent
of
the
original
stratigraphic
thickness
of
the
complete Paleozoic section (fig. 13), and to much less
than
1 percent
of
the
thickness
of
individual
formations (fig. 20).
The structures now obvious in
the rocks date primarily from the Cretaceous episode
of recumbent deformation and metamorphism.
Although
the structures due to intrusion of the Hiddle Jurassic
batholith can be perceived only dimly through the
effects of this younger deformation, it is inferred
that the Jurassic plutons rose past their walls,
severely attenuating them vertically.
Sylvester et
a1. (1978) documented attenuation to 10 percent or
stratigraphic thickness of Paleozoic strata alongside
such a pluton in the Inyo !fountains.
The extreme
attenuations in the Big Maria Mountains are regarded
as representing the superimposed effects of horizontal
at tenua tion,
accompanying
Cre taceous
subhorizontal
transposition, on older vertical attenuation, which
accompanied Jurassic magmatism.

Although many folds deform formation contacts,
most
are
confined
to
single
formations.
Long
isoclinal
folds
occur
'!hundantly
within
thin
lithologic units having pl'!ne-p'!r'!11el outer contacts
(figs. 4, 15, 21).
TIlis requires that such isoclinal
folding be a product of laminar flm", subparallel to
lithologic bowldaries, and that it is not a product of
compression.
Refolded folds, and sheared-apart fragments of
folds (fig. 6), are obvious throughout the r'!nge in
Paleozoic rocks,
in many
places confined within
severely attenuated formations with plane-parallel
outer contacts.
Isoclines are deformed by isoclines,
and those by overturned folds (fig. l,).
SteHctures
are ptygmatic in detail (fig. 7) but are statistically
coaxial, and transport direction is consistent.
A
laminar-flow mechanism is indicated, whereby folds
represent discontinuities in velocity of flo'" at
slight and varying angles to compositional layering.
Refolding occurred ''lithin this continuum of flow, and
has
no
episodic
significance;
the
presence
of
apparently similar sequences of refolded folds in no
way indicates correl'!tion in time of formation between
folds of similar aspect in different outcrops.

Overfolding to Northeast
Throughout the metamorphosed Paleozoic rocks of
the llig Haria and Riverside Mountains, folds for which
a sense of overfolding is apparent display general
relative
transport
of
tops
toward the northeast
quadrant.
One tends to see Z folds looking to the
northwest along fold axes, and S fol,is to the southeast.
Ellis (1981) confirmed these relationships in
four areas within the Big Maria Mountains; Emerson
(1981) found similar geometry in the Little Maria
Hountains, and Demaree (1981) in the Palen Pass area
(between the Palen and Granite Mountains).
This
relationship holds for minor folds in both limbs of
the major syncline of the llig "furia Mountains; in the
belt of Paleozoic rocks trending eas tward across the
north part of the range; in thick and in extremely
attenuated sections; in formations dipping either
northeast or southwest; and in opposed limbs of large
folds.
(See figures 4, 11, 15, 17,and 21).

~efolded folds of these types are interpreted by
many
structural
geologists
to
require
distinct,
successive episodes of diversely oriented compressive
deformation.
Such an explanation is obviously not
applicable here; and I doubt its validity for most of
the cases in "'hich it has been applied.
Although
truly superimposed fold systems must be developed in
many areas, the evidence commoilly deduced for them is,
I believe, based largely on the mistaken assumption
that isoclinal folding is produced by compression.

Defining the transport sense from large folds is
less easy.
Ridges follow the resistant formations,
and cliff sections eroded perpendicular to fold axes
and
large enough
to display clear evidence for
vergence directions are not abundant; but these also
indicate transport relatively nOl"theastward.
In many
places, both in mountainside sections and in geometric
relationships brought out by detailed mapping, it is
seen that recumbent folds are in cascades, in which
successively higher fol,is lap sllccessively northeastward over lower folds.
(See figures R, 9, 10, 14,
11, and 24.)

Metamorphism
The Cretaceous deformation occurred concurrently
with metamorphism on a regional scale. Within the Big
Haria Hountains,
the grade of that metamorphism
increased northwestward, from low through high greenschist facies to epidote-amphibolite facies.
New
biotite is present only sporadically near the south
end of the range, where Proterozoic and Jurassic
granitic rocks are much altered and recrystallized but
little sheared, but is uhiquitous elsewhere except in
carbonate and quartzitic rocks. Hornblende and garnet
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Figure 34. Migmatite of Jurassic granitic rocks and Jurassic(?) metavolcanic rocks, north-central Big Maria Mountains.

Figure 35. Boudins of Cretaceous(?) pegmatite in augen gneiss derived
from Jurassic granodiorite. Same locality as figure 28.

Figure 36. Tectonically intercalated Redwall calcite marble (m, left)
and Devonian metadolomite (d, right). Irregular boudins af dolomite
are separated by marble. Such intercalations characterize many
contacts in normal stratigraphic order. Southeast part of range.

Figure 37. Northwest at Miocene detachment faults (or Cretaceous
thrusts?), Peak 2685, central area; see figure 22. Mz, Mesozoic
schist; Pk, Kaibab + Toroweap; Pc, Coconino + Hermit; Ps, Supai; IPz,
Redwall and lower units; heavy dashes, faults. All units are
deformed by isoclines and by folds overturned northeastward.

0>

are widely present in rocks of app~opriate composition
in the central and northern parts of the ~ange.
Widespread calc-silicate minerals include wollastonite, tremolite, and epidote.
Aluminum-silicate
minerals were seen only in one area of metamorphosed
lower Mesozoic sandstone in the southeast part of the
range, where kyanite occurs in qua~tzite and in quartz
pods in that quartzite.
this occurrence of kyanite
indicates a minimum depth of metamorphism of about 10
km.
Deformation in }liddle and Upper Crust
The deformation effects described in this section
occurred at middle levels of the continental crust.
TIle kyanite in the southeast part of the range
requires a minimum depth of crystallization of about
10 km, and the higher-grade rocks of the rest of the
range may have formed at greater depth.
The entire
northern and central part of the range had a minimum
depth of about 10 kIn when muscovite pegmatites were
emplaced, at least 80 m.y. ago.
The same style of
pervasive Cretaceous deformation and metamorphism
characterizes the exposures of middle crust elsewhere
in the region, in the "core complexes" beneath the
detachment faults of middle Tertiary age.
Such
deformation and metamorphism are documented, for
example,
in
the
adjacent
Riverside
Mountains
(Hamilton,
unpub.
data),
Little Haria Mountains
(Shklanka, 1963; Emerson, 19R1), and Plomosa Mountains
(Miller, 1970).

Figure 22. Northwest over central part of range.
Jgd, Jurassic metagranodiorite; Jgb, gabbro and
amphibolite; Mz, Mesozoic schist; Pkh, Kaibab to
Hermit; Ps, Supai; MG, Redwall and older Paleozoic
formations; Pz, incomplete Paleozoic section in
transposition isocline in unit Jgd (see fig. 10 for
overlapping view). Northeast-verging folds and
thrust (right of center; thrust marked by heavy
line and arrow) are dropped on normal fault (along
which valley is eroded) from higher in system of
of cascading folds.

Exposures of upper crust, above the detachment
faults of the same ranges, lack such pervasive
deformation.
In the Riverside }fountains, Proterozoic
potassic
granite and Mesozoic
granodiorite are
altered, but little sheared (Hamilton, unpub. data).
In the Plomosa Mountains, upper-plate Paleozoic strata
are unmetamorphosed (Miller, 1970).

crust.
UPPER CRETACEOUS DIKE ROCKS
Two sets of dikes cut directly through the
deformed Hiddle Jurassic and older rocks, and rocks of
both sets have a probable middle Late Cretaceous
minimum age. the dike rocks are limi ted to the "core
complex"; they are older than detachment faulting, and
are not present in the upper-plate Proterozoic
gneisses in the Big Maria }fountains.

Cause of Deformation
At least within the 55x45 kIn area from Palen Pass
to the Colorado River, and from the south edge of the
Big Maria }fountains to the north edge of the Riverside
}fountains, the middle crust was deformed pervasively
by northeast-verging shear, during some part of the
period from 160 to 80 m.y. ago.
The upper crust
either rode passively above the middle crust, or else
was broken by discrete, nonpervasive structures that
have not yet been recognized.
Middle and late
Cenozoic crustal extension and strike-slip faulting
introduce
major
uncertainties
into
palinspastic
reconstructions, but in Late Jurassic to middle Late
Cretaceous time, the interval in question, this region
lay something like 50 kIn northeast of what became the
northeast side of the great, composite Sierra NevadaBaja California batholith.

Pegma tite Dikes
A great swarm of pegmat ites is present in the
central and north parts of the range, north of about
latitude 33 0 47' N., and west of longitude 114 0 35'
W.
The dikes are subparallel in general, but
branching and irregular in detail. they are of white
pegmatite bearing large books of green muscovite, and
in many cases biotite or garnet. The outer limits of
the swarm are highly irregular.
Within the swarm,
dikes become more abundant downward on high ridges,
and dikes are far more abundant on the west, upthrown
side of the large, arcuate normal fault than on@the
east side of it.
Dikes make up 15-30 percent of the
total volume of exposures low on the slopes and cliffs
of a large tract centered near latitude 33 0 51' N.,
longitude 114 0 41' W., and presumably a young granite,
likely peraluminous, underlies at leas t this part of
the range.
The stability relationships of muscovite
make a crystallization depth of at least 10 kIn likely
for the pegmatites.
In the structurally highest,
north part of the range, dikes that probably belong to
this swarm are themselves moderately deformed and
boudinaged, parallel to the pervasive foliation in the
migmatites they cut (figs. 26-28); but otherwise,
these dikes are undeformed (fig. 19), and cut directly
across even extremely attenuated Paleozoic sections.
A biotite K-Ar age of 79 m.y. (Martin ~~., this
volume) for one of these dikes presumably provides a

The foreland thrust belt of the Cordillera, from
northern British Columbia to southern Nevada, records
the eastward gravitational spreading of a pre-existing
wedge of sedimentary rocks, over continental basement,
in response to crustal thickening farther west (e .g.,
Price and }fount joy, 1970).
The bottom of the wedge
moved eastward up the gentle basement slope because
the top of the wedge sloped downward to the eas t.
I
have suggested elsewhere (Hamilton, 1978, 1981) that
the requisite crustal thickening at the west side of
the wedge was due primarily to the emplacement of
Cretaceous
batholiths,
which,
with
the
related
magmatic and associated rocks that lie beneath them,
record major additions of mantle material to the
crust. Perhaps the Big Haria Mountains deformation is
similarly a response to batholithic thickening of the
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Figure 23. Northeast at inverted Paleozoic section, north-central Big
Maria Mountains. Section now lies structurally above Jurassic metagranodiorite (lower right), which is intertongued tectonically with
metasediments from the right, , but contact may be overturned floor of
the pluton (see text). Dark gneiss of Peak 3166 (left) includes both
Jurassic metagranodiorite and Proterozoic gneiss and metagraniteo

Figure 24, Northwest at northeast-directed fold of transposed sheet of
Kaibab and Toroweap Marbles (light) in Jurassic metagranodiorite
(dark), Peak 3379, north· central Big Moria Mountains. The upper limb
of this fold is part of the north-dipping section of figure 23.
Relief in the view is 550 m.

~
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Figure 25. Mesozoic schist (Mz) and isoclinally repeated Kaibab + Toroweap Marbles (Pk) and Coconino Quartzite (Pc), faulted (heavy line)
against Supai Formation (Ps) and isoclinal Redwall Marble + metadolomite (MrDGd). Looking west, in central part of view of figure 23.

Figure 26. Folded Cretaceous(?) pegmatite in migmatitic Mesozoic(?)
gneiss. Cataclastic foliation fans from the axial planes in
pegmatite. North-central port of range.

Figure 27. Boudinaged Cretaceous(?) pegmatites in Proterozoic gneiss
migmatized by Jurassic granodiorite. North-central part of range,

Fiqure 28.
diorite,

Boudinaged Cret~ceous(?) pegmatites in Jurassic metagranoExposure about 10 m high, north-central port of range.

~
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Figure 29, Subhorizontal early Miocene(?) fault (arrows), truncating
overturned Kaibab and Toroweap Marbles (Pk) and Coconino Quartzite
(Pc) against horizontal Triassic metaconglomerate (Mz), Southeast
port of Big Moria Mountains.

Figure 30. Gently dipping early Miocene(?) fault (arrows) between
Jurassic metavolcanic rocks (Jv), below. and isoclinal Mesozoic
schist (Mz), Supai quartzite (Ps), Redwall Marble (Mr), and metadolomite (CEd) above. View south in central part of range.

1--a batholithic granodiorite
present in the upper plate.

minimum age for the swarm, and hence provides also a
m~n~mum age for
the completion of the post-160 m.y.
deformation and metamorphism.

of

Jurassic(?)

age

is

Proterozoic Rocks
Hafic Dikes
As
noted
in a
prior
section,
fine-grained
mesocratic gneisses, together with abundant aplitic
granite,
characterize
the
upper
plate
in
both
ranges.
Rocks are much altered, foliation is often
difficult to see and is highly irregular, brecciation
is widespread, and cavernous weathering is common
locally. Extremely coarse-grained potassic granite is
present also in the Riverside Mountains upper plate
(fig. 2), and resembles that dated as about 1400 m.y.
old in the Big Maria Mountains except that some of the
Riverside rock is pink in color.

Straight, vertical dikes trending northwest, as
thick as 10 m and as long as several km, cut the
pegmatite swarm, including the deformed, structurally
high
pegmatites.
The
dike
rocks
are
largely
reconstituted
to
greenschist-facies minerals,
but
their primary fabric coarsened inward from chilled
margins to diabasic or gabbroic textures.
The dikes
are sparse but ubiquitous throughout most of the
range.
Hartin et al. (this volume) determined a
single plagioclase- K-Ar age of 90 m.y. for one of
these dikes, again providing an apparent minimum age
for completion of the major deformation and metamorphism in the ranges.

Jurassic(?) Metagranodiorite
Huch-altered
granitic
rocks
occur
in
the
northwest part of the Riverside M:lUntains.
They are
outside the area of figure 2, but are noted here for
their relevance in palinspastic reconstruction.
The
protolith was medium-grained, mesocratic hornblendebiotite granodiorite and subordinate adamellite, with
sparse square to rectangular megacrysts of white
potassic feldspar that are mostly about 1 cm across
but reach 2 cm. Hafic inclusions are common.
Quartz
is completely recrystallized, and other minerals are
variably bent, milled, and altered at low-greenschist
facies;
secondary
foliation
is
inconspicuous
to
moderctte.
The uncommon aplite dikes share the
alteration and crushing.
Two K-Ar dates, 93 and 94
m.y.
(Bishop,
1963;
Armstrong and Suppe,
1973),
presumably provide the minimum age of alteration.
A
Jurassic magmatic age is
inferred on lithologic
grounds.

LATE CRETACEOUS AND PALEOGENE HISTORY
A very thick section of terrigenous clastic
strata, the HcCoy Hountains Formation (Pelka, 1973;
Harding, 1980) was deposited on Jurassic and older
ma terials in the HcCoy and Palen Hountains, wes t of
the southern Big Maria Hountains (fig. 1), in Late
Cretaceous or early Paleogene time, or both (G. J.
Pelka, oral commun., 1977).
The section dips gently
to moderately south, is upright and not repeated, and
is about 7 km thick.
Hetamorphism is limLte,l to \~eak
slaty cleavage in most of the two ranges but increases
to marked cleavage in the south, and to severe
transposition and isoclinal folding at the south end
of the HcCoy Mountains; both the cleavage-bedding
geometry and the overturning of folds in the south
indicate
that
the
deformation was
south-verging
(Pelka, 1973; Hamilton, unpub. data).
Thick sections
of similar, and possibly correlative, strata occur
southeast of the Big Maria Hountains in Arizona
(Harding, 1980).

Tertiary__Roc~~
Tertiary supracrustal rocks are exposed in one
small area in the northern Big Maria Hountains, in
several outcrop areas to the north of the range, and
widely in the central Riverside Mountains (fig. 2;
Carr and Dickey, 1980; lfumilton, 1964 and unpub.
data).
In the Riverside Mountains,
where
the
structure is clear, the rocks are rotated down, mostly
to
steep
south-southwestward
dips,
with
their
Proterozoic basement, on spoon-shaped faults. Host of
the Riverside exposures are of a single section of
rocks,
repeated in the various fault blocks, of
redbeds and sedimentary breccias. The basal unit is a
continuous,
coarse-grained red arkose,
100-150 m
thick.
The rest of the section displays marked
intertonguing of diverse lithologies, but a general
progression.
A section 300-600 m thick of nearly
unbedded maroon slide breccia lies on the arkose and
contains blocks of dark,
fine-grained metamorphic
rocks up to 10 m in diameter.
The rest of the
section, about 1000 m thick, consists of intertonguing
slide
breccias,
fanglomerate,
and
fluvial
and
lacus trine sediments.
Some of the breccias resemble
that of the lower section; others are derived from
granitic rocks and from Paleozoic metasedimentary
rocks, and tend to be nearly monolithologic.
Localsource fanglomerate
and distant-source rounds tone
conglomerate, intercalated with fluvial sands and
lacustrine
silts,
clays,
and
limestones,
are
interbedded with the breccias. Volcanic rocks
occur
locally in the section.
One andesite specimen has a
whole-rock K-Ar age of 24 m.y. (Martin et al., this
volume).
------

The structural nature of the basin, or basins, of
deposition of
these materials,
and the regional
setting of the deformation that affected them, are not
known.
As much of the HcCoy Mountains Formation was
derived from sources to the north and northeast
(Pelka, 1973), however, it may include detritus eroded
from above what are now the Riverside and Big Haria
Mountains.
The clus tering of K--Ar ages, near 40 and
near 60 m.y., from many rock types in the Big Maria
Mountains (Martin et al., this volume) may reflect
uplift
and
erosion ---contemporaneous
with
McCoy
sedimentation.
LATE OLIGOCENE AND EARLY MIOCENE
CRUSTAL EXTENSION
The middle Tertiary geology of the Big Maria
Mountains records severe crustal extension.
Most of
the range exposes the upper part of a "core complex"-a broad lens of middle-crust rocks, separated by a
detachment
fault
from
upper-crust
rocks
rotated
steeply down on listric normal faults.
Upper-plate
rocks are exposed in the north part of the range, in
small outcrop areas north of the range, and, widely,
in the Riverside Hountains, the eastern part of which
is another "core complex."
Upper-Plate Rocks
Within the area of figure 2, only Proterozoic and
Tertiary rocks occur above the detachment fault,
whereas in the West Riverside Mountains--the northwest
part of the Riverside Mountains as marked on figure
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Detachment Faulting

Mountains broke low-grade Paleozoic metasedimentary
rocks at the surface, for slide breccias from these
rocks
occur
in the middle Tertiary sedimentary
section.
With
consideration
of
the
bedrock
Proterozoic and Jurassic(?) rocks that occur in the
Riverside upper plate, a reasonable reconstruction
would rlerive that upper plate from above the northern
Big Maria Mountains, and hence would indicate a
horizontal component of motion on the detachment fault
of something like 15 km.

The structural base of the upper-plate rocks is
in the Riverside Mountains a broadly undulating fault
that mostly dips gently to moderately into the
southwest quadrant but that locally rolls to other
dLrections.
The fault is marked by one to several
meters
of
gouge and breccia above a polished,
limonite-stained surface on the underlying rocks.
Mylonitization,
contortion,
and
microbrecciation
commonly mark the upper few meters to tens of meters
of the underlying rocks, whereas brittle brecciation,
gouge
zones,
and
dislocations
characterize
the
overlying rocks.
Several large lenses of Paleozoic
marbles are slivered in the fault zone between opposed
gneisses in the central part of the range.

The Proterozoic gneisses of the small remnants of
upper-plate rocks in the northern Big Maria Mountains
have no close counterparts within the Big }nrias or
the neighboring Little Maria Mountains, and are wholly
unlike anything in the McCoy Mountains.
Faults
planing down northeastward to the detachment fault of
the northern Big Maria Mountains did cut Paleozoic
materials at the surface, for, again, these appear in
Tertiary slide breccias.
A horizontal component of
offset of about 15 km here would require considerable,
but not unreasonable, upward change in the Proterozoic
basement initially above the southwestern Big Haria
Mountains.

The analogous fault zone dips north at the north
edge of the central Big Maria Mountains.
The small
ridge of upper-plate l't"otecnzoic gneisses trending
east in the extreme northeast part of the range is
separated from lower-plate gneisses by a fault zone,
with much gouge and shearing, dipping moderately east;
this fault is shown on figure 2. as a post-detachment
normal fault, but might be the detachment itself.
Otherwise, the Big Maria Mountains lie structurally
beneath the detachment fault.

"Core Complexes"
The undulating detachment faults of the Big Maria
Mountains region define the tops of large domiform
masses of middle-crust rocks.
Nearly all of the Big
Maria Mountains belongs to one of these masses; the
eastern part of the Riverside Mountains is part of
another.
Such tracts, and the undulating faults that
bound them at their tops, have been recognized in the
last decade as representative of a type of structure
widespread in the Cordillera.
The mid-crust rocks
beneath
the
faults
are
widely
referred
to
as
"metamorphic
core
complexes,"
a
term with
the
incorrect connotation that the occurrences are somehow
related to local heat sources.
Above the faults are
moderately
to
steeply
tilted
upper-crust
rocks;
vertical crustal sections of 10 kIn are in many cases
elided by the faults.
Ages of development of the
detachment faults that outline these complexes at
exposed levels are Eocene in northern Hashington and
British Columbia;
late Oligocene
through middle
Miocene in eastern Nevada,
southeast California,
southern Arizona, and northwest Mexico; and Pliocene
in the Death Valley region of eastern California. The
Big Maria Mountains belong to the late Oligocenemiddle Miocene family, which records severe crustal
extension in a southwestward to west-southwestward
direction
relative
to
the
continental
interior
(Rehrig, 1981; Zoback et aI., 1981).
A number of
these complexes and thei~bounding-fault relationships
are described, with almost as many intrpretations as
there are authors, in the volume edited by Crittenden,
Coney, and Davis (1980).
The follO\~ing summary and
interpretation are based on those and many other
recently published papers; on discussions with many
geologis ts working with
these complexes;
on my
detailed study of the Riverside Mountains; and on my
casual field examination of many of
the other
Cordilleran complexes.

Gently dipping post-metamorphic faults occur both
above and below the main detachment fault,
and
presumably are related to the same deformational
event.
In the southern Big Maria Mountains, a number
of gently dipping faults cut sharply across the
products of Cretaceous deformation in some places
(figs. 29, 30), although in others the young faults
follow lithologic boundaries parallel to Cretaceous
structures (fig. 31).
These faults crop out poorly,
but where seen are marked either by ductile mylonites
(figs. 31, 31) or by mylonitic gouge, in zones 0.3 to
5 m thick.
Gently dipping faults above the main
detachment fault in the Riverside Mountains are marked
by gouge and breccia.
Age of Fa'::!!Eing
The
geometry
of
the
Riverside
Mountains
detachment faulting relates so closely to that of the
nearby vlliipple Mountains (fig. 1; see subsequent
discussion) that the age is presumably the same in
both, and if so is of early Miocene, and possibly also
latest Oligocene, age.
In the Vlliipples, volcanic
rocks rotated down against the detachment fault,
deposited in sections synchronous with faulting, range
from about 17 to 26 m.y. in K-Ar age, whereas
subhorizontal post-faulting volcanic rocks are about
16 m.y. old (Martin et aI., 1980; see also Davis et
aI., 1980). Detachment faulting in various ranges in
southwest and
south-central Arizona has
similar
bracketing ages (Shafiqullah ~~., 1980).
Horizontal and Vertical Offsets
The Riverside and Big Maria detachment faults
bring unmetamorphosed Tertiary supracrustal rocks down
against mid-crustal crystalline complexes, and perhaps
as much as 10 kill of crustal section is elided by the
faults.
The sense of rotation of the upper-plate
materials
indicates
that
they
moved
northnortheastward
relative
to
the
"core
complexes"
beneath.
Determining the amount of horizontal offset
is of course hampered by the broad areas of alluvium
between ranges, and by uncertainties as to the upward
continuation of bedrock structures and lithologies
before detachment faulting. The listric normal faults
that rose south-southwestward from the Riverside

The common denominator of the "core complexes" is
that they consist of rocks formed mostly deeper than
10 kIn.
Two-mica granite (indicative of a crystallization depth of more than 10 km), kyanite schist
(also 10 kIn plus), and th~ aluminum-silicate triplepoint assemblage of kyanite + andalusite + sillimanite
(about 15 kIn) are among the depth indicators. The age
of magmatic rocks, of protoliths of metamorphic rocks,
and of metamorphism can all be anywhere within the
range from Archean or early Proterozoic to middle
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Tertiary.
Some cores contain only such low-grade
rocks as slate, phyllite, and greenschist.
Crystallization at a time shortly before detachment faulting
is
recorded by some complexes
but not by many
others.
Some investigators have postulated linkages
between the domical configurations of the detachment
faults and magmatic,or other, heat applied during or
shortly before faulting, but this clearly is not
required.
Upper-pIa te rocks, above the detachment faults,
can also be of any age, from Precambrian to Pliocene,
but are primarily of rocks that were high in the crust
before that faulting.
Supracrustal rocks commonly are
rotated steeply down against
the gently dipping
faults.
Rocks of the same age can be present in both
upper and lower plates, but in such cases commonly are
in quite different conditions of metamorphism.
In the
Plomosa Mountains (Miller, 1970; Miller and McKee,
1971; their "thrust faults" are my detachment faults)
and in many of the Nevada complexes, nnme tamorphosed
Paleozoic upper-plate strata are rotated steeply dmm
against gently dipping faults,
beneath which are
metamorphosed Paleozoic strata
In some Arizona
complexes, Tertiary volcanic rocks are rotated down
against Tertiary middle-crust granites and migmatites.
Mechanism of Crustal Extension
The geometry of the rotated tracts above the
de'tachment faults requires that extension accompanied
ti lting.
The rotation is accomplished on dO\~m~ard
flattening--listric--normal
faults,
which in some
cases fair into the detachment faults, and in others
meet them at angles of complex deformation.
The sense
of rotation is independent of position on a detachment
domiform:
the blocks have not rotated down both sides
of a dome, as some investigators have postulated, but
rather tend to have the same sense of rotation across
several domes. Thus, in the Riverside Hountains (this
report),
in
the Hhipple,
Buckskin,
and Rawhide
Mountains domes to the northeast (Davis et al., 1980),
and beyond them almos t to the edge ofthe Colorado
Plateau (Lucchitta,
1981;
Lucchitta and
f>uneson,
1981), Tertiary sections are consistently rotated to
mode rate to steep southwest dips, regardless of which
flank of each dome they are on.
It follows, then,
that although the blocks are collapsing to\~ard the
Colorado Plateau, they must be doing so in response to
a movement of their substrate--the "core complexes"-relatively south\'lestward away from the Plateau.

Figure 31. Structure in mylonite zone, of Cretaceous
or Miocene age, between inverted Triassic schist and
Kaibab Marble, southeast part of range. A (top):
lenses of tremolite-calcite marble, in mylonite
derived from schist; coin 1.9 cm in diameter.
B
(bottom): Boudin of dragfolded mylonite enclosed in
inter sheared mylonite and marble; knife at top left.

The detachment faults formed concurrently ''lith
normal faulting of Basin-Range type, the products of
which are exposed in less-eroded tracts in the regions
of detachment faulting.
That the rotations of upperplate terrains accompanied the development of major
surface fault scarps is shown also by the slide
breccias, which are common components of Tertiary
sections, including that of the Riverside Mountains,
rotated steeply down to truncation angles of typically
about 60 0 against gently dipping detachment faults.
As young normal faults typically have near-surface
dips of about 60 0 , it is an obvious inference that the
breccias have been rotated down on large normal faults
of downward-decreasing dip.
Intermediate relationships,
slide
breccias
dipping
moderately
into
moderately dipping faults, are seen in many ranges.
Such Tertiary sections as that of the Riverside
Mountains are readily explained by such analogy; and
such features as the interbedding of megabreccias and
lacustrine sediments are difficult to explain in other
terms.

Figure 32. Fine-grained mylonite derived from upperplate Proterozoic gneiss by Miocene faulting.
Northeastern Big Maria Mountains.
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passed through threshold comhinations of pressure and
temperature that caused changes in response.
7:ones of
shearing more or less continuous in time passen
successively
upward
through
regimes
of
ductile
mylonitic flow, coherent microbrecciation, and brittle
gouge.
Such progressions have been documented by G.
A. Davis et al. (1980), but were interpreted by them
in different terms. "Core complexes" rose high in the
crust, and were in their turn broken by steep-dipping
normal faults, Io/hich presumably flatten downward to
merge with new detachment faults.

1'hat the listric normal faults inclurle many of
large displacement, ann no not represent merely the
chattering of the upper crust into small nominoes, is
inrlicated also by the crustal elision across the
netachment faults.
1'here is often a thickness of
about 10 km of crust missing between the steepdipping, unmetamorphosed supracrustal rocks above a
fault, and the middle-crust crystalline rocks beneath.
Integration
of
the
observed
geophysical
properties
of
the
llasin and Range
region with
experimental and theoretical rock mechanics requires
that the upper crust extends in a brittle fashion,
whereas the lower crust extends by ductile flow
(Eaton, in press; see also Le Pichon and Sibuet,
1981).
The Basin and Range province has probably
approximately doublen in width during Cenozoic time
(Hamilton,
1978).
The upper crust responds by
collapsing as brittle-fault blocks, which tend to have
the same sense of rotation over large tracts (see
preceding discussion, and also Stewart, 1980).
These
blocks collapse in gravitational fashion because their
substrate is stretched beneath them.

I thus picture the "core complexes" as
the
middle-crust accompaniment of upper-crust faulting of
Basin-Range type.
Basin anrl Range blocks formerl above
the "core complexes;" "core complexes" are now forming
beneath
active
parts
of
the
Basin
ann
Range
province.
I
regarrl
the distinctive geophysical
properties of the Basin and Range region--high heat
flow,
bimorlal
basalt-and-rhyolite magmatism,
thin
crust, low-velocity upper mantle, etc.--as effects,
not causes, of extension.
The Cenozoic extension of the Cordillera occurred
in three quite different tectonic regimes.
That of
Eocene age,
in Washington and Bri tish Columbia,
represented oblique extension
that
stepped major
right-slip motion inland (Price, 1979). The extension
of middle Tertiary age, throughout much of the Basin
and Range region including the Big Maria Mountains,
was more or less perpendicular to the convergent plate
margin then active, and hence was spreading in a backarc sense (cf. Atwater and Holnar, 1973; Cross and
Pilger, 1978;;-and Snyder et al., 1976). The extension
of late Cenozoic age was again of oblique orientation,
related to the development of the San Andreas strikeslip boundary between Pacific and North American
Plates (Atwater, 1970).

I have been able to examine a number of highquality commercial seismic-reflection profiles from
southern Arizona.
These mostly were recorded to 6
seconds of round-trip time, equivalent to penetration
to a nepth of more than 18 kill in crystalline rocks.
These excellent records show the detachment faults as
conspicuous, undulating reflectors.
The top 10 kill of
crystalline
crust
beneath
the
detachment
faults
appears to be split into large, gently tapered lenses,
each on the order of a few kilometers thick and ten or
tens of kilometers long. The lower 10 kill of the crust
within
the
records
commonly
shows
a
pervasive,
subhorizontal fabric.
One such profile is reproduced
here as figure 33.

Both the Eocene and the middle Tertiary episodes
of extension followed closely upon voluminous arc
magmatism in their regions
(cf. Snyder et al.,
1976).
Heating and Io/eakening ;;r the crust "bY this
magmatism presumably was a major factor favoring
extension.
The detailed structures developed were
not, however, dependent upon the products of that
magmatism, for nonmagmatic as well as magmatic tracts
were affected.

I interpret these records, in the context of
field relationships, to indicate that the middle crust
was extended by the slicling apart of lenses, the tops
of Io/hich Io/e see as the "core complexes."
As these
lenses
moved
apart,
the
rletachment
fault
that
represents their composite upper surface was increased
in area.
Transposition of rocks of initially diverse
orientations, caused by shearing between the great
lenses, makes their boundaries visible on the reflection profiles.
The lower crust, under conditions of
both higher temperature and higher pressure, extended
by smoothly ductile flow, which pervasively transposed
older lithologic components into subhorizontal sheets.

Other Regions
Listric normal faults and "core complexes" appear
to be characteristic of extensional terrains.
I have
studied maps and literature from various parts of the
world, and feel that I can confidently identify
geometry like that of southeastern California in
France, Aegean islands, anrl New Guinea.
(Despite
tensional settings, the usual explanations are in
terms of thrust faults that place upper-crust rocks on
middle-crust ones, or younger rocks on older.)

This explanation for the behavior of the midnle
crust has elements in common with the concept of
megaboudinage, advanced by Davis and Coney (1979) ann
by Davis, Gardulski, and Anderson (1981).
I picture
the middle crust as pulling apart in great, overlapping scales, whereas they see it more as a matter
of masses stretching in a ductile matrix.
It seems
reasonable
on
physical
grounds
to
visualize
a
transition downward from lens behavior to boudinage
behavior.
G. H. Davis and his associates, however,
view the middle Tertiary basins as pronuced above
necked parts of the boudinage systems, rather than as
related to normal-fault blocks in the upper crust, and
I disagree strongly with this and other parts of their
model.

Much deep crustal deformation that is commonly
attributed
to crustal shortening may instead be
produced by crustal extension.
Thus, I regard the
late Proterozoic Grenville metamorphic and transpositional event of eastern North America as due to
the stretching that precederl the opening of the ProtoAtlantic.
The lower-crust, horizontally transposed
terrain of the southeast Adirondack 110untains may be
an exposed analog for the horizontally layered lower
crust seen in such Arizona reflection profiles as that
of figure 33. Deep crustal reflections seen in COCORP
prof iles in some regions may be in part from layers
transposed by extension, rather than by compression as
is more widely assumerl.

As
extension
progressed,
elements
moved
on
average closer to the surface, both because of crustal
attenuation and because of the removal of material by
erosion.
As the bounnaries between the different
types of behavior--brittle collapse, discontinuously
ductile lenses, smoothly ductile flow--rose,
they
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Figure 33 (above, and facing page). Seismic-reflection profile in south-central Arizona, showing structure from
which the mode of extension of continental crust is inferred. The northern two-thirds of the line has "core
complex" rocks at the surface, and the ground surface represents a depth of about 10 km in the crust as it
existed before middle Tertiary extensioni a detachment fault crops out just north of the line. A thin remnant
of upper plate may be present beneath alluvium along the southern third of the line. A well, drilled to a
depth of 5,5 km a few kilometers from the south end of this line, penetrated about lkm of gravel and arkosei
2 km of Proterozoic granodiorite and granite, with a biotite K-Ar age near the top of 137 m.y., and one near
the bottom of 44 m.Y.i chloritic microbreccia (a detachment fault?)i and 2.5 km of migmatitic gneisses and
Paleogene two-mica granite, with biotite and hornblende K-Ar (uplift?) ages of 25-31 m.y. (Reif and Robinson,
1981). Depth scale is based on velocity data of Warren (1969). Profile is about 40 km long, and has negative
vertical exaggeration, about 1:1.6.
North end of line is near 33 0 05' N., 111 0 00' W., and south end is near
32 0 50' N., 111 0 10' W. Profile provided by Pacific West Exploration and the Anschutz Corporation.
Interpretation: Reflectors represent primarily lithologic units transposed by laminar flow accompanying
middle Tertiary crustal extension. The top 10 km (the present upper crust, but the pre-extension middle crust)
is broken into great lenses which have slid aparti few reflections come from inside the lenses. The lower 10
km (the pre-extension lower crust) is pervasively transposed by ductile layers into subhorizontal reflecting
layers.
and was seen in exposures in several places; it is
marked by 5 m or so of gouge and breccia, and dips
moderately to steeply east.
Offsets of Jurassic(?)
gabbro, Paleozoic metasedimentary rocks, and tracts of
sheared Cretaceous pegmatites indicate that the east
side has been relatively downdropped about 1.5 km.

MIDDLE MIOCENE FAULTING
Brittle faulting of both normal and strike-slip
types broke the "core complex" of the Rig Maria
Mountains after the early Miocene detachment faulting
and before deposition of latest Miocene and younger
materials, and hence was of approximately middle
Miocene age.
Presumably
this deformation was
continuous in time with the detachment faulting, and
records extension after the "core complex" had risen
so high in the crust that further ductile deformation
was not possible at the levels now exposed.

In the south part of the range, an array of
anastamosing steep to moderately dipping faults, all
marked by gouge and breccia where exposed, break all
older structures, including the gently dipping faults
of the detachment family.
These faul ts trend mos tly
southeastward.
Steep, oblique, and subhorizontal
slickensides and mullions were seen on various faul t
faces.
Presumably these southern faults have an
aggregate oblique slip, right-lateral strike slip
being combined with vertical components that mostly
are down on the east side.

In the north and central parts of the range, two
large faults dominate the post-detachment pattern.
Each is followed by a major valley system (figs. 8,
22).
One of these faults is a northwest-trending
strike-slip fault, which offsets many contacts about
1.5 kID in a right-slip sense. This fault was not seen
in continuous outcrop.
The other major fault curves
from northwest in the south to northeast in the north,

The two normal faults, down on the southwest
sides, drawn beneath the alluvium southwest of the Rig
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redbed fanglomerate that was deposited on a pediment
surface.
No deformation of the Bouse has been
recognized within the local area, although regional
warping and uplift at least are required.
The nature
of the connection of the Bouse embayment to the
Pacific Ocean is not yet known, although presumably
the connection was by way of the Imperial Valley
region to the west, where marine strata of similar age
are present; the Gulf of california probably did not
open until after much of the Bouse was deposited.

Maria
Mountains
(fig.
2),
are
identified
geophysically.
The
long
fault
trending
westnorthwestward from the south end of the range is drawn
along a marked gravity gradient that records a
deepening of
the basement,
presumably by normal
faulting, of 2 or 3 krn (Rotstein et al., 1976). The
fault drawn close to the southwest-edge-of the central
part of the range was discovered by Hoover et al.
(1981) by a telluric survey, and confirmed by"R.W.
Simpson, Jr. (written commun., 1981) by a detailed
gravity traverse.

The Colorado River has apparently flowed along
its present broad valley, east of the Big Maria
Mountains,
throughout
Quaternary
time.
Complex
sequences
of
alluvial fan and river floodplain
aggradation
and
degradation
have
resulted
from
climatic changes both in the local ranges and in the
headwaters of the river. No deformation of Quaternary
materials has been recognized.

LATE NEOGENE HISTORY
The latest Miocene and younger history of the Big
Maria Mountains region has involved a marine incursion
and the development of the modern alluvial systems,
but no recognized local deformation.
Much of the
bedrock topography has been little changed since
Miocene time.
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ABSTRACT

eled surface that the subsequent course of the Colorado River, above noted, was developed." (Davis, 1930l

An extensive Tertiary erosion surface with deeply incised, buried drainage channels is covered by
Oligocene and younger volcanic rocks around the southwest margin of the Colorado Plateau. vlidespread,
deeply weathered, crystalline-bearing gravels resting
on the Paleozoic rocks beneath the volcanic flows
were derived from uplifts initiated during the Laramide orogeny, but the minimum depositional ages of
the arkosic sediments have long been the subject of
controversy. On the Hualapai and Coconino Plateaus
the deposits contain lacustrine limestones from 15
to 122 m (50 to 400 ft) thick. These limestones all
appear to be related to local structural deformation
in the vicinity of monoclines or upwarps. If the
compressional (Laramide) origin of these folds and
upwarps is accepted, the sediments must generally be
no younger than late Eocene in age. The widespread
deposition of arkosic sediments and lacustrine limestones on the old erosion surface is more logically
correlated with the more humid pre-Oligocene climatic
conditions in the southwest.

There have been many attempts to explain how the
Colorado River drainage system gradually evolved following the early Tertiary erosion interval. Some
geologists restricted the formation of the Grand Canyon to Miocene or Pliocene time, but lacked the
specific chronologic control to develop a precise
geologic framework for the postulated sequence of
events. Longwell (1936) recognized the importance of
the Muddy Creek Formation, which clearly predates the
Colorado River west of the plateau, but its age has
only recently been confirmed as late Miocene to Pliocene (Lucchitta, 1979).
As a result of the inadequate chronologie control, numerous incompatible theories were proposed in
attempts to relate the early Tertiary features to the
younger Colorado River erosion cycle. Hypotheses
ranged from proposals that the Colorado River was a
west-flowing regional drainage system from Oligocene
time through Basin and Range deformation (Lovejoy,
1973; Hunt, 1956, 1969) to sU9gestions that the canyon
formed in very recent times (Blackwelder, 1934; McKee
and McKee, 1972). Conflicts between competing hypotheses seem to have resulted from an inability of their
proponents to distinguish chronologically between the
early Tertiary regional erosion interval and the
events of middle Tertiary time, including Basin and
Range extensional tectonism. The scarcity of datable
rock units of Paleocene through Oligocene age in
northwestern Arizona hindered the search for definitive answers. Nevertheless, it has become clear that
the early to middle Tertiary erosional and structural
histories of the western plateau and adjacent Great
Basin in Arizona are closely interrelated. A consistent, unified chronologie framework is needed to accurately correlate the major events that have affect~d-both geologic provinces simultaneously.

This regional drainage system had clearly been
disrupted prior to the onset of Miocene Basin and
Range extensional tectonism and volcanism. There is
no evidence of significant deformation or regional
magmatism from late Eocene through late Oligocene
time. The improved chronology for Tertiary events
that has been developed during the last two decades
throughout the Basin and Range province requires that
these events be logically associated with the early
Tertiary (Cretaceous-Eocene) Laramide orogeny. Accep~
ance of this chronologic framework implies that most
of the significant erosion on the plateau in northwestern Arizona was accomplished during this early
Tertiary (pre-Oligocene) interval and that very little
of the present regional physiography was significantly
changed by the Pliocene development of the Grand Canyon.

It has been adequately demonstrated that the
modern Grand Canyon erosion "cycle" occ~rred within
the last 5 to 6 million years west of the Kaibab
upwarp and was not simply the result of abrupt, diffe~
ential plateau uplift (Lucchitta, 1979; Young, 1979).
The plateau is a coherent structural block within the
broader regional uplift encompassing the western United States from California to the Great Plains (Peirce
et al., 1979). However, the western plateau edge is
clearly defined by an abrupt crustal thickness change
documented by geophysical measurements (Thompson and
Zoback, 1979). Although the plateau block has filtered out all but the strongest tectonic pulses that convulsed the Great Basin, the sequence of early Tertiary
events can be inferred from several significant geologic relationships that could only have resulted
from Laramide compressional tectonics and their logical consequences. The middle Miocene volcanism and
normal faulting accompanying Basin and Range extension along the plateau margin helped to preserve the

INTRODUCTION
The effects of Laramide compressional deformatio~
uplift, and erosion around the western and southern
margins of the Colorado Plateau have been described by
numerous geologists and related to the formation of a
widespread erosion surface extending from the Great
Basin onto the plateau during early Tertiary time. An
interesting summary of the interpretations of the
early to middle Tertiary events as interpreted by
King, Gilbert, Powell, and Dutton is contained in an
article on the Peacock Range by Davis (1930). Davis
clearly understood that the early Tertiary "Powell
surface" in western Arizona was not associated with
the modern Grand Canyon erosion cycle. He observed
that the, "enormous volume of erosion that was involved in the degradation of the Powell surface was much
greater than even the excavation of the stupendous
canyon .... It is along the medial part of this bev-
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Gresans (1981) reviewed the evidence for a profound regional unconformity of late Eocene to early
Oligocene age extending from British Columbia to Mexico and related it to the pre-35-million-year-old
Telluride surface in the San Juan Mountains and adjacent portions of Arizona and New Mexico. He summarized the convincing evidence indicating that the erosion surface marks the end of Laramide compressional
tectonism, coincident with documented world-wide
changes in plate motions about 40 m.y. ago. In much
of western North America the interval from 40 to 35
m. y. ago is marked by a period of widespread magmatic
quie~nce accompanying the change from compressional
deformation to subsequent vertical isostatic adjustment and erosion. The interval is also marked by
deep weathering and a change from warm, humid to cooler, more arid conditions during Oligocene time (Frakes
and Kemp, 1973).

unique record of early Tertiary events. This discussion will focus on the sequence of events from late
Cretaceous through Miocene time that clearly preceded,
and in fact precluded, the development of the Grand
Canyon of the Colorado River.
WESTERN NORTH AMERICA AT THE CLOSE OF THE LARAMIDE
General Setting
The Laramide orogeny may have encompassed the interval from 80 to 40 m. y. ago (Coney, 1973) as defined by recent plate tectonics models. It is bracketed between deformed Turonian rocks (88 m.y.) and
undeformed 36 to 37 million-year-old volcanic rocks
in southern Arizona and New Mexico (Miller, 1962;
Gresans, 1981). Damon (Shafiq ullah et al., 1980)
would prefer to restrict the Laramide to the 75 to 50
million-year-old cluster of magmatic ages in the Basin
and Range province, based on the presumed correspondence of magmatic activity and tectonic deformation.

The Southwestern Colorado Plateau Margin
The erosion surface along the southwestern margin

Zion National
Park

COCONINO
PLATEAU

,

II Wickenburg

Rim

100 Km

Figure 1. Early Tertiary drainage directions (solid arrows) and presumed
continuations (open arrows) on the southwestern Colorado Plateau. Detail of
Hualapai Plateau on Figure 2. Inferred early Tertiary lake basin (dotted line)
on Coconino Plateau enlarged in Figure 5.
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of the Colorado Plateau, extending from the Colorado
River southward into central Arizona, was initiated
by Laramide deformation and uplift in which Precambrian basement rocks were eventually exposed and shed
crystalline-bearing gravels northward onto the eroded Paleozoic rocks of the plateau (Fig. 1). The sequence of events that produced the broad, regional
surface, which was beveled across Precambrian through
Paleozoic rocks, had to be of considerable duration.

The surface was first extensively eroded and then buried by lOO-to 200-foot-thick (30 to 60 m) arkosic
gravels now preserved beneath lavas no older than late
Oligocene in age. One simple approach that provides
an estimate of the time involved in the regional uplift, erosio~ and deposition is the assumption that
deformation and denudation are essentially synchronous.
This implies that relief is rapidly lowered following
episodes of significant tectonic deformation. It has
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Figure 2. Early Tertiary channels blocked at monoclinal intersections on Hualapai Plateau.
Cross section A-A' on Figure 4. Well to basement at Truxton intersects channel axis and 1560
feet (475 m) of Tertiary sediments and volcanics. Symbols: Tertiary volcanics (Tv), Tertiary
sediments (Ts), or both (Tvs), 17 m.Y. old Peach Springs Tuff (*). 65 m.y. 91d intr~sive
(black) is unconformably overlain by Miocene volcanics. Paleozoic rocks undlfferentlated (P).
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also been assumed that periods of Tertiary tectonism
and magmatism were approximately coincident, both presumably products of the same plate tectonics mechanisms.

of the plateau margin during Miocene Basin and Range
extension is both demonstrable and consistent with
the observed low dips and younger down-to-the-west
normal faulting (Young and Brennan, 1974). These
apparent obstacles to the precise reconstruction of
the early Tertiary surfaces and drainage channels,
although not geologically complex, have produced some
unusual and unrealistic reconstructions of the Colorado River's origins (Hunt, 1969, p. 120; 1974, p.13])

The earliest evidence of the possible onset of
the Laramide orogeny in central Arizona is an upper
Cretaceous (Turoni an) unconformity (Mi 11 er, 1962).
Shafiqullah et al. (1980) summarized the ages of
Laramide lavas and plutons in southwest Arizona, which
span the time interval from 75 to 50 m.y. ago. A
Cretaceous-Paleocene intrusive (65 m.y.) on the western edge of the plateau south of the Colorado River
(Fig. 2) adds to the evidence that early Tertiary
magmatism and tectonism were synchronous along much
of the southwestern plateau margin (Young, 1979).

LARAMIDE COMPRESSIONAL STRUCTURES AND SEDIMENTARY
DEPOSITS ON THE PLATEAU IN NORTHWEST ARIZONA
Hualapai Plateau
Laramide deformation on the plateau was characterized by monoclines and upwarps that have not been
documented as having affected younger rocks (Kelley,
1955). It is important to firmly establish that the
plateau monoclines must have formed under a compressional stress regime that is ~ compatible with
Laramide-style tectonics. One of the strongest lines
of evidence demonstrating that compressional tectonics formed the Grand Canyon monoclines has centered
on the reversal of the sense of offset along these
complex structures where well-exposed, east-dipping
monoclines can be traced downward into older, westdipping normal faults. In other words, the normal
(tensional) offset on the parent faults has been reversed by movement on the younger monoclinal folds,
which reactivated the same lines of structural weakness and produced compressional shortening. Huntoon
(1969, 1971, 1974, 1981), who has restudied a number
of these structures, has recently found conclusive
proof of the direct correlation between monocline
formation and compressional tectonics along a segment
of the Meriwhitica monocline on the Hualapai Plateau
(Fig. 2). He described a location where monoclinal
flexuring in the Cambrian sedimentary rocks is accompanied by thrust faulting in the underlying Precambrian basement rocks along a section of the monocline
in Milkweed Canyon that did not follow an older basement fault (Huntoon, 1981). This new evidence
strengthens the arguments of Young (1979), who concluded that the large Tertiary drainage channels on
the Hualapai Plateau were blocked by compressional
monoclinal deformation and were, therefore, Laramide
or pre-late Eocene in age. Movements along the
Meriwhitica and Peach Springs monoclines, which intersect two different channels, partially blocked both
drainages and caused lacustrine 1imestones to form on
the upstream sides of the structures (Fig. 2).

The oldest dated volcanic rocks resting on the
regional Laramide erosion surface are now known to be
9f Oligocene or Eocene age in central Arizona (Shafiqullah et al., 1980), western Arizona (Young and Mc~e,
1978; Young, 1979), and in New Mexico (Snyder, 1970).
However, the ages of the underlying crystalline-bearing gravels on the plateau in Arizona have been the
subject of past controversy because, until recently,
they were believed to be overlain everywhere by volcanic rocks no older than middle to late Miocene in
age. In addition, the reworking of some of these
gravels along the Mogollon Rim in central Arizona had
created conflicting field evidence concerning the actual time of original deposition (Peirce et al., 1979).
Nevertheless, the surface on which the gravels rest
has been shown to be of early Tertiary age over a
broad region. Inasmuch as Oligocene -age rocks have
now been found resting on the surface in Arizona, it
is difficult to relate the uplift and erosion they
represent to any period of regional tectonism other
!hanthe Laramideorogeny. In eastern Arizona indivfdual volcanic clasts within the gravels on the
plateau have been dated as 53 to 57 m.y. old and are
overlain by a 28-million-year-old rhyolite (Peirce et
al., 1979). In this instance, following an undetermined interval of Cretaceous-Paleocene erosion, late
Paleocene volcanic rock clasts were incorporated in
gravels, carried northward onto the plateau, and
deposited prior to Oligocene time. The entire episode (erosion and deposition) might have occupied
from 10 to 40 m.y. or longer, depending on when one
assumes the initial late Cretaceous orogeny may have
actually begun (or ended) in central Arizona.
The present altitudes and distribution of the
Laramide-related gravels have been affected by some
fluvial reworking and younger faulting, and the precise effects of actual Laramide deformation along the
plateau margin are not always readily apparent (Pei~e
et al., 1979). On the western Hualapai Plateau (Fig.
1) the gravels are associated with conspicuous inci~d
channels (Fig. 2) with up to 4000 feet (1220 m) of
relief that are filled with as much as 1500 ft (457 m)
of Tertiary sediments. The projected outlets for
these channels, which converge on the southern end of
the Hurricane fault zone near Peach Springs (Young,
1979), require that the original uplift must have
tilted the Paleozoic rocks more steeply to the northeast than is apparent at present. An increase in the
existing regional dip of 1/2 to 1 degree and restoration of documented post-middle-Miocene displacements
on the major normal faults would have permitted these
incised drainages south of the Colorado River to have
continued northward across the modern Grand Canyon
between the Shivwits Plateau and the Kaibab Upwarp
(Fig. 1). Lucchitta (1975) has described similar
gravels on the Shivwits Plateau. Westward collapse

Truxton-Peach Springs Channel
Near Truxton, Ari zona, a segment of one of the
buried Tertiary channels leading into Peach Springs
Canyon has been penetrated by an exploratory drill
hole of the Bendix Field Engineering Corporation.
The location was chosen, with the help of the author,
to intersect the axis of the buried valley and penetrated 1560 ft (475 m) of Tertiary sediments and Miocene volcanics studied earlier by Young (1979) in
shallower wells nearby (Fig. 2). However, the deeper
Bendix well was more carefully sampled at 10-foot
intervals and was geophysically logged. The sandy,
arkosic sediments that extend 500 ft (152 m) below
the base of the middle Miocene volcanics in this
boring were found to contain conspicuous volcanic
detritus. This marks the gradual onset of volcanism
in the adjacent Great Basin. From this depth down to
the contact with the Precambrian basement rocks the
lower 780 ft (238 m) of arkosic Tertiary sediments
are more noticeably oxide stained and contain no
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significant volcanic clasts. The upper 130 ft (40 m)
of these older volcanic-free sediments are so loosely
consolidated that the drilling rate increased to the
speed characteristic of the surficial alluvium. This
same interval, beginning 800 ft (244 m) below the surface, also showed the only conspicuously smooth and
relatively featureless records on the self-potential,
resistivity, gamma, and neutron logs run on this hole.
This soft, oxidized, homogeneous, sedimentary interval
is interpreted as a deeply weathered zone, comparable
to the "tens of meters" of weathering noted by Gresans
(1981) as characteristic of the late Eocene-early
Oligocene erosion surface elsewhere in North America.
At locations where the contact between these two deposits is exposed in Peach Springs Canyon (Young, 1966;
1979), along the extension of the same channel, the
upper, volcanic-bearing arkosic unit shows no more obvious weathering than is apparent on Pliocene to recAnt alluvial fans in the region. However, crystalline

clasts in the lower (oldest) arkosic gravels have
completely disintegrated and cannot be removed intact
from outcrops. Because both gravels are grossly similar in lithology and lie beneath 17-million-year-old
volcanics, the extremely weathered unit must be significantly older. The contact between the two arkosic
formations can be traced laterally into thin discontinuous limestone and clay lenses, which are inferred
by Young (1979) to have been produced by the Eocene
monoclinal drainage disruption events.
The absence of any conspicuous fine-grained lacustrine section in the deeD Truxton well lends further
credence to Young's suggestion (1979) that the lacustrine limestones are not related to a regional climatic episode but are, in fact structurally produced and
only occur upstream of those channel segments intersected by monoclines. The Peach Springs monocline
(Fig. 2) only intersected (blocked) a deep, west-

Figure 3a. Bridge Canyon (B) capturing former south-flowing tributaries (D) to older Milkweed-Hindu Canyon
channel (H). Miocene basalt remnant opposite Separation Canyon (S). Basalt rests on gravels derived from local
Paleozoic rocks and covering surface G, which indicates level of pre-Grand Canyon fluvial aggradation. See Fig.4.
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Figure 3b. View south from above Bridge Canyon (B) toward Milkweed (M) - Hindu (H) channel.
Hualapai Mts. (HM), and Music Mts. (MM) along west edge of plateau. Photo by R. Kilbury.
flowing tributary of the Truxton Valley-Peach Springs
channel system. The 400-foot-thick (122 m) lacustrine
deposits at Peach Springs do not occur to the west in
the deeper Truxton valley channel, as would be anticipated in the case of a regional, climatically controlled facies change. However, it is logical to expect
that such a significant geologic event would leave
some visible record in the sedimentary section downstream from the blocked tributary in Peach Springs
Canyon. The appropriate stratigraphic interval in the
Peach Springs Canyon section contains very thin, discontinuous calcareous clay lenses between the two
previously described arkosic gravels (Young, 1966).
Locally, coarse fanglomerates and thin gravel lenses
of clasts from the nearby Paleozoic limestones occur
along the same horizon.

Cerbat Mts. (CM),

contained within the lower Peach Springs Canyon section (Young, 1966).
Milkweed Canyon-Hindu Canyon Channel
The Milkweed-Hindu channel (Figs. 3a, 3b, 4) is
obviously older than the adjacent Colorado River and
still receives much of the local tributary drainage
that originates along the south edge of the Grand
Canyon (Fig. 3a, 4). Although the regional dip is
toward the northeast, the local topographic slope
south of the Grand Canyon is against the structural
dip and is graded towards the old Hindu Canyon channel
(Fig. 4). This situation could only have developed if
the Hindu channel was originally the main drainage in
pre-Colorado River time. If the Shivwits Plateau
scarp is projected to an older (Eocene?) position (Fig.
4) near the modern Colorado River, drainage from the
cliffs southwestward into Hindu Canyon could explain
the topographic and drainage relations presently observed. Gravels under the basalt remnant near Separation Canyon (Fig. 2, 4) contain clasts from upper
Paleozoic formations that crop out only to the north
of the Grand Canyon today (Young, 1966).

It is especially significant that clasts of the
local Paleozoic formations are scarce in the dominantly crystalline-bearing prevolcanic Tertiary sediments,
in spite of the locally high channel relief. This may
have been due to the presence of a thick soil and
vegetation cover and a predominance of chemical weathering under the wetter climatic conditions of early
Tertiary times. The same (barren) slopes today supply
an abundance of gravel clasts to all the local streams
tributary to Peach Springs Canyon. During the early
Tertiary the exposures of Paleozoic rocks were undoubtedly much smaller throughout the region as indicated by the thickness of arkosic sediments still
covering the plateau to the south, on the eastern
Hualapai Indian Reservation, and on the southern Coconino Plateau (Fig. 1). A totally different climatic
regime is also suggested by the large petrified logs

After the disruption of the major early Tertiary
drainage channels near the close of the Laramide orogeny, locally derived gravels and Miocene volcanic
flows filled the existing relief (late Eocene to
Oligocene time) as the Shivwits scarp continued to retreat northeastward. The modern Colorado River could
only have developed at some later time on the erosional bench downdip from the Hindu Canyon channel. The
Grand Canyon tributaries are still in the process of
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Figure 4. Composite cross section (true scale) of Hualapai Plateau (location on Figure 2) through Hindu Canyon near Bridge Canyon. Topographic
slope southwest into Hindu Canyon channel (solid arrows) from edge of Grand Canyon is opposite to regional dip. Scarp position is inferred during
pre-Colorado River, Hindu Canyon Tertiary drainage interval. Basalt near Separation Canyon (Figure 3a) indicates level of aggradation needed to
permit lavas to reach Grand Canyon area from plateau to the southwest (prior to Grand Canyon tributary incision).

exhuming the Hindu Canyon channel and capturing its
south-flowing tributaries (Fig. 3a). Several obvious
stream captures are visible where Bridge Canyon and
other Colorado River tributaries are headwardly eroding into the south-flowing drainages described by
Young (1970). The entire Hualapai Plateau region preserves the evidence of widespread Oligocene-Miocene
filling and aggradation right up to the edge of the
modern Grand Canyon, a fact which is inconsistent with
any postulated middle Miocene or older regional incision of the Colorado River system on the western
plateau.

Coconino Plateau
The state geologic map of Arizona depicts Tertiary sediments and small remnants of the Moenkopi Formation cropping out beneath the Miocene volcanics at
Long Point 30 miles (48 km) south of the Grand Canyon
on the stripped Kaibab surface that forms the Coconino Plateau (Figs. 1, 5, 6). Koons (1948) described
the westernmost outcrops of these gravels as being up
to 250 ft (76 m) thick adjacent to the Hualapai Indian
Reservation, and Young (1966) described the basic
similarities between the Tertiary sections on the
eastern and western Hualapai Reservation (Hualapai
Plateau). Squires and Abrams (1975) noted that the
deposits near Long Point contained fossiliferous
limestones and were a maximum of 165 ft (50 m) thick
in the southern portion of the Havasu Canyon-Cataract
Creek basin (Figs. 5, 6). The author first collected
from these limestones in 1975 during a reconnaissance
tri p with E. Shoemaker and 1. Lucchitta. Tests for
pollen produced negative results. More recently,
collections of gastropods by two students (R. Kilbury
and H. Sutphin) have been made from the thickest lime-

The obvious convergence of the Truxton Valley and
Milkweed-Hindu Canyon channels (Fig. 2) on the Hurricane fault zone at Peach Springs Canyon and their
deeply incised character are strong evidence for the
continuation of the drainage northward prior to the
incision of the Grand Canyon (Young and McKee, 1978;
Young, 1979). Restoration of the post-middle Miocene
movements on the Hurricane fault (460 m at the Colorado River) combined with the postulated one-degree
steeper Laramide regional dip would permit the existence of such an outlet between the Shivwits Plateau
and the Kaibab Upwarp.
Colorado ~

>-.2'

COCONINO

PLATEAU

\

Figure 5. Cataract-Havasu Canyon basin and major structures.
Ball on downthrown side of faults. Arrows on double lines are
monoclines. Dashed contour is near elevation of Long Point ls.
36

Figure 6. View southwest across Grand Canyon and Coconino Plateau near Havasu Canyon (C). Long Point (L).
Hualapai Plateau (H). Grand Canyon Village (G). Monoclines in Cataract Creek drainage basin (M).
Photos from U.S. Air Force: Left photo, USAF 374L 6 SEP 68 8; Right photo, USAF 374L 6 SEP 68 11.
stone outcrop yet found beneath the volcanic escarpment west of Long Point. At this locality a 60-footthick (18 m) section of white limestone extends from
the base of the overlying basalts down to the adjacent
creek bed, which has eroded into the limestone. The
base of the limestone section is not visible, but the
top of the limestone has been baked by the basalt flow

explain the existence of ponded drainage or a large
lake (Fig. 5, 6) at elevations near 6000 ft (1830 m)
on such an open, featureless plateau during the time
that the Grand Canyon and its tributaries have existed. The modern drainage is completely open to the
northwest along Cataract-Havasu Canyon, which developed within a broad syncline along the southwest flank
of the Kaibab Upwarp. It is also parallel to the
Supai monocline (Fig. 5). It is logical to assume
that the thick lacustrine limestones and associated
sediments on the southern Coconino Plateau record a
significant blockage of the early Tertiary (preColorado River) regional drainage across the plateau.
In view of the existing structures and regional dip,
it appears that compressional Laramide deformation
along the Kaibab Upwarp and associated folds or monoclines could readily explain the observed field relations. The thick gravel cover on the plateau implies a lengthy period of aggradation, as opposed to
the regional drainage incision occurring at present,
and a lacustrine environment would probably necessitate a wetter climate. The widespread burial of the
regional Laramide erosion surface by arkosic sediments
from the Mogollon Rim northward across much of northcentral and western Arizona requires a significant
change from regional uplift and erosion to regional
deposition during early Tertiary time. The development of the major plateau uplifts and monoclines during continued (Paleocene-Eocene) compressional tecton-

Southeast of Long Point Squires and Abrams (written communication, 1982) measured a partially obscured, 79-foot-thick (24 m) section of sandstones and
siltstones interbedded with limestones. At this location the limestones occur in both the upper and lower
portions of the section, and both gastropods and pelecypods were noted. The top of the visible section
contained quartzitic cobbles. The limestones are
clearly part of the older Tertiary section and are unrelated to the younger Miocene volcanic rocks. The
gastropods examined so far all appear to be of the
Genus Physa and are similar to specimens described
from the Paleocene Flagstaff Formation in southern
Utah by La Rocque (1960). However, more detailed
studies of freshwater Tertiary gastropods are needed
to permit a definitive age assignment. Recent studies
of freshwater Tertiary gastropods suggest they can
evolve rapidly and, for that reason, can be useful for
age correlation (Williamson, 1981).
It would be difficult, if not

impossibl~

to
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proved chronology, the events along the plateau margin
should be interpreted in a manner that is consistent
with the style and relative magnitude of events in the
Great Basin, adjacent to the plateau.

ism is the only obvious regional event of the required
magnitude and age to explain all of the drainage disruptions (ponding) across the Hualapai and Coconino
Plateaus. Reversal of the local dip on the northern
Coconino Plateau during formation of the Kaibab Upwarp
and associated folds (Fig. 5) has created a structural
basin in the Havasu-Cataract Creek drainage area that
is only breached by the relatively recent erosion of
the modern Grand Canyon. Restoration of a relatively
thin, eroded stratigraphic section (60? m) near the
mouth of Havasu Canyon would recreate a lake extending
above 6000 ft (1830 m) in elevation as required by the
position of the limestones near Long Point. This relatively insignificant amount of erosion near the mouth
of the basin, adjacent to the Grand Canyon (Fig. 6)
can readily be attributed to the most recent canyo~
cutting cycle.

Although it has been stated that few landscapes,
if any, are older than Tertiary in age, it is apparent
that significant topographic features and surfaces can
be preserved for long geologic intervals under the
right conditions. It is equally obvious that features
on the scale of the Grand Canyon, or the equally impressive Laramide channels on the Hualapai Plateau,
may form in relatively short geologic intervals of a
few million years.
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DISCUSSION AND CONCLUSIONS
Following initial Laramide uplift and significant
regional erosion down to the extensive Kaibab surface
in northern Arizona, an interval of regional fluvial
aggradation covered much of the plateau margin with
arkosic sediments from the Mogollon Rim northward
across the present position of the Grand Canyon.
Where the plateau edge was significantly upturned and
more deeply eroded (Hualapai Plateau~ incised channels
mark the positions of major drainageways. A combination of increased marginal uplift adjacent to the
plateau and/or the development of major folds, upwarps,
and monoclines on the plateau gradually produced conditions of fluvial aggradation and ponding in some of
the drainages along the flanks of folds or uplifts
that had reversed the northeast regional dip. Paleocene to Eocene fluvial and lacustrine sediments eventually accumulated to thicknesses of 250 ft (76 m) or
more on the Coconino Plateau and up to 780 ft (238 m)
thick in the deepest known channel at Truxton.
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