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ORIGIN OF THE RIVER ANTICLINES, CENTRAL GRAND CANYON, ARIZONA

By PETER W. HunTOON! and DoNALD P. ELsTON

ABSTRACT

A system of anticlines lies along the trend of the sinuous
course of the Colorado River for a distance of 97 km in the
central Grand Canyon. Similar anticlines occur in some
perennially wet side canyons. The anticlines are most abun-
dant and well developed along northeast-trending reaches of
the main canyon where it is floored by the Cambrian Muav
Limestone. Dips of the folded strata are as great as 60°, and
the folding locally extends more than 250 m from the river.
Low-angle thrust faults in the limbs of the anticlines parallel
the river and have formed in response to folding of the com-
paratively brittle carbonate strata. High-angle reverse kink
bands, along which rocks are displaced up toward the river,
also parallel the anticlines and have developad in response
to the upward bulging of the ecanyon floor.

The river anticlines are an unloading phenomenon. They
result from lateral squeezing toward the river of saturated
shaly parts of the Muav Limestone and underlying Bright
Angel Shale. The driving mechanism for the deformation is
a stress gradient that results from a difference in lithostatic
load between the heavily loaded rocks under the 650-m-high
canyon walls and the unloaded canyon floor. Saturation ap-
pears to weaken the shaly rocks sufficiently to allow defor-
mation to take place. River anticlines are not present in the
eastern Grand Canyon, where the Cambrian rocks also occur
at river level. Their absence is explained by a lack of shaly
rocks that could flow when saturated.

INTRODUCTION

A series of anticlines coincides with the trend of
the Colorado River in the central Grand Canyon
(fig. 1). Because the anticlines follow the river
around bends, they appear to have a genetic rela-
tion to the river and its canyon. The generalized
axial trace of two of the folds, at and below the
mouth of Matkatamiba Canyon, is shown on the
geologic map of Maxson (1969). These folds have
been called “river anticlines” (Ford and others,
1974).

This paper describes the river anticlines and
associated faults in the Grand Canyon and relates

1 Department of Geology and Wyoming Water Resources Research In-
stitute, University of Wyoming.

the origin of the anticlines to mass flowage of satu-
rated shaly Cambrian rocks in response to hori-
zontal stresses related to lithostatic load differences
between the rocks under the high canyon walls and
the unloaded canyon floor.

Fieldwork and mapping leading to this report
was carried out during parts of two river trips in
1976. The existence and general characteristics of
the river anticlines had been noted during seven
previous research trips of Elston, the first of which
was in October 1971. During a trip in May 1973,
E. M. Shoemaker recognized the preferential devel-
opment of river anticlines along northeast-trending
stretches of the river, which led him to propose a
structural origin for the river anticlines (an origin
also proposed for the Meander anticline on the Colo-
rado River, below its confluence with the Green
River in Utah).
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GEOGRAPHIC AND STRATIGRAPHIC
LOCATION

We have observed river anticlines along the 97-
km reach of the Colorado River between Fishtail
and Parashant Canyons (fig. 1). The anticlines
characteristically occur in the lower half of the
Cambrian Mauv Limestone and in parts of the un-
derlying Cambrian Bright Angel Shale where these
rocks crop out at and near river level.

The combined thickness of the Bright Angel Shale
and Muav Limestone in the area of the river anti-
clines in central Grand Canyon is about 300 m. The
nomenclature and composition of these two rock
units are summarized in figure 2. Member names
are those of McKee (1945). His Spencer Canyon
and underlying members are here reassigned to the
Bright Angel Shale so as to retain the stratigraphic
position of the Bright Angel Shale-Muav Limestone
contact as originally defined by Noble (1914, p. 65).

In the central Grand Canyon, the Bright Angel
Shale consists of interbedded shaly siltstone and
sandstone and interbedded dolomite. The Muav
Limestone consists of cliff-forming, in part thin
bedded dolomite and limestone that contain subor-
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dinate shale partings. The clay fraction diminishes
in both formations toward the east, and shale is
rare in the Cambrian section in the eastern Grand
Canyon. Regional dip of the Cambrian rocks in the
central Grand Canyon is less than 2° toward the
north or northeast.

STRUCTURE

The axes of the anticlines generally follow the
trend of the center of the river (fig. 1, plate 1). Be-
tween Kanab and Mohawk Canyons, there is a
marked tendency for maximum dips to occur where
the anticlines trend northeast. Local closures occur
along the northeast-trending folds and anticlinal
structures are missing or subdued along northwest-
trending reaches of the river.

The anticlines are best developed along the 21-km
stretch between Kanab and Havasu Canyons. Here
the canyon is at its narrowest, talus is minimal,
and the river level is at or above the top of the
Bright Angel Shale. The steepest dips and greatest
structural relief associated with the anticlines occur
where McKee’s (1945) Peach Springs and overlying
Kanab Canyon Members of the Muav Limestone
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FIGURE 1.—Location of the Colorado River and its principal tributary canyons in the central Grand Canyon, Ariz. Stippled
reaches contain river anticlines. Downstream is to left.
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FIGURE 6.—Selected theories used to explain the origin of
river anticlines in the central Grand Canyon, Ariz. A, This
report, B, Ford and others (1974) and Sturgul and Grin-
shpan (1975). C, Shoemaker (1973). Combination of fig-
ures A and B, Hamblin and Rigby (1969). Arrows indi-
cate movement caused by stress. p€, Precambrian igneous
and metamorphic rocks. €t, Tapeats Sandstone. €ba, Bright
Angel Shale. €m, Muav Limestone. Dtb, Temple Butte
Limestone. Mr, Redwall Limestone. PPs, Supai Group,
capped by Esplanade Sandstone.
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our model, flowage is initiated in the shaly parts of
the Bright Angel and Muav formations close to the
river as they become exhumed.

The model in part devolves from the observation
that fossil river anticlines are preserved strati-
graphically high in the Muav Limestone, well above
present river level (pl. 1). The fossil anticlines are
found where the central gorge of the canyon is very
narrow. They do not appear to be physically con-
nected to underlying river anticlines found at
present river level. We consider this evidence that
formation of the river anticlines has been a con-
tinuing process and that older river anticlines once
existed but have been removed by erosion during
widening of the canyon.

The primary differences between our hypothesis
and that of Ford (Ford and others, 1974, p. 126)
are that we recognize that saturation of the shale
in the section is necessary for the rocks to become
plastic enough to deform under the imposed stress
gradients and that the river anticlines are not nec-
essarily related to the presence of a closely under-
lying Bright Angel Shale. Without saturation and
without shale, these same rocks do not deform.

The various hypotheses proposed by others and
the one we favor can be examined in light of the
structure of the anticlines and of other data col-
lected during the course of our investigation. One
fact is clear from field observations: The strain ob-
served in the river anticlines is a combination of
plastic flowage and brittle failure within the Muav
Limestone and of mostly plastic flowage within the
Bright Angel Shale. A concept that implies elastic
rebound, such as that proposed by Sturgul and
Grinshpan (1975), is negated by the observed non-
elastic strain.

Huntoon’s swelling-clay hypothesis was based on
observations in which clay partings between indi-
vidual limestone beds appear to be expanded under
the floor of Whispering Falls Grotto. The grotto is
eroded beneath a waterfall in beds near the middle
of the Muav Limestone. Exposures of the grotto
floor indicate a slight but measurable increase in
the thickness of the shale partings toward the axis
of the fold. To test for the presence of swelling
clay, we collected claystone and siltstone samples
from shaly and thin-bedded parts of the Muav Lime-
stone and Bright Angel Shale in the central and
eastern Grand Canyon, in areas with and without
river anticlines. X-ray analyses revealed that the
clay in all samples is composed of illite and kaolinite
or chlorite. Montmorillonite, if present, occurs only
in trace amounts. Because of the virtual lack of
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swelling clays in all samples, we believe that the
swelling-shale hypothesis can be rejected. The ex-
panded beds observed at Whispering Falls Grotto
thus are undoubtedly the result of physical separa-
tions between limestone beds caused by buckling of
the strata along the crests of the anticlines.

The hypothesis of Shoemaker involves a plate that
glides toward the river on the incompetent Bright
Angel Shale and is detached from the northeast-
trending Sinyala fault that parallels the general
trace of the river on the south (pl. 1). In this model,
the plate moves northwestward toward the river on
a dipping surface that slopes less than 2° through-
out the central Grand Canyon. As envisioned by
Shoemaker, the top part of the Bright Angel Shale
deforms plastically or by shearing. As long as the
upper contact of the Bright Angel Shale is near or
below river level, the Muav Limestone and upper
part of the Bright Angel Shale would bulge upward
along the axis of the river. Deformation would be
confined to the northeast-trending segments perpen-
dicular to the direction of plate movement.

Shoemaker’s hypothesis would explain the tend-
ency for the anticlines to aline along the northeast-
trending segments of the river. However, we find
difficulties with the theory. First, we have been
unable to document tensional separations along joints
parallel to the river in the cross sections along tribu-
tary canyons south of the river. Moreover, there are
no faults or grabens alined parallel to the river that
exhibit tensional separations ( Ford and others,
1974, p. 127). (The northeast-trending Sinyala fault
is a deep-seated fault.) Tensional separation should
be evident in the brittle and erosionally resistant
Permian Esplanade Sandstone that caps the benches
surrounding the inner gorge. Secondly, no tear
faults, which would be required to accommodate the
northwestward motion of the moving plate, have
been observed along or parallel to the northwest-
trending segments of the river. Thirdly, anticlines
that we have observed near the upstream and down-
stream ends of the river anticline belt (fig. 1, pl. 1)
occur in competent limestone beds in the lower and
middle parts of the Bright Angel Shale (fig. 2).
This demonstrates that anticlinal deformation has
occurred through the full thickness of the Bright
Angel Shale and is not necessarily restricted to the
upper part of the formation, as would be required
by the model depicted in figure 6C. We thus con-
clude that there is no field evidence for appreciable
lateral movement of the Paleozoic section toward
the Colorado River.
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From field relations, then, flowage of saturated
shaly strata involves only small volumes of rock in
close proximity to the river. These rocks are folded
at places where there is a large stress between
heavily loaded zones under canyon walls that are as
high as 650 m and an unloaded canyon floor. Shaly
strata appear to have been squeezed laterally toward
the river, and local lateral flowage, which has
amounted to no more than a few meters at the river,
has occurred in response to the compressive stress
to create the river anticlines. In this model, the
thrust faults result from the folding of the strata in
the anticlines and they are not primary shears re-
lated directly to differential lateral flowage of the
rocks under the canyon walls.

Saturation of the shale is essential for the defor-
mation. The lack of flowage features in shaly out-
crops high in the walls of the Grand Canyon or
away from perennial streams supports this conclu-
sion. Hundreds of kilometers of such dry outcrops
exist in the Grand Canyon under load conditions
identical to those near the river anticlines, yet anti-
clinal deformation has only occurred where the shaly
rocks have been or are in nearly constant contact
with water.

Our hypothesis accounts for the formation of
river anticlines but not for a preferred orientation
where they might tend to parallel a deep-seated
fault and not follow the stream course in detail.
West of Fern Glen, the anticlinal trends vary, and
some minor river anticlines trend northwest as well
as northeast. However, east of Fern Glen, very well
developed anticlines trend northeast along northeast-
trending stretches of the river and disappear along
the short segments of the river that trend northwest
(fig. 1, pl. 1). In this area the river is paralleled on
the south by the northeast-trending Sinyala fault,
which lies about 3-6 km to the southeast. The pos-
sibility exists that some small component of north-
westward, downdip translation of the Paleozoic sec-
tion has occurred between the Sinyala fault and the
Colorado River, employing the model of Shoemaker
in a restricted sense. Such creep would produce a
differential stress that presumably would enhance
development of river anticlines along the northeast-
trending stretches of the river and suppress their
formation along the northwest-trending stretches.
The differential stress would augment stresses pro-
duced as a consequence of unloading along the river,
which in turn suggests that a preferred orientation
of stream or river anticlines might be a compara-
tively sensitive indicator of differential stresses of
tectonic origin.
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ROCK CONTROL AND TECTONISM—THEIR IMPORTANCE IN
SHAPING THE APPALACHIAN HIGHLANDS

By Joun T. Hack

ABSTRACT
The current interest in contemporary tectonic processes in
the Eastern TUnited States is turning up abundant evidence

of crustal movements in late geologic time. Topographic
analysis  of the highland areas from the southern Blue

Ridge to the Adirondack Mountains indicates that most of
the landforms owe their origin to erosion of rocks of dif-
ferent resistance rather than to tectonic processes. Most areas
of high reliet and high altitude have heen formed on resistant
rocks. The Cambrian and Ordovician belt, containing mostly
shale and carbonate rock, on the other hand. forms an exten-
sive lowland from Alabama to the Canadian border and girdles
the Adirondack Mountains, Differences in altitude can be ex-
plained by the presence of resistant rocks outside the belt;
these resistant rocks form local base levels on the streams
that drain the belt, A few areas may have undergone loecal
uplift at a higher rate than areas nearhy— for example, the
Piedmont region northwest of Chesapeake Bay. Most estimates
of erosion rates, based on the load transported by streams,
and of uplift rates, based on removal of the known or in-
ferred amount of overburden during a known period of time,
are of the same order of magnitude, averaging about 4 X 107
millimeters per year. Rates of uplift, based on study of tilted
Pleistocene beaches and repeated geodetic traverses, are at
teast an order of magnitude higher for comparable areas.
Tectonic uplift of the highlands has been stow and involves
mostly warping or tilting on a large scale. Erosion rates keep
up with or exceed the rate of uplift and have heen sufficient
to mask evidence of faulting or other differential movements.
The high rates of uplift that are inferred on tilted water
planes in the glaciated regions or that are measured by dif-
ferences in repeated geodetic traverses cannot have been
sustained for long periods of time.

INTRODUCTION

Differential erosion of rocks of varving resistance
has long been considered a major factor in shaping
the landscape of the Eastern United States. Theories
to explain the erosional history have been concerned
mainly with cyelical landform development, relict sur-
faces such as peneplains, and the evolution of the
drainage pattern (Thornbury, 1965, p. 72-87). Al-
though most geologists agree that uplift did take place
in the Eastern United States during late geologie time
(since the middle Mesozoic), few have thought that
local topographic forms are of tectonic origin. Faults
active in late geologic time have been discovered (York

and Oliver, 1976 Mixon and Newell, 1977), but it has
not been proved that any modern topographic fea-
tures owe their origin to contemporary faulting.

Recent studies of precise leveling data along geodetic
traverses that have been rerun one or more times in-
dicate that many of the monuments have changed in
elevation during the intervals between the traverses.
Some of these changes may be due to errors in leveling
or to disturbances of the monuments, but it is generally
agreed that many of the changes are related to actual
motion of the ground or of the Earth's crust. The dif-
ferences between traverses expressed as velocities of
vertical motion are commonly quite large (see Brown
and Oliver, 1976, for discussion of the method of
analysis). The interpretation of the repeated traverses
poses many problems. The rates of uplift, or depres-
sion are commonly so high that they could not be long
sustained without resulting in much larger topographic
features than are observed.

In spite of the difliculties involved in interpreting
evidence for recent crustal movements, there is little
doubt that rates obtained from precise leveling data as
well as from study of ancient strand lines indicate
rapid contemporary crustal movements. Analysis of
topography of the .Appalachian Highlands shows,
however, that differential erosion of rocks of different
resistance is the major factor that controlled the de-
velopment of today’s topographic forms, including
even large features. A few major topographic discon-
tinuities apparently unrelated to rock tvpe do exist,
however, and can be identified. The picture that
emerges from topographic analysis is that the major
drainage system of the avea has, over a long period of
time, become closely adjusted to rock type. In places,
it still deviates from lithologic controls. Some of the
deviations occur in response to competing major drain-
age systems that have different base levels, lengths,
and gradients, which are basically caused by rock con-
trol within the different systems. Some may be due to
tectonic influence, and others may be inherited from
the past.
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The rate of topographic adjustment because of ero-
slon is so rapid that detection of the details of tectonic
control is difficult or impossible, even in areas where
it is reasonable to expect that such control exists. On
the other hand, the sedimentary record preserved in
the Coastal Plain and Continental Shelf as well as
the grossest topographic relationships are clear evi-
dence of tectonism. The intent of this paper is to de-
scribe the major drainage systems and topographic
forms of the Appalachian Highlands between Ala-
bama and northern New York and to discuss their ad-
justment to bedrock. Some topographic anomalies that
may be caused by differential movement of separate
tectonic blocks are also considered.

I wish to thank C. S. Denny, Richard Goldsmith,
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MAJOR TOPOGRAPHIC FEATURES AND
DRAINAGE SYSTEMS

The general outlines of the topography and drain-
age of the Appalachian Highlands are shown in fig-
ures 1 and 2. In figure 1, an envelope map originally
defined by Stearns (1967), contours are drawn across
the ridge crests and drainage divides. Essentially, fig-
ure 1 is a map of the high parts of the topography.
In this paper, the envelope map is used as a reference
map showing the major streams and the continental
divide separating the drainage to the Atlantic Ocean
from that to the Gulf of Mexico and St. Lawrence
River. Figure 2, a subenvelope map (Stearns, 1967;
Hack, 1973), is another way to generalize the topog-
raphy. In this map, the contours are drawn on alti-
tudes along the major streams. It shows the position
of the major drainage divides as well as the general
configuration of the topography. The degree of gen-
eralization is controlled by the spacing of the streams
used in the generalization. The streams chosen can be
selected precisely, simply by eliminating the upper
reaches of a certain length of all the streams. The
length of reach chosen for elimination determines
the degree of generalization. The subenvelope map is
useful for the present purpose because the larger
streams are flowing on bedrock, and their channel
gradients are adjusted to the bedrock.

In preparing figure 2. the contours were drawn on
the streams shown on the U.S. Geological Survey’s
base map of the United States at 1:2500 000 scale.
Contours were plotted only on streams more than 32
km long. The resulting map shows the altitudes to
which the major streams have eroded. The true alti-
tudes of the divide areas, of course, are higher than
the contours shown. Narrow ranges of mountains that
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do not correspond to the major divide areas do not
have topographie expression on the map. For example,
the Blue Ridge of northern Virginia north of Roanoke
(fig. 1, BR) contains peaks higher than 1220 m, but,
as the entire range averages less than 32 km in width,
it. does not shown in figure 2.

The highland area (fig. 2) from Georgia to northern
New York is about 1600 km long and averages about
240 km in width. It is broken by several large re-
entrants. The Tennessee River valley at T in the south
divides it into two prongs. The New River valley
forms a prominent reentrant at N and is the only
river system that crosses the highland from south-
east to northwest. Large reentrants occur at the Po-
tomac River basin (P) and Susquehanna River basin
(S). The Mohawk Valley at M separates the Adiron-
dack Mountains from the main highland area.

Many of the forms are closely related to the kinds of
bedrock directly beneath them. This relationship prob-
ably accounts in large part for the features just men-
tioned, thus obscuring the evidence for the interpre-
tation of the Appalachian and Adirondack Mountains
as uplifted features. The problem, then, is the extent
to which the present topography has been formed by
differential erosion as opposed to tectonism.

In a general way, the highlands owe their existence
to uplift, for the rocks of the highlands pass under
the Coastal Plain at the southern end. On the other
hand, local topographic features such as the individual
ridges in the Valley and Ridge province owe their
height to differential erosion. The local importance of
differential erosion is evident even in the southern
Blue Ridge, an area of complex geology in which it is
more difficult to identify resistant or nonresistant rock
(Hack, 1973, 1976). Were the highlands, including the
Adirondack Mountains and the Blue Ridge, uplifted
as a single tectonic unit or are they composed of a
group of separate tectonic blocks? If the highland is
a single unit, has the uplift been differential, and at
what scale or wavelength ?

RELATION OF THE HIGHLAND FORM TO
BEDROCK GEOLOGY

Figure 3 is a generalized geologic map of the Ap-
palachian Highlands that has selected contours from
the subenvelope map superimposed on it. The rock
units are grouped according to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>