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DEBRIS FLOWS FROM TRIBUTARIES OF THE COLORADO RIVER,
GRAND CANYON NATIONAL PARK, ARIZONA

By Rosert H. WEBB, PaTrick T. PRINGLE, and GLENN R. Rink

ABSTRACT

A reconnaissance of 36 tributaries of the Colorado River indicates that
debris flows are a major process by which sediment is transported to
the Colorado River in Grand Canyon National Park. Debris flows are
slurries of sediment and water that have a water content of less than
about 40 percent by volume. Debris flows occur frequently in arid and
semiarid regions. Slope failures commonly trigger debris flows, which
can originate from any rock formation in the Grand Canyon. The largest
and most frequent flows originate from the Permian Hermit Shale, the
underlying Esplanade Sandstone of the Supai Group, and other forma-
tions of the Permian and Pennsylvanian Supai Group. Debris flows also
occur in the Cambrian Muav Limestone and underlying Bright Angel
Shale and the Quaternary basalts in the western Grand Canyon.

Debris-flow frequency and magnitude were studied in detail in the
Lava-Chuar Creek drainage at Colorado River mile 65.5; in the Monu-
ment Creek drainage at mile 93.5; and in the Crystal Creek drainage
at mile 98.2. Debris flows have reached the Colorado River on an average
of once every 20 to 30 years in the Lava-Chuar Creek drainage since
about 1916. Two debris flows have reached the Colorado River in the
last 25 years in Monument Creek. The Crystal Creek drainage has had
an average of one debris flow reaching the Colorado River every 50
years, although the debris flow of 1966 has been the only flow that
reached the Colorado River since 1900. Debris flows may actually reach
the Colorado River more frequently in these drainages because evidence
for all debris flows may not have been preserved in the channel-margin
stratigraphy.

Discharges were estimated for the peak flow of three debris flows that
reached the Colorado River. The debris flow of 1966 in the Lava-Chuar
Creek drainage had an estimated discharge of 4,000 cubic feet per sec-
ond. The debris flow of 1984 in the Monument Creek drainage had a
discharge estimated between 3,600 and 4,200 cubic feet per second. The
debris flow of 1966 in the Crystal Creek drainage had a discharge esti-
mated between 9,200 and 14,000 cubic feet per second. Determination
of the effective cross-sectional area was a problem in all calculations
involving superelevations on bends because areas near superelevation
marks were 1.5 to 3.5 times larger than areas of upstream or down-
stream cross sections.

Debris flows in the Grand Canyon generally are composed of 10 to
40 percent sand by weight and may represent a significant source of
beach-building sand along the Colorado River. The particle-size distribu-
tions are very poorly sorted and the largest transported boulders were
in the Crystal Creek drainage. The large boulders transported into the
Colorado River by debris flows create or change hydraulic controls
(rapids); these controls appear to be governed by the magnitude and
frequency of tributary-flow events and the history of discharges on the
Colorado River. Reworking of debris fans by the Colorado River creates
debris bars that constrain the size of eddy systems and forms second-
ary rapids and riffles below tributary mouths.

INTRODUCTION

Sediment transported from small drainages is a poten-
tially significant contribution to the sediment budget of
the Colorado River in Grand Canyon National Park,
Arizona (fig. 1). Little is known about the annual sediment
yields from these drainages; however, many researchers
have noted the efficacy of tributaries for moving large
boulders into the Colorado River, which locally form
rapids (Dolan and others, 1978; Graf, 1979; Hamblin and
Rigby, 1968; Kieffer, 1985; Leopold, 1969). Indeed, large
rapids may be the most obvious geomorphic and hydro-
logic manifestation of sediment transport from small
drainages in Grand Canyon National Park.

Estimation of sediment yields from ungaged Colorado
River tributaries in Grand Canyon National Park is dif-
ficult and uncertainties in cited figures are large. Howard
and Dolan (1981) estimated an average annual sediment
yield for these tributaries of 2,100 acre-ft/yr by use of a
sediment-mass balance for the Colorado River. However,
they estimated the change in storage of sediment in the
bed of the Colorado River by using an average channel
width and by assuming that sand covered an average of
75 percent of the channel bed. Laursen and others (1976)
estimated an average annual sediment yield of 0.7 acre-
ft/yr of “beach-building sand”” on the basis of differences
in suspended-sediment transport between the gaging
stations at the Colorado River at Lees Ferry and the
Colorado River at Grand Canyon. Mass-balance estimates
of sediment yields contain considerable uncertainty
because the change in bed storage is unknown.

Sediment yields from these tributaries also could be
estimated using methodology presented by the Pacific
Southwest Inter-Agency Committee (1968). This method-
ology was developed from rangeland monitoring efforts
on terrain with low to moderate topographic relief. Sedi-
ment yields are determined from a quasi-analytical
procedure that is based on geology, soils, climate,
drainage-basin characteristics, and channel stability. Use
of the methodology requires the tacit assumption that
sediment is transported by Newtonian streamflow. The
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method produces a sediment yield per unit area, which
implies that drainage-basin area is the most important fac-
tor influencing sediment yield.

In the study of the tributaries of the Colorado River,
the key to estimating sediment yield is an understanding
of the sediment-transport process. A previous flood report
(Cooley and others, 1977) and recent mapping of alluvial
deposits in tributary canyons during this project indicate
that debris flow is the dominant process for sediment
transport in small drainages in Grand Canyon National
Park. Debris flows are common in arid and semiarid
drainages (Blackwelder, 1928); however, their importance
in supplying sediment to the Colorado River has not been
previously recognized.

The purpose of this report is to document the extent
of debris flows in Grand Canyon National Park and the
occurrence and magnitude of debris flows in three Colo-
rado River tributaries. The effects of these events on the
mainstem-channel morphology are necessary in under-
standing sediment transport and hydraulic controls in the
Colorado River. This study was funded in cooperation with
the U.S. Bureau of Reclamation as part of a larger study

entitled “Glen Canyon Environmental Studies.”
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EXTENT OF DEBRIS FLOWS
IN THE GRAND CANYON

Debris flows are flowing water-based slurries of poor-
ly sorted clay- to boulder-sized particles (Costa, 1984).
Terms sometimes intended to be synonymous include
mudflows, debris slides, debris torrents, mud slides, or
lahars (volcanic debris flows). Debris flows occur in many
different environments ranging from deserts (Johnson
and Rodine, 1984) to montane forests (Gallino and Pier-
son, 1985) and offshore continental shelf slopes (Piper and
others, 1985). Debris flows tend to form their own chan-
nels between levees that are parallel to the flow direction
when unconfined by an existing channel. These levees are
composed of boulders which commonly appear to be
floating in a matrix of gravel, sand, and clay (Costa, 1984;
Johnson and Rodine, 1984) and have a distinctly different
morphology from typical alluvial deposits.

Many classification schemes have been proposed for
coarse-grained sediment flows based on water content
during transport (Beverage and Culbertson, 1964), char-
acteristics of the resultant alluvial deposits (Smith, 1986;
Pierson and Scott, 1985), or on assumed rheological
models of flow dynamics (Postma, 1986). Debris flows
typically have 15 to 40 percent volumetric water content
compared with 40 to 80 percent for hyperconcentrated
flows and 80 to 100 percent water for streamflows
(Beverage and Culbertson, 1964). The main distinction in
this study is the difference between debris-flow deposits
and hyperconcentrated-flow deposits (Beverage and
Culbertson, 1964; Scott, in press) because debris flows can
transform into hyperconcentrated flow with distance from
the source area (Pierson and Scott, 1985). This distine-
tion is important because hyperconcentrated flows are
quasi-Newtonian fluids and debris flows are not.

Debris-flow deposits are differentiated from hypercon-
centrated-flow deposits on the basis of characteristic
particle sorting, sedimentary structures, and inferred
rheological properties. Readers are referred to detailed
descriptions of each type of deposit in Smith (1986) and
Scott (1985). Debris-flow deposits are characterized by
lack of sedimentary structures, poor sorting of particles,
matrix support of cobbles and boulders, and, in some

cases, inverse fine to coarse grading. Hyperconcentrated-
flow deposits are also poorly sorted but exhibit clast sup-
port of large particles, have weak sedimentary structures,
and cannot transport the extremely large boulders moved
during debris flows. Streamflow deposits are well-sorted,
have imbricated clasts and well-developed sedimentary
structures, and are easily distinguished from debris-flow
deposits.

We studied 36 tributaries of the Colorado River, and
all had characteristic debris-flow deposits (table 1). Most
tributaries have only debris-flow deposits and inconspicu-
ous hyperconcentrated-flow deposits; a few tributaries in
the western Grand Canyon (such as Havasu Creek, fig.
1) have both well-sorted streamflow deposits and debris-
flow deposits. Twenty-one of the 36 tributaries have
evidence of debris flows within the last 25 years, including
fresh boulder levees and matrix-supported deposits. This
sampling of the nearly 310 ungaged tributaries of the
Colorado River between Lees Ferry and Diamond Creek
(fig. 1) suggests that debris flows are a major process of
sediment transport from small drainages to the Colorado
River in Grand Canyon National Park.

HYDRAULICS OF DEBRIS FLOWS

Debris flows have properties important both to hydrau-
lic calculations and preservation of evidence for past
events. Debris flows are non-Newtonian, or cohesive fluids
that commonly move essentially as a plug in high-velocity
laminar flow (Enos, 1977; Johnson and Rodine, 1984).
Viscosities for debris flows may be several orders of
magnitude higher than the viscosity of water (Costa,
1984). Particle interlocking in the dense fluid results in
internal friction and shear strength. As a result, debris
flows have a finite thickness called the critical thickness
at a velocity of zero. Turbulence is dampened in the mov-
ing fluid (Enos, 1977), which results in laminar flows that
have significantly higher Reynolds numbers than in
streamflows (Costa, 1984; Johnson and Rodine, 1984).
These properties enable debris flows to be extremely
erosive in channels and yet to flow around brittle plants
on nearby channel margins. As a result, evidence for past
debris flows was found entrained in the spines of live cacti,
whereas 2-ft diameter cottonwoods were sheared off on
nearby flood plains in Colorado River tributaries that have
had recent debris flows.

One facet of debris-flow hydraulics facilitates the crea-
tion and maintenance of Colorado River rapids. Debris
flows can transport large boulders long distances from
source areas. This property may result from cohesive
strength, which is largely a function of clay content; from
buoyancy forces on large particles that increase because
of lessened density differences with the surrounding
debris-flow matrix; from greater shear stress and high
drag forces at the base of the debris flow; from slightly
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positive pore-water pressures in debris flows; or from a
combination of these factors (Costa, 1984; Johnson and
Rodine, 1984; Pierson, 1981). Regardless of the process,
the characteristic boulder fans at the mouths of Colorado
River tributaries (Hamblin and Rigby, 1968; Howard and
Dolan, 1981; Stevens, 1983) result from debris-flow
deposition and subsequent reworking of the deposits to
remove the matrix.

The hydraulics of debris flows are unusual compared
with streamflow because of the high sediment concentra-
tions and interactions among particles. Most indirect
velocity calculations for streamflow use Manning’s
equation

7):&12 . R0.67 . g0.5 1)
n

where v=mean velocity, R = hydraulic radius, S =the fric-
tion slope, and n =the roughness coefficient. Equation 1
cannot be applied to debris flows because the roughness
coefficient cannot be accurately estimated (Antonious
Laenen, U.S. Geological Survey, written commun., 1986;
Laenen and others, 1987) and because debris flows are
not Newtonian fluids. Application of the Manning equa-
tion using the slope-area method (Chow, 1959) resulted
in a substantial overestimation of discharge for debris
flows in Colorado (Costa and Jarrett, 1981).

Debris flows have been modeled as a Bingham sub-
stance (Johnson and Rodine, 1984) and as a viscoplastic
fluid (Chen, 1985). Use of either method for calculating
velocities of debris flows requires estimation of coeffi-
cients related to shear strength or flow behavior. These
coefficients have large ranges and considerable error is
involved in their estimation. For example, A. Laenen
(written commun., 1986) has shown that Chen’s (1985)
flow-behavior index, back-calculated from measured
debris flows, varied by an order of magnitude during a
single event and varied by more than three orders of
magnitude when different events were compared. Such
variation indicates that calculation of velocities from post-
event evidence using these methods would involve con-
siderable potential error.

For this study, we used simplified hydraulic formulae
to calculate flow velocities for debris flows (Pierson, 1985).
Evidence for the elevation of the velocity head (Chow,
1959) usually is found where an obstacle is oriented
perpendicular to the flow direction. In the Grand Canyon,
flow impinging on vertical bedrock walls generally will
leave runup evidence in sites that are protected from
weathering. The mean velocity, v, is calculated by equat-
ing the kinetic energy of the flow to the potential energy
of the runup by

v=(2-g-Ah,)"P @)

where g=gravitational acceleration (32.2 ft/s) and Ak, =
the difference between the runup and unobstructed flow-
surface elevations. An energy-correction coefficient
normally applied to open-channel hydraulics is assumed
to be 1 because of plug flow. Energy losses are assumed
to be negligible.

Superelevation occurs on bends as a result of centrifu-
gal-acceleration forces. The water-surface profile on the
inside and outside of a bend drops and rises, respective-
ly, to form an elevation difference Ahg (Pierson, 1985, fig.
4). Assuming that all streamlines follow the same radius
of curvature (assumed to be the centerline radius of cur-
vature, R.), fully developed plug flow, and negligible
energy losses, the mean velocity around a bend is calcu-
lated from

v=(g- Ry Mhglk - W)0-5 3)

where W=the effective channel width and k=a correc-
tion factor (Hungr and others, 1984). Hungr and others
(1984) suggest that k=2.5 to correct for reported over-
estimation of debris-flow velocities; however, we used
k=1 because equations 2 and 3 then provided internally
consistent velocities. More sophisticated equations for
calculating velocity from superelevation (Apmann, 1973)
probably are not warranted for debris flows in irregular
natural channels.

Application of equations 2 and 3 to debris flows has been
widely used but the results have been uncertain. Pierson
(1985) found that use of these formulae resulted in com-
puted velocities averaging 15 percent lower than actual
velocities on the basis of measured travel times. Hence,
use of equations 2 and 3 may result in a slightly conser-
vative estimate of velocity. The amount of error intro-
duced by the other assumptions is unknown but probably
is high.

The resultant discharge Q is estimated from

Q=4 v 4)

where A = cross-sectional area. Use of equation 4 requires
the assumption that all of the fluid passing through cross-
sectional area A is moving at a mean velocity of v. This
assumption may not be valid because of ineffective flow
areas on bends (see section ‘‘Similarities and Contrasts
Among the Drainages”). Froude numbers were calculated
from

2
F="— (5)
where D is the hydraulic depth (A/W). In Newtonian

streamflow, Froude numbers greater than 1 indicate
supercritical flow while Froude numbers less than 1 in-
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dicate subecritical flow. It is uncertain whether Froude
numbers have the same significance when applied to
debris flows. Enos (1977) found no consistent quantitative
measure to define different energy regimes in debris
flows.

DEBRIS FLOWS IN THREE TRIBUTARIES
OF THE COLORADO RIVER

The magnitude and frequency of debris flows were
evaluated in three Colorado River tributaries (fig. 1).
Lava-Chuar Creek drainage at mile 65.5 on the Colorado
River had a debris flow during a storm on December 3-6,
1966 (Cooley and others, 1977). Monument Creek at mile
93.5 had a debris flow during a summer thunderstorm on
July 25, 1984 (Potochnik and Reynolds, 1986). The Crystal
Creek drainage at mile 98.2 also had a debris flow during
the storm in December 1966 (Cooley and others, 1977).
Peak discharges for these three events were estimated,
and the channel-margin stratigraphy was analyzed for
other past events. The fieldwork for this project was com-
pleted in March and April 1986.

METHODS

The stratigraphy in the drainages that were investi-
gated was described to provide a chronology of debris
flows. Correlations among deposits were made on the
basis of characteristic lithologies, sedimentary structures,
color, stratigraphic position, and degree of particle-size
sorting. Organic samples contemporaneous with past
debris flows were collected for radiocarbon analysis by
accelerator-dating techniques (Taylor and others, 1984)
or conventional gas-proportional counting. Accelerator
dating was used for some samples because they were too
small to be analyzed by conventional gas-proportional
counting. Analyses of scarred trees (Hupp, 1984),
historical photographs, aerial photographs, and damage
to historic structures provided additional dating of events.

The deposits from the debris flow of 1966 were iden-
tified from photographs in Cooley and others (1977) and
by observation of damaged trees and recent deposits in
the Lava-Chuar Creek and Crystal Creek drainages.
Deposits from the 1984 debris flow in Monument Creek
were fresh and easily identified. Deposits were traced
longitudinally using stratigraphic and sedimentologic
characteristics. High-water marks were preserved as lines
under small rock overhangs; as mud deposits in and under
cacti, trees, and shrubs; as distinct levees or overbank
deposits; and as distinct mud lines deposited over older
material on hillslopes. The red color of the debris-flow
deposits in Crystal Creek, for example, was vivid when
emplaced against the dark brown soils on hillslopes or as
a mud line against the reddish brown Cambrian Tapeats
Sandstone.

We collected 5- to 10-pound samples of debris-flow
matrix (diameter less than 16 mm) for reconstitution of
water content during the event (Cooley and others, 1977,
Gallino and Pierson, 1985; Johnson and Rodine, 1984).
Water was gradually added to the samples until the mix-
ture had observable cohesion and matrix support of
16-millimeter particles. This method is relatively precise
because small changes in the water content cause large
changes in cohesion (Costa, 1984). In the samples, a 1 to
2 percent by weight (2 to 4 percent by volume) range in
water contents that created a debris-flow type of fluid was
measured. Additional uncertainty occurs from changes in
the particle size of deposits during post-event dewater-
ing (Gallino and Pierson, 1985) or by lateral or longitudinal
facies changes. This uncertainty was minimized by selec-
tive sampling of intact debris-flow matrix in protected
sites and near sites where discharges were estimated.
Samples were sieved to obtain particle-size distributions
by weight percent, and point counts of particle diameters
were made in the field. The two methods yield a numer-
ically equivalent particle-size distribution (Kellerhals and
Bray, 1971; Pierson, 1980).

LAVA-CHUAR CREEK DRAINAGE

The Lava-Chuar Creek drainage, 21.3 mi2 in area,
heads on the Walhalla Plateau in the eastern Grand Can-
yon (figs. 1, 2). The bedrock geology of this drainage con-
sists of an entire Paleozoic section of rocks (McKee, 1969)
that form cliffs in the headwaters, Precambrian Galeros
Formation that underlies more than 75 percent of the
drainage in the open Chuar Valley, and Precambrian Dox
Sandstone that is exposed in the first mile above the con-
fluence with the Colorado River (Huntoon and others,
1986). The topographic relief in the drainage basin is 5,300
ft and the average channel slope is 0.1.

A debris flow occurred in the drainage as a result of
intense rainfall in December 1966. An estimated 12 to 14
in. of precipitation fell during the 5-day storm (Cooley and
others, 1977). A debris flow began with multiple slope
failures in the Permian Hermit Shale and Esplanade
Sandstone in Natchi Canyon (fig. 2) and continued 6.5 mi
to the Colorado River. Additional slope failures from the
same formations in Lava Canyon (fig. 2) may have con-
tributed sediments to the debris flow. Cooley and others
(1977) report considerable damage throughout the canyon
from the debris flow but do not report a discharge for the
event. R.C. Euler (National Park Service, oral commun.,
1986) visited archaeological sites in the canyon before and
after the debris flow, and his photographs illustrate the
extent of channel changes (fig. 34, B). It is not certain
to what extent Lava Canyon Rapid at the mouth of the
Lava-Chuar Creek drainage on the Colorado River was
affected by this debris flow.
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STRATIGRAPHY

In addition to the debris flow of 1966, at least two debris
flows have occurred historically in the Lava-Chuar Creek
drainage. Exposures of debris-flow sediments deposited
before and after 1966 were present at intervals along the
entire length of the Lava-Chuar Creek drainage (fig. 4).
Replication of photographs presented in Cooley and others
(1977) indicates that a debris flow occurred after 1966 (fig.
5). A comparison of aerial photographs indicated that this
flow occurred between 1973 and 1984. The peak stage for
the post-1966 debris flow was lower than the 1966 debris
flow near the confluence of Lava and Chuar Creeks (site
C, fig. 2) but was about equivalent near the mouth. The
relation of discharge to stage is unknown because the
post-1966 debris flow or other unknown streamflows local-
ly entrenched the bed of Lava Creek by 2 to 5 ft over a

10- to 15-foot width from the level of 1966 (fig. 5). In the
1-mile reach above the Colorado River, the presence of
substantial material from the Dox and Galeros Formations
in post-1966 debris-flow deposits indicates significant local
sediment contributions from small side drainages, scour
of channel deposits, and (or) slope failures.

An older and substantially larger debris flow occurred
in Lava Creek in historic times before 1966. Cooley and
others (1977) report the presence of driftwood deposited
before 1966 near the confluence with Chuar Creek; similar
driftwood mixed with boulders in a debris-flow levee was
found at higher elevations above the channel than
reported by Cooley and others (1977). The older debris
flow overtopped an abandoned grinding mill at Mac-
Donald Spring (site D, fig. 2) that was probably con-
structed as part of a distilling operation between 1890 and
1915 (Harvey Butchart, retired professor, Northern
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Arizona University, oral commun., 1986). The debris flow
deposited distinctive sediments in the mill and left the
trunk of an uprooted cottonwood tree on the nearby

FIGURE 3.—Lava Creek at the confluence with Chuar Creek, 3.8 miles
upstream from the Colorado River. View B (May 1967) is slightly dif-
ferent from A (May 1966) and shows significant channel alteration
following the 1966 debris flow. View C (March 1986) matches B and

terrace. This flow also lapped onto a 10-foot-high terrace
near the confluence with the Colorado River and nearly
damaged an historic housepad. The pre-1966 debris flow
deposited sediments twice as thick as the preserved
sediments of the debris flow of 1966 in some places along
the channel (fig. 4).

Evidence for at least five prehistoric debris flows is
preserved in prominent terraces along Lava Creek (fig.
4). Hyperconcentrated-flow deposits and possible channel-
fill facies of additional debris flows also were found.
Sediments are preserved as much as 12 ft above the chan-
nel bed of 1986 near the Colorado River and as much as
20 ft above the channel bed in the narrow reaches near
the headwaters. Driftwood lodged in a debris-flow deposit
(symbol Z; fig. 4) 12 ft above the channel bed of 1986 had
a radiocarbon age of 250+ 80 yr B.P. (years before pres-
ent) (sample number A-4543). This deposit could not be
traced downstream from site B (fig. 2). Radiocarbon
dating of entrained wood in debris-flow deposits X and
W (fig. 4) indicate maximum ages of 625+ 65 (AA-1787)
and 1,460+ 60 (AA-1788) yr B.P. for these debris flows,
respectively. The younger of these events (X) had a
hyperconcentrated-flow facies associated with the deposit.
On the basis of deposit thickness and height above the
channel, the debris flows W, X, and Y had little attenua-
tion in stage in the 3-mile reach between sites E and F
(fig. 2) and reached the Colorado River.

shows revegetation and entrenchment of the channel after the 1966
and subsequent debris flows. Photograph by R.C. Euler (National Park
Service). See site C, figure 2, for location.
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The stratigraphy in the Lava-Chuar Creek drainage
suggests an average interval of about 20 to 30 years
between debris flows during the last 80 years, depending
on the age used for the mill at MacDonald Spring. On the
basis of radiocarbon-dated debris-flow deposits in ter-
races, the Lava-Chuar Creek drainage has had a minimum
of one debris flow that reached the Colorado River every
190 years during the last 1,500 years. Debris flows may
actually reach the Colorado River more frequently
because small prehistoric debris flows, such as debris flow
Z, may not have overtopped the terraces to leave deposi-
tional evidence.

LONGITUDINAL VARIATION IN
THE 1966 DEBRIS-FLOW DEPOSITS

Sedimentologic characteristics of the debris flow of 1966
show little significant longitudinal variation in cohesive-
ness. As noted by Cooley and others (1977), the flow re-
mained a debris flow the entire length of the drainage.
The flow sustained or locally increased its volume by
incorporation of bed material, talus, and exposed sedimen-
tary rocks of the Galeros and Dox Formations. Abundant
vesicles preserved in the debris-flow matrix at many sites
indicate significant air entrapment in the flow or frothy,
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FIGURE 4.—Stratigraphy of debris-flow deposits in the Lava-Chuar Creek
drainage.

turbulent conditions at the flow margins. Mudcoats pre-
served on bedrock walls and indurated calcic deposits also
demonstrate that the flow retained its cohesive proper-
ties throughout the length of the drainage.

Upon debouching from Natchi Canyon, the debris flow
deposited an extensive field of boulders over what
previously was a marshy site (Cooley and others, 1977).
The 1966 levee is 6 ft above the channel bed of 1986
downstream of Natchi Canyon, whereas the debris-flow
deposit Z and associated driftwood is 12 ft above the chan-
nel. Between sites B and C (fig. 2), the debris flow was
confined in a narrow, boulder-clogged channel with a
steplike appearance (Cooley and others, 1977, fig. 29B).

FIGURE 5.—Lava Creek, 0.2 mile upstream from the confluence with
Chuar Creek. View A (March 1967) shows that the debris flow of 1966
has created a nearly level denuded channel. View B (March 1986) shows
an entrenched channel and post-1966 debris-flow deposits in the
foreground. See site C, figure 2, for location.
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Little depositional evidence for the 1966 debris flow is
preserved in this reach, and deep scour holes suggest this
to be a reach of many transformations between laminar
and turbulent flow (Fisher, 1983) and predominantly
supercritical flow conditions. The reach immediately
above MacDonald Spring (site D, fig. 2) is similar.

At site E, the debris flow was not confined by lateral
terraces for 0.2 mi. A large levee formed and was
repeatedly breached as the flow deposited lobate splays
of sediment. The critical thickness of the deposit at which
the debris flow stopped moving ranged from 1.6 to 2.3
ft, and boulders 2 to 5 ft in diameter compose the pre-
served levee. The volume of sediment preserved in the
lobes suggests that this debris flow was sustained for a
relatively long time period rather than consisting of a
single, short pulse behind a moving boulder dam. The
debris flow of 1966 inundated a 6-foot-high terrace 800
ft upstream from the Colorado River and deposited
sediments 0.1 to 1.3 ft thick composed of poorly sorted
particles and matrix-supported boulders.

Particle-size distributions for the debris flow of 1966
indicate a poorly sorted and coarse-grained deposit (fig.
6). The debris flow had 4 to 5 percent silt and clay and
about 30 to 35 percent sand. One boulder at site F (fig.
2) that was transported during the debris flow of 1966
had a median diameter of 4.8 ft and weighed an estimated
9 tons. More commonly observed boulders were 1 to 2 ft
in diameter. Reconstitution of debris-flow deposits from
the Lava-Chuar Creek drainage indicated a water content
of 21 to 24 percent by volume.

DISCHARGE CALCULATION

Superelevation evidence deposited from the passage of
the debris flow of 1966 around a 90° bend was surveyed
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FIGURE 6.—Particle-size distributions of the debris flow of 1966 in the
Lava-Chuar Creek drainage. See figure 2 for locations of sites.

0.2 mi upstream from the Colorado River (site F, fig. 2).
The 12-foot-thick debris-flow deposit was preserved
against a near-vertical cliff of Dox Formation. The radius
of curvature of the centerline of the channel is 37 ft,
whereas the channel width is 110 ft. This apparent
discrepancy results from the combination of a bend with
a low radius of curvature and a width that includes flow
over the point bar on the inside of the bend, and may in-
validate the assumption that all streamlines follow the
same radius of curvature (see section ‘“‘Hydraulics of
Debris Flows”). A velocity of 12 ft/s was estimated on
the basis of an elevation difference (Ahg) of 13.3 ft be-
tween the inside and outside high-water marks on the
bend (table 2). The velocity could range from 10 to 14 ft/s
because of uncertainties in the radius of curvature (&,).

Determination of the cross-sectional area of flow was
unexpectedly difficult. The cross-sectional area at the
superelevation site was about 3.5 times larger than
upstream or downstream cross sections. The discharge
calculated using the area at the superelevation site is
14,200 ft3/s. If this discharge is correct, use of equation
(4) suggests that the velocity must increase downstream
to 46 ft/s over 250 ft. Similarly, the flow would have to
decelerate from 41 to 12 ft/s over 125 ft as the flow enters
the bend. The problem with large cross-sectional areas
at superelevation sites compared with upstream and
downstream cross sections occurred in the other two
tributaries studied, and a justification for the discharge
calculations is presented in the section ‘“‘Similarities and
Contrasts Among the Drainages.”

The discharge for the 1966 debris flow was estimated
from an average of the cross sections 125 ft upstream and
250 ft downstream, respectively, from the site of max-
imum superelevation. Using an average area of 330 ft2,
the debris flow of 1966 had a peak discharge of 4,000
ft3/s (table 2) with a Froude number between 1.0 to 1.4.
The average water content of reconstituted samples is
22.5 percent, hence the peak sediment and water
discharges are estimated to be 3,100 and 900 ft3/s,
respectively.

MONUMENT CREEK DRAINAGE

Monument Creek, 3.3 mi2 in area, heads on the Coco-
nino Plateau on the south side of the Colorado River (figs.
1, 7). The bedrock geology of this drainage consists of the
entire Paleozoic section (Huntoon and others, 1986), with
the Permian Kaibab Limestone and Coconino Sandstone,
Mississippian Redwall Limestone, and Cambrian Muav
Limestone forming prominent cliffs. The Permian Her-
mit Shale and Permian and Pennsylvanian Supai Group
form benches in the otherwise vertical cliffs. An erosional
surface in the Cambrian Bright Angel Shale and underly-
ing Tapeats Sandstone forms the Tonto Platform, which
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is present in much of the Grand Canyon. Monument Creek
cuts through the Precambrian Vishnu Schist in the 1.5
mi upstream from the Colorado River and forms a deep,
narrow canyon. Topographic relief in the drainage basin
is 4,500 ft and the average channel slope is 0.2.

On July 27, 1984, a thunderstorm centered over the
eastern part of Monument Creek initiated a debris flow.
Rainfall recorded at Grand Canyon, about 1 mi from the
headwaters (fig. 1), indicates a total of 1.08 in. for the
storm, with 0.92 in. falling in 1 hour. These rainfall totals
are not unusual for the station and the month of July 1984
was not unusually wet. However, the high-intensity rain-
fall triggered a free-falling avalanche, which fell 2,000 ft
into the canyon from the Esplanade Sandstone on the Mo-
jave Wall (fig. 7). The coarse, poorly sorted, and angular
debris filled the channel to a depth of 20 ft and created
a debris dam that had not been breached by 1986. The
avalanche transformed into a debris flow with the addi-
tion of runoff and water in the channel. Other eastern
tributaries of Monument Creek also had debris flows in-
itiated by smaller slope failures in the Supai Group (fig.
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7). The resulting debris flow traveled 2.8 mi to the Colo-
rado River, where deposition caused a significant constric-
tion of the Colorado River at Granite Rapid (fig. 8).

STRATIGRAPHY

Deposits preserved in terraces and associated scarred
catclaw trees indicate that a historic debris flow occurred
before 1984 (fig. 9). Ring counts on scarred and healed
catclaw trees suggest that this debris flow occurred 20
to 25 years before 1986. The heights of the scarred trees
are roughly equivalent to or slightly higher than the stage
of the debris-flow peak of 1984. Aerial photographs,
however, do not reveal obvious channel changes in Monu-
ment Creek after 1965. The pre-1984 debris flow was ini-
tiated near or upsteam from the avalanche source for the
1984 debris flow. Locally, this flow deposited 3-foot-thick
sediments and had a stage 28 ft above the channel.

Evidence for older debris flows in Monument Creek is
scanty because of poor exposures and erosion during the

FIGURE 8.—Mouth of Monument Creek. In view A (September 1872),
the discharge in the Colorado River apparently is between 20,000 and
25,000 cubic feet per second. Curved lines in the center of the
photograph are cracks in the original glass-plate negatives. In view
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historic events. Monument Creek has two terraces com-
posed of layered debris-flow deposits—a low terrace that
was inundated in 1984 and a high terrace covered with
mesquite and catclaw trees that was not inundated in
1984. At Tapeats Alcove (site A, fig. 7), an exposure of
the high terrace showed three prehistoric debris-flow
deposits, one of which had a radiocarbon age of 170+ 90
yr B.P. (A-4542). Lack of longitudinal correlation of these
deposits with others along Monument Creek, however,
precludes any meaningful discussion of the frequency of
prehistoric debris flows.

LONGITUDINAL VARIATION IN
THE 1984 DEBRIS-FLOW DEPOSITS

The debris flow of 1984 was initiated at slope failures
on the east side of the drainage (fig. 7). The largest slope
failure, an avalanche, hit a water-filled channel and splat-
tered mud and debris as much as 200 ft above the chan-
nel on the west side of the drainage. The particle-size

B (September 1968), the discharge in the Colorado River is about 8,000
cubic feet per second. The river appears to be more constricted than
in 1872 despite differences in discharge, and a debris flow that oc-
curred 2 to 7 years prior to the photograph date may have contributed

distribution near the slide (fig. 10B) shows that the flow
was poorly sorted with coarse clasts as much as 256 mm
in diameter. A lithological count of clasts revealed that
64 percent were sandstones from the Supai Group and
36 percent were from the Redwall Limestone.

Downstream from the avalanche, the debris flow may
have undergone several transformations from laminar to
turbulent flow before reaching Tapeats Alcove (site A, fig.
7). Lodged boulders created local 3- to 10-foot drops in
the channel bed; recessional deposits upstream from these
drops are clearly of debris-flow origin, whereas hyper-
concentrated flow deposits occur downstream from the
drops. A particle-size distribution measured above
Tapeats Alcove (fig. 10B) shows a poorly sorted debris-
flow matrix with 40 percent sand.

Two small tributaries of Monument Creek downstream
from the avalanche contributed debris flows to the main
channel. A debris flow from the downstream tributary oc-
curred after the peak, as inferred from a superelevation
of the flow over the 7- to 10-foot-high banks of Monument

to the constriction. In view C (April 1986), the discharge in the
Colorado River is 28,500 cubic feet per second. The 1984 debris flow
has constricted the river significantly, especially in comparison with
1872 conditions.
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Creek at the confluence. The flow remained overbank 230
ft downstream and may have caused a recessional debris-
flow pulse. No debris from these two tributaries remains
in the channel of Monument Creek, indicating that flow
in the main channel was still erosive enough to remove
the additional sediments.

The peak of the debris flow sustained its cohesive prop-
erties until it reached the Colorado River. Superelevation
marks appear on most bends, and lateral levees were
deposited in channel irregularities. In the narrow bedrock
canyon 0.25 mi downstream from Tapeats Alcove, three
deposits with a lower stage than the peak discharge are
preserved. These deposits are suggestive of recessional
debris and (or) hyperconcentrated flows following the
main pulse. The particle-size distribution for the debris
flow in this section (fig. 10C) indicates an increased
percentage of boulders and a sand content of 30 percent.
The additional boulders were probably entrained from the
bed and terraces. Below site B, one boulder transported
by the flow is 9 ft in diameter; a second rectangular block
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FIGURE 9.—Stratigraphy of debris-flow deposits in the Monument Creek
drainage.

has an average length of 8 ft and weighs an estimated
37 tons.

Near the Colorado River, the deposits in the center of
the channel abruptly change to well-sorted and imbricated
boulder bars (fig. 8C) superficially resembling sieve
deposits (Hooke, 1967). The debris flow at this point was
confined and deposition occurred to an average depth of
5 ft. At locally unconfined sites, the critical thickness of
the debris flow was 3 ft. The particle-size distribution (fig.
10D) shows a well-sorted cobble deposit with a median
diameter of 32 mm, although poorly sorted matrix was
found on the channel margin. We speculate that either
recessional or post-event streamflow, dewatering of the
deposit after deposition, or positive pore pressures from
springs in the channel bed caused the nearly complete
removal of the debris-flow matrix from the boulders and
its subsequent transport into the Colorado River.

DISCHARGE CALCULATIONS

Superelevations resulting from the debris flow of 1984
were measured at three sites on Monument Creek in
reaches 0.3, 0.5, and 1.5 mi upstream from the Colorado
River. At Tapeats Alcove (site A, fig. 7), an elevation dif-
ference of 4.7 ft was measured from mudlines on the wall
of a prominent overhang. Channel geometry at the site
(table 3) was used to calculate a velocity of 12 ft/s for the
debris flow. The bed of the channel consists of large blocks
of Tapeats Sandstone, which had fallen from the roof of
the alcove either before or during the debris flow. The
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cross sections measured at the superelevation mark and
a wide, eroded reach upstream had twice the area of a
cross section that was measured 50 ft downstream (table
3). We used the cross-sectional area measured 50 ft
downstream (320 ft2) to calculate a peak discharge of
3,800 ft3/s for the debris flow. Reconstitution of a debris-
flow matrix sample taken upstream indicates a water con-
tent of 32 to 34 percent by volume.

At site B (fig. 7), resistant Vishnu Schist forms the bed
of the channel. A maximum superelevation of 3.7 ft was
measured on this bend (fig. 11), which is 0.5 mi upstream
of the Colorado River. A runup elevation of 2.1 ft was
measured above the superelevation line. Velocities of 11.0
and 11.5 ft/s were calculated from the superelevation and
runup evidence, respectively (table 4). As observed
previously, cross sections in the bend had significantly
larger areas than upstream and downstream cross sec-
tions; hence, the average of the upstream and downstream
cross sectional areas (320 ft2; table 4) was used. The
resulting discharge is between 3,600 and 4,000 ft3/s,
depending upon whether velocity was calculated from
runup or superelevation evidence. The water content of
the peak flow, reconstituted from a sample collected near
the site, was 27 to 29 percent by volume.

At site C, 0.3 mi from the Colorado River (fig. 7), super-
elevation marks were preserved on a bend having con-
siderable debris-flow deposition. No controls on channel
depth are present in this reach and either aggradation or
degradation may have occurred. Survey data revealed an
ambiguous superelevation because of a slight channel ex-
pansion (97 to 106 ft) over a 20-foot distance. Use of the
respective elevation differences (3.4 or 4.6 ft) with the
associated width resulted in a velocity between 11.9 and
13.2 ft/s. Possible deposition after the peak flow in
upstream sections precluded any meaningful calculation
of cross-sectional area. A cross section measured 45 ft
downstream from the lower superelevation site yielded
an area of 320 ft2, although the actual area might be con-
siderably larger due to possible deposition after the peak
flow. The resulting discharge ranged from 3,800 to 4,200
ft3/s with a Froude number between 1.2 and 1.4 (table
5). The water content of the flow was probably similar
to that estimated for site B (28 percent).

SEDIMENT VOLUME

The new debris fan at the Colorado River (fig. 8) was
surveyed to estimate the volume of material deposited
during the debris flow of 1984. The debris flow entered
and partially dammed the Colorado River (Mike Yard,
boatman, Humphrey Summit Adventures, Flagstaff,
Arizona, oral commun., 1986), which had a mean dis-
charge of about 24,000 ft3/s on July 25. Observers noted
that the newly formed fan contained significant amounts
of matrix immediately after the debris flow, but that the

mud was quickly eroded from the fan. Higher discharges
on the Colorado River in the fall of 1984 and spring of
1985 partially eroded the newly formed fan (Mike Yard,
oral commun., 1986).

Without knowing the exact geometric configuration of
the fan after the event, a volume of sediment was esti-
mated on the basis of four hypothesized scenarios of
deposition (table 6) and extension of the debris fan remain-
ing in 1986 into the Colorado River. First, we assumed
the deposit that remained in April 1986 was the entire
extent of the deposition; this scenario results in an un-
realistically low estimate of sediment volume. Second, we
assumed that the debris flow completely dammed the river
at Granite Rapid; this scenario results in an unrealistically
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high estimate of sediment volume. Two additional
scenarios of partial damming of the river that more
realistically paralleled the eyewitness report also were
assumed. River depth at Granite Rapid was 11 ft at a
discharge of 25,000 ft3/s in April 1984 (R.P. Wilson, U.S.
Geological Survey, written commun., 1986). A triangular
cross section was assumed for the 200-foot-wide channel.
The depth of the fan deposit was estimated at 5 ft on the
basis of natural exposures and the 3-foot depth of chan-
nel filling was suggested from critical thicknesses of the
deposit on the fan margin.

The calculated volumes (table 6) indicate a range of
possible volumes of sediment deposited during the debris
flow. The most realistic estimate of sediment volume
(scenario 3; table 6), with the debris flow partially dam-
ming the river, is about 300,000 ft3. Using a measured
sand content of 35 percent and assuming that all of the
debris-flow matrix entered the Colorado River, thus ex-
plaining the fines-depleted boulder bar, the estimated
volume of sand-sized particles is 84,000 ft3 for this
scenario. The estimated volume of sand ranged from
56,000 to 150,000 ft3 among the scenarios (table 6). This
calculation indicates that a substantial volume of sand
entered the Colorado River during the 1984 debris flow,
although the exact volume is uncertain.

Further assumptions were made concerning the debris
fan to estimate the minimum elapsed time of the dis-
charge. Sedimentologic evidence suggests a saw-toothed

hydrograph of unknown duration (fig. 12). At least three
recessional debris-flow surges followed the initial pulse
although their stages were much lower (1-3 ft compared
with greater than 10 ft). Similar multipeaked hydrographs
of debris flows have been reported elsewhere (Hungr and
others, 1984; Pierson, 1985). Flow between the surges
may have been hyperconcentrated (see Pierson, 1985). We
assumed that (1) the entire volume of material reaching
the debris fan and the Colorado River was delivered in
the first pulse and (2) the hydrograph shape could be
modeled as a square wave with the recessional debris
flows not reaching the debris fan (fig. 12). The resulting
minimum duration times (table 6), which range from 1 to
nearly 3 minutes, demonstrate the probable transitory
nature of this event.

CRYSTAL CREEK DRAINAGE

The Crystal Creek drainage, 43.3 mi2 in area, is the
largest of the three drainages studied (figs. 1, 13). The
geology of this drainage consists of the Paleozoic section
of Kaibab Limestone through the Muav Limestone that
forms prominent cliffs in the headwaters, the nearly flat
Tonto Platform developed on top of the Tapeats Sand-
stone, and the Vishnu Schist forming deep canyons along
the lower 5 mi of the drainage (Huntoon and others, 1986).
The topographic relief in the drainage is 6,500 ft and the
average channel slope is 0.07.
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FIGURE 12.—Hypothetical hydrograph of the debris flow of 1984 in Monument Creek as suggested by stratigraphic evidence.
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A debris flow occurred during the storm in December
1966 that also initiated a debris flow in the Lava-Chuar
Creek drainage (Cooley and others, 1977). Because of the
sustained nature of the storm, the flood consisted of
streamflow of unknown discharge followed by a large
debris flow and subsequent streamflow of moderate

discharge (Cooley and others, 1977). The debris flow
reportedly had either a single pulse or multiple pulses in
the lower parts of the drainage. The debris flow started
at 11 slope failures in the headwaters of Milk Creek (fig.
13) and travelled 13 mi through Milk Creek and down
Dragon and Crystal Creeks to the Colorado River.
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Streamflow that followed the debris flow partially
obliterated the lower parts of mudlines and caused signifi-
cant channel erosion (Cooley and others, 1977). The debris
fan resulting from the debris flow of 1966 significantly
constricted the Colorado River at Crystal Rapid.
Cooley and others (1977) calculated discharges for the
different phases of the flood from evidence at several sites
in the Crystal Creek drainage. A peak flow of 100 ft3/s
was estimated for Crystal Creek above its confluence with
Dragon Creek (fig. 13), indicating that this part of the
drainage added little streamflow to the flood. In contrast,
Cooley and others (1977) estimated a discharge of 29,000
ft3/s for the peak of the debris flow on Dragon Creek (site
B, fig. 13) using the slope-area method and a Manning’s
n value of 0.070. Cooley and others (1977) calculated a
velocity of 23 ft/s with a Froude number of 1.1 to 1.2 for
the flow. A discharge of 1,000 ft3/s was estimated for
streamflow on Dragon Creek upstream from the conflu-
ence with Milk Creek. This discharge could have contrib-
uted to the post-debris-flow streamflow in the drainage.
The debris flow of 1966 caused considerable channel
change and damaged archaeological and historical sites
(Cooley and others, 1977). The archaeological site (site A,
fig. 13), a mescal (agave-roasting) pit probably used be-
tween A.D. 1050 and 1150, was inundated and could not
be exactly located during post-flood surveys. Cooley and
others (1977) concluded on the basis of this evidence that
the debris flow was the largest event in 800 years with
a recurrence interval of several centuries. In contrast, the
recurrence interval for the flood of December 1966 on
Bright Angel Creek (4,000 ft3/s) was estimated at 25
years. The 1966 debris flow obliterated a mine shaft 3 to
4 ft above the bed of Dragon Creek just upstream from
its confluence with Crystal Creek (Harvey Butchart,
retired professor, Northern Arizona University, oral
commun., 1986). The destruction of this shaft, which was
probably dug between 1893 and 1916, indicates that large
floods or debris flows had not passed the confluence of
Crystal and Dragon Creeks between 1916 and 1966.

STRATIGRAPHY

Most of the depositional record of prehistoric debris
flows has been eroded from the Crystal Creek drainage
because of the apparent high frequency of events.
Stratigraphic sections (fig. 14) indicate at least three
prehistoric debris flows have passed through the 2.5-mile
reach of Crystal Creek upstream from the Colorado River.
A radiocarbon age of 180+70 yr B.P. (AA-1784) from
wood entrained in the lowermost of the debris-flow
deposits suggests that a minimum of three debris flows
have occurred in 200 years. On the basis of sedimentologic
characteristics, longitudinal correlations of the deposits
indicate that at least two of these flows reached a point
2.1 mi above the Colorado River. Although we found no

stratigraphic evidence of old flows between mile 2.1 and
the mouth, it is reasonable to assume that the three
prehistoric debris flows reached the Colorado River.

In Tapeats Narrows on Dragon Creek (site D, fig. 13),
an exceptional exposure of stratigraphy revealed a com-
plex depositional record of at least seven debris flows
beneath the 1966 deposit. Interbedded sand and debris-
flow deposits and complex cut-and-fill structures in the
stratigraphy indicate a fluctuating bed in Dragon Creek
that existed in response to debris flows. A radiocarbon
age of 3565+ 70 yr B.P. (AA-1786) near the base suggests
that six of these flows occurred in the last 300 to 400
years. A radiocarbon age of 130 +50 yr B.P. (AA-1785)
on a layer of accumulated organic debris beneath the last
flow before 1966 and a ‘“‘modern” (near A.D. 1950;
A-4541) age on the bark of a buried tree (fig. 14) suggests
a high frequency of events at this site. We interpret the
radiocarbon age on the tree as more reliable than the age
on the litter layer.

Debris flows occur more frequently in the Crystal Creek
drainage than the frequency stated by Cooley and others
(1977). The 1966 debris flow is the only historic event
preserved in the stratigraphy; however, evidence for
lower-stage, historic debris flows may have been obliter-
ated in 1966. On the basis of stratigraphy preserved in
the lower part of the drainage, four debris flows (including
the one in 1966) have reached the Colorado River in 200
years. Therefore, a debris flow that is large enough to
reach the Colorado River occurs approximately every 50
years. Smaller debris flows occur at about the same fre-
quency near the headwaters and significantly aggrade the
channel and possibly store sediment in advance of larger
debris flows that are capable of reaching the Colorado
River.

Relocation of the camera position for photographs taken
in 1967 (Cooley and others, 1977; figs. 7, 33, 34B, and
37) provided evidence for the longitudinal extent of a
debris flow that occurred after 1966. At site A (fig. 13),
debris-flow deposits fill the 1967 channel bottom by 2 to
3 ft, and a prominent headcut on a side channel (Cooley
and others, 1977, fig. 33) has migrated upstream 5 to 10
ft. Flow past the site of Cooley and others’ indirect-
discharge measurement (site B, fig. 13) shifted large
boulders but caused little aggradation. The major change
that is apparent in the matched photographs is the
collapse of the vertical banks that were present in 1967
(fig. 15). Resurvey of this site revealed that the channel
had widened by 5 to 15 ft, small talus deposits had en-
croached on the channel from the banks, and no aggrada-
tion had occurred on the bedrock channel. Changes caused
by the post-1966 debris flow are less apparent down-
stream, although minor changes were observed in a com-
parison of aerial photographs of the fan deposit at the
mouth of Crystal Creek taken in 1973 and 1984.
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LONGITUDINAL VARIATION IN
THE 1966 DEBRIS-FLOW DEPOSITS

We found stratigraphic evidence to support both the se-
quence of fluvial events and a multiple-pulse debris flow
reported for the flood of 1966 (Cooley and others, 1977).
We based much of our interpretation and identification
of deposits on photographs of Crystal and Dragon Creeks
contained in Cooley and others (1977); these sites were
relocated in 1986. Our descriptions provide additional in-
sights into the nature of debris flows in this drainage and
are not intended to supersede those of Cooley and others
1977).
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Stratigraphic sections between 4 and 5 mi upstream
from the Colorado River had ‘“‘sandy sole layers” (Scott,
1985), consisting of relatively well-sorted, friable sand and
gravel deposits (fig. 16), which underlie the poorly sorted
debris-flow deposit. Sole layers have been interpreted as
a debris flow interacting with streamflow at the front of
the initial pulse (K.M. Scott, U.S. Geological Survey, oral
commun., 1986). Streamflow probably was hyperconcen-
trated with sediment and may have been pushed down
the channel by the more rapidly moving debris flow. The
presence of sole layers supports the hypothesis of a flood
preceding the debris flow (Cooley and others, 1977).
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FIGURE 15.—Dragon Creek, 6.2 miles upstream from the Colorado River. The piece of driftwood at the left center
of view B (April 1986) is not the same piece as in view A (February 1967). Note in view B that the large rocks
at the upper left and right have been moved downstream and the bank has collapsed in the foreground. Flow
in the channel moves right to left.
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The debris flow of 1966 left considerable stage and
sedimentologic evidence of its passage in the Crystal
Creek drainage. In Tapeats Narrows (site D, fig. 13),
mudlines were observed 40 ft above the current channel.
The red color of debris-flow matrix contrasted greatly
with the brown soils on terraces and hillslopes. The
damaged mescal pit (site A, fig. 13) was buried under 0.1
to 0.6 ft of red matrix deposit. The site, on the outside
of a slight river bend, was inundated by the superelevated
debris flow, but erosion was slight. Downstream, terraces
of approximately the same height were not inundated.

Debris-flow deposits and mudlines have been preserved
along the 4.5 mi of Crystal Creek below its confluence
with Dragon Creek (fig. 13). The flow from Dragon Creek
blocked Crystal Creek at the confluence with a 13-ft-high
boulder deposit. Debris-flow deposits from Dragon Creek
were found 300 ft upstream along Crystal Creek. Down-
stream, the debris flow entered a steep bedrock canyon
in the Vishnu Schist and left mudlines as much as 20 ft
above the current channel bed. Evidence for recessional
debris flows after the main peak was preserved in the
2.5-mile-long reach upstream of the Colorado River. The
heights of the recessional debris-flow deposits, which
create a sawtooth appearance on the floodplain, are ap-
proximately 5 and 6 ft below the high-water marks for
the main debris-flow pulse at site G (fig. 13).

The effects of the debris flow of 1966 on Crystal Rapid
are well known (Collins and Nash, 1978; Kieffer, 1985;
Stevens, 1983). The debris flow almost certainly dammed
the Colorado River temporarily until subsequent flows
eroded through the left (south) side (Kieffer, 1985). In
1965, the width of the Colorado River at Crystal Rapid
was approximately 280 ft at a discharge of 48,000 ft3/s
(Bill Emmett, U.S. Geological Survey, written commun.,
1986). In March 1967, the width was only 100 ft at a
discharge of about 10,000 ft3/s (Cooley and others, 1977).
Maps prepared by S.W. Kieffer (U.S. Geological Survey,
written commun., 1986) from aerial photographs taken
in 1984 indicate a width of 130 ft at a discharge of 5,600
ft3/s. A comparison of photographs of Crystal Rapid
taken in 1966 and 1986 (fig. 17) documents the persisting
changes. The rock garden (site H, fig. 13), or debris bar,
located below the rapid and formed from outwash from
the fan at the mouth of Crystal Creek, was substantially
increased as a result of the debris flow. Photographs in
Collins and Nash (1978) taken at low discharge in the
Colorado River show a pre-1966 debris bar at the site of
the present debris bar, but aerial photographs taken in
1965 at a discharge of 45,000 ft3/s reveal no obvious
debris bar.

DISCHARGE CALCULATIONS

Velocities and discharges were calculated for the peak
of the debris flow of 1966 from mudlines and deposits in

the Crystal Creek drainage. At site C (fig. 13), a tight,
nearly 180° bend in Dragon Creek, an elevation difference
of 11.9 ft was measured between the high-water marks
in cacti and shrubs on the inside and outside of the bend.
Based on a radius of curvature of 36 ft and width of 103
ft, the debris flow had a mean velocity of 11.5 ft/s. The
discrepancy between the radius of curvature and the
width may invalidate the assumption that all streamlines
follow the radius of curvature (see section ‘‘Hydraulics
of Debris Flows”). The channel had significantly aggraded
after 1966, and cross sections necessary for a discharge
calculation could not be surveyed.

Below Tapeats Narrows, a runup deposit preserved
under an overhanging ledge of Tapeats Sandstone pro-
vided an opportunity to estimate the discharge for the
debris flow of 1966 (site E, fig. 13). We calculated a mean
velocity of 15.9 ft/s from the runup evidence (table 7). One
cross section with an area of 710 ft2 was measured at the
runup site and resulted in an estimated discharge of
11,300 ft3/s. The longitudinal variation in cross-sectional
area was not investigated at this site, but it may have been
substantial.

Photographs from Cooley and others (1977) were used
to reconstruct high-water marks at site F' (Cooley site
number Ariz. B:16:42). The prominent superelevation
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marks (Cooley and others, 1977, fig. 16A) were relocated
and surveyed. Elevation differences between terraces,
mudlines, and the channel bed reported in Cooley and
others (1977, fig. 36) indicated no net aggradation or
deposition in the intervening 18 years. Relocation of the
sites (especially Cooley and others, 1977, fig. 34C) re-
vealed local channel widening upstream from the bend.
Although the channel changed slightly between 1967 and
1986, no evidence for post-1966 debris flows was found
at this site.

We surveyed a longitudinal profile of mudlines and
measured an elevation difference of 22.7 ft between lines
on the inside and outside of the bend (table 8). The
longitudinal profile (fig. 184) shows an increase in the
slope of the channel bed at the start of the bend that may
have affected the flow regime. The mescal pit at this site
(Cooley and others, 1977) was narrowly missed by a lower-
stage superelevation on an upstream bend (fig. 184).

Mean velocity on the larger bend was calculated to be 17.7
ft/s. Surveyed cross sections indicate that the area at the
highest superelevation marks is nearly three times larger
than upstream and downstream areas (table 8). On the
basis of an average area of upstream and downstream
cross sections, we calculated a discharge of 14,000 ft3/s
for the 1966 debris flow, although we estimate a numerical
uncertainty of between 11,900 and 15,400 ft3/s. The
water content of the flow, reconstituted from a sample
taken 0.3 mi downstream, was 24 to 26 percent by volume.

At site G, 0.9 mi upstream from the Colorado River,
superelevation and runup marks were preserved on the
walls of Vishnu Schist and in cacti. Superelevation
evidence (fig. 18B) was used to calculate a mean velocity
of 10.3 ft/s (table 9). However, mean velocities calculated
from runup evidence at two points (fig. 18B) were 15.0
and 15.4 ft/s. As noted at all other superelevation sites,
the area of cross sections measured near superelevation

F1curE 17.—Crystal Rapid at the mouth of Crystal Creek. The poor visual quality of view A (May 1966) results from deterioration of the original
color slide. Note the small debris fan and smooth tongue of water entering the rapid at right center of the river. The discharge of the Colorado
River is 16,000 cubic feet per second. In view B (April 1986), the tongue of the rapid has been forced to the left as a result of the debris
fan deposited during the debris flow of 1966. The discharge of the Colorado River is 28,500 cubic feet per second.
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marks were significantly larger than the areas of cross
sections upstream and downstream from the marks (table
9). We estimated a discharge of between 9,200 and 13,500
ft3/s for the debris flow on the basis of the range in
velocities and cross-sectional areas. The water content of
the flow, reconstituted from a sample taken 0.1 mi down-
stream, was 31 to 33 percent by volume.

Particle-size distributions (fig. 16) show that extremely
coarse, poorly sorted sediments were transported during
the debris flow of 1966. The sediments contained 10- to
15-percent sand and 5- to 10-percent silt and clay (fig. 16);
different samples had similar particle-size distributions
except in a coarse facies found 0.9 mi above the Colorado
River. Boulders 7 ft in diameter were common in levee
deposits. One boulder measured at site G was a rectan-
gular block that had dimensions of 14x7x6 ft and
weighed an estimated 49 tons. Nine other boulders on this
0.1-mile-long levee had intermediate diameters in excess
of 5 ft. Similar-sized boulders are found in the debris fan
at the mouth of Crystal Creek (S.W. Kieffer, U.S.
Geological Survey, written commun., 1986).

SIMILARITIES AND CONTRASTS AMONG THE DRAINAGES

The debris flows of 1966 in the Crystal Creek and Lava-
Chuar Creek drainages and the debris flow of 1984 in the
Monument Creek drainage have similar characteristics.
The debris flows all were initiated by slope failures in the
Hermit Shale and the Esplanade Sandstone during an in-
tense storm event. All three debris flows transported a
poorly sorted mixture of clay- to boulder-size particles in
slurries. Water contents ranged from 23 to 33 percent
during the initial peak. The flows were followed by reces-
sional debris and (or) hyperconcentrated flows that
deposited distinctive sawtooth-shaped levees on the flood
plain. Peaks of the debris flows reached the Colorado
River, and two of the three debris flows caused signifi-
cant constrictions of the Colorado River at the tributary
mouth.

Our limited data suggest an important mechanism of
channel adjustment following debris flows that reached
the Colorado River. As illustrated by the stratigraphy in
Tapeats Narrows of Dragon Creek (fig. 14), not all debris

FI1GURE 17.—Continued.
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flows reach the Colorado River. Small debris flows fill the
headwater channels with sediments after they stop flow-
ing and raise the bed elevation by tens of feet. Subsequent
flows of larger volume may be able to erode through this
stored sediment and incorporate it into the moving fluid.
Smaller debris flows may prime the channel for larger
debris flows that have sufficient volume of sediments to
reach the Colorado River.

We determined a significant problem with the measure-
ment of the effective flow area of debris flows at all sites
where discharges were estimated. The cross-sectional
areas at the superelevation marks are 1.3 to 3.6 times
larger than upstream or downstream areas (table 10).
Discharges calculated using the areas at superelevation

DEBRIS FLOWS FROM TRIBUTARIES OF THE COLORADO RIVER, ARIZONA

marks, therefore, are 1.3 to 3.6 times larger than those
calculated using the upstream and downstream areas
(table 10). If the cross sections at the superelevation
marks are used, continuity of flow (equation 4) implies
substantially higher velocities on the approaches and exits
to the bends. Using site F in the Lava-Chuar Creek
drainage as an example, the exit velocity would be 43 ft/s
if the cross-sectional area at the superelevation marks
were fully effective during the peak of the debris flow.
The velocity would have increased 31 ft/s in 250 ft with
no significant slope change under these conditions.
Discharges were estimated from upstream and (or)
downstream cross-sectional areas and assumed that the
velocity was not significantly changed through the bend
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by energy losses. Several hydraulic properties of debris
flows can be used to support the latter assumption.
Because of their cohesive nature, debris flows may have
large ineffective flow areas consisting of static sediment
on the margins of channel bends. Superelevation formulae
are used to calculate not only a mean velocity across a
cross section but also a mean velocity around part of the
bend. For example, Apmann (1973) uses the curvature
angle of the bend in his formula, implying that supereleva-
tion is a function of both longitudinal and mean cross-
sectional velocity. Finally, the low turbulence and high
momentum of debris flows probably reduces longitudinal
variations in velocity. Calculation of velocities of debris
flows using superelevation evidence appears to involve
a considerable error that could not be estimated in this
study.

The three drainages that we studied had different fre-
quencies for debris flows reaching the Colorado River. We
could not estimate a true magnitude-frequency relation
because we estimated discharges only for a single flow
in each drainage. Relative stages of successive debris
flows were determined; however, channel changes be-
tween events may have changed the stage-discharge rela-
tion for the channel. The Lava-Chuar Creek drainage had
the most frequent debris flows that reached the Colorado
River with an average of one event every 20 to 30 years.
Monument Creek had at least two debris flows this cen-
tury, and they both occurred within 25 years. Crystal
Creek had only one debris flow reaching the Colorado
River this century and averages a minimum of one debris
flow every 50 years that reaches the Colorado River.

The size of transported boulders varied considerably
among the drainages. The largest boulder transported by
the debris flow of 1966 in the Lava-Chuar Creek drainage
weighed an estimated 9 tons. Boulders that were trans-
ported in the Monument and Crystal Creek drainages
weighed an estimated 37 and 49 tons, respectively. In all
drainages, larger boulders may have been transported
into the Colorado River. The sand content of the flows
ranged from 10 to 40 percent and represents a potential-
ly significant source for beach sands along the Colorado
River.

FLUVIAL EVENTS IN OTHER DRAINAGES

As previously stated, debris flows are common
phenomena in Grand Canyon National Park. Individual
drainages such as Lava-Chuar Creek may average 20 to
30 years between debris flows that reach the Colorado
River; in the park as a whole, however, such flows occur
much more frequently. We gathered historical informa-
tion and analyzed aerial photography from 1965, 1973,
and 1984 to compile a list of historical fluvial events from
ungaged tributaries that have affected their debris fans
at the Colorado River (table 11). We also list known

historic debris flows and floods in table 11. The list is not
all inclusive, because more than one flow could have in-
duced the changes and not all floods were debris flows.
However, the list provides a perspective on the frequency
of fluvial events, many of which were debris flows, be-
tween 1965 and 1986.

In the historical record, the summer of 1983 probably
was the most significant year for fluvial events from
ungaged tributaries. Rainfall was above average during
July and August. On July 25, Grand Canyon, Bright Angel
Ranger Station, and Phantom Ranch had 3.14, 2.02, and
1.85 in of rainfall, respectively. No intensity data are
available for this storm; however, the daily totals suggest
pervasive storms in the Grand Canyon on July 25. Almost
all the drainages between Colorado River mile 42 and mile
77 had flash floods during the summer of 1983 (table 11),
possibly during the storm on July 25. Sediment-sampling
data from the gaging station on the Colorado River at
Phantom Ranch shows small peaks in sediment during
July and August 1983, which may be attributable to these
floods.

A winter storm in December 1966 caused widespread
flooding within Grand Canyon National Park (Cooley and
others, 1977). A storm originating in the north Pacific
Ocean traveled slowly over northern Arizona and south-
ern Utah between December 3 and 6 (Butler and Mun-
dorff, 1970). Floods on the Virgin River in southern Utah
exceeded the 100-year event (Butler and Mundorff, 1970),
suggesting that this type of storm is rare. Precipitation
totaling 11 to 14 in. fell on the North Rim (Cooley and
others, 1977), triggering floods in Bright Angel Creek and
several other drainages with headwaters on the Kaibab
Plateau. The debris flows in the Lava-Chuar and Crystal
Creek drainages (see ‘‘Debris Flows in Three Tributaries
of the Colorado River’’) and ten other debris flows not
reaching the Colorado River were initiated during this
storm (Cooley and others, 1977).

In July 1984, a debris flow with a stage of greater than
7 ft and width of 200 ft struck two 20-ton trucks stalled
in the channel of Diamond Creek about 0.5 mi upstream
from the Colorado River (Mike Walker, boatman, O.A.R.s,
Modesto, California, oral commun., 1986). The trucks
were carried into the river and later were found more than
1,000 ft downstream on the opposite bank. Boulders 4 to
5 ft in diameter were transported by the debris flow,
which remained at uncrossable levels for 6.5 hrs. The
debris flow reportedly caused 30-foot-high spray upon im-
pact with the Colorado River and greatly enlarged the
debris fan.

This brief history indicates that several storm types may
initiate fluvial events, which include debris flows, in the
Grand Canyon. Summer thunderstorms appear to be the
most common type of storm that initiates debris flows.
These storms generally are localized in one or two adja-
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cent drainages and can be considered as random in time.
Intense precipitation resulting from winter frontal storms
also may initiate debris flows; however, this type of storm
generally is rare.

FACTORS RESPONSIBLE FOR DEBRIS FLOWS

The bedrock geology of Grand Canyon National Park
controls the location of the initiation sites for debris flows
in tributaries of the Colorado River. The Grand Canyon
is noted for spectacular cliffs of sedimentary rocks, and
the combination of stratified rocks with different strength
properties and high relief leads to a high potential for
slope failures (Rogers and Pyles, 1979). In addition, fault
planes control the location of drainages in Grand Canyon
(Dolan and others, 1978; Potochnik and Reynolds, 1986),
and the resultant shear zones provide abundant loose and
poorly sorted material for debris-flow initiation. Abundant
talus accumulates locally beneath cliff faces, providing a
source for debris mobilization during intense storm
events. The Grand Canyon is, in fact, an ideal location for
debris flows.

The most common cause for debris flows is slope failures
in the Hermit Shale and Supai Group throughout the
Grand Canyon. In the only systematic mapping of slope
failures, Cooley and others (1977) mapped 93 slope failures
that occurred during the storm of 1966. Seventy percent
were from the Hermit Shale and Supai Group; 19 percent
from the Kaibab Limestone and underlying Toroweap
Formation, or Coconino Sandstone; and 11 percent from
the Muav Limestone. Most of these failures resulted in
local debris flows, and failures in the Hermit Shale and
the Supai Group initiated debris flows in the Lava-Chuar
and Crystal Creek drainages that reached the Colorado
River.

The composition and chemistry of the Hermit Shale and
Esplanade Sandstone have the potential to generate
debris flows. The Esplanade Sandstone at the top of the
Supai Group consists of alternating layers of sandstone,
siltstone, and mudstone and forms a morphologically
distinct series of basal slope, cliff, and upper slope (McKee,
1982). This formation is of continental origin, which
contrasts with the marine origin of the other three for-
mations of the Supai Group. Swelling clays, notably smec-
tites and montmorillonites, are abundant in these rocks
(McKee, 1982) and cause rapid weathering of the cliffs
into potentially mobile talus. Both the Hermit Shale and
Esplanade Sandstone contain dispersive clays, which
disintegrate into colloidal suspension when water is added
(J.D. Rogers, Rogers/Pacific Consultants, Lafayette,
California, oral commun., 1986). When these rocks are
located on top of cliffs of Redwall Limestone, catastrophic
slope failures are possible as the rocks weather.

The combination of alternating rock types, dispersive
clays, and the high relief in the drainage basins make

canyons with exposures of Hermit Shale and Esplanade
Sandstone particularly susceptible to debris flows. The
proximity of these rocks to the Colorado River may ex-
plain some of the longitudinal spacing of rapids. The Roar-
ing Twenties (fig. 1) are a series of closely spaced,
moderate-size rapids that occur where the Hermit Shale
and Supai Group are first elevated above the river. In con-
trast, few moderate to large rapids occur between Kanab
Creek and Prospect Creek (fig. 1), possibly because the
Hermit Shale and most of the Esplanade Sandstone have
been stripped from the nearby cliffs.

Several drainages exemplify other sources of sediments
for debris-flow mobilization in Grand Canyon National
Park. Red Canyon (fig. 1) has formed at the intersection
of several major faults, and two large landslide deposits
have been mapped in its headwaters (Huntoon and others,
1986). Hance Rapid is formed where a debris fan from
Red Canyon forces the Colorado River against a bedrock
wall. Large boulders in the channel cause severe naviga-
tional difficulties at low water (Stevens, 1983). Debris
flows from Red Canyon have occurred relatively frequent-
ly in geologic time as indicated by the large debris fan,
multiple levees, and exposed debris-flow stratigraphy. The
large landslides and shear zones in the headwaters are
the probable source of sediments for the debris flows.

Lava Falls Rapid, generally regarded as the most dif-
ficult to navigate on the Colorado River (Collins and Nash,
1978), is formed by debris transported from Prospect
Creek (fig. 1) and not by outcrops of resistant rocks
(Leopold, 1969). Four large basalt boulders form the in-
famous Ledge Hole in the center of the rapid. The fan
at the mouth of Prospect Creek consists of four inset ter-
races, each of which is composed of multiple debris-flow

-deposits. The source of sediments for debris flows is the

loose basalt talus in the shear zone of the Toroweap fault
about 1 mi from the Colorado River (Huntoon and others,
1981). Discharges in Prospect Creek cascade over a
1,200-foot cliff and initiate slope failures in the loose talus.

The occurrence of debris flows is not controlled by an
obvious basin morphometric factor in Grand Canyon
National Park. Similar adjacent basins appear to have
completely different histories of debris flows. For exam-
ple, Monument Creek has had two debris flows that
reached the Colorado River in 25 years and Hermit Creek,
slightly larger in size and abutting Monument Creek on
the west, has had no obvious debris flows that reached
the river during the same period. Although the storm of
December 1966 initiated a debris flow in the Crystal Creek
drainage, the adjacent and larger Shinumo Creek
drainage had only small debris flows in its headwaters,
and only streamflow reached the Colorado River (Cooley
and others, 1977). Clearly, debris flows that reach the
Colorado River are a random occurrence controlled by the
combination of accumulation rates of sediment available
for transport and intense storm events.
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An attempt was made to explain the navigational
difficulty and water-surface fall through 67 rapids of the
Colorado River on the basis of contributing drainage areas
of tributaries (table 12). Although navigational difficulty
and water-surface fall through a rapid are not good pre-
dictors of the frequency or size of debris flows from the
tributaries, they are the only known characteristics avail-
able for the entire Colorado River corridor. Drainage-
basin area is the hydrologic variable most commonly used
to assess regional flood and sediment-transport potential.
All rapids with a maximum rating greater than 4 (Stevens,
1983) are included with the exception of Lower Lava
Rapid, which is controlled by outwash debris from Lava
Falls Rapid and Prospect Creek, and Nixon Rock Rapid,
which is controlled by rockfalls. Selected rapids with a
maximum rating of 4 or less were also included (table 12).
With the exception of the Paria and Little Colorado
Rivers, all drainages included had obvious debris-flow
deposits at the Colorado River.

Drainage areas of contributing tributaries do not ex-
plain either water-surface fall or navigational difficulty
of rapids on the Colorado River (fig. 19). Local channel
factors also cannot explain these variables because rapids
with similar navigational difficulties have different water-
surface falls and constriction ratios (S.W. Kieffer, U.S.
Geological Survey, written commun., 1986). Local chan-
nel conditions such as bedrock spurs and confining-wall
geometry may exacerbate a rapid. We attribute the non-
correlation of drainage area and rapid difficulty to the
overwhelming control of rapid difficulty by local factors
in each contributing drainage, particularly the size of
debris-flow-transported boulders, the history of debris
flows, and local channel conditions.

HYDROLOGIC EFFECTS OF DEBRIS FLOWS ON
THE COLORADO RIVER

The magnitude and frequency of debris flows control
the hydraulics of the Colorado River in Grand Canyon
National Park. Debris flows from small tributaries ag-
grade fans which typically force the river against the
opposite wall of the canyon (fig. 20). In some cases, debris
fans from tributaries on opposite sites of the river, such
as the Lava-Chuar Creek drainage and Palisades Creek,
constrict the Colorado River without a directional change.
Debris flows deposit very large boulders in the river that
cannot be moved by ordinary discharges. Therefore,
rapids tend to be maintained as hydraulic controls on the
river until the boulders can be moved by rare, large
discharges (Graf, 1979). The ability of small drainages
such as Monument Creek to control the hydraulics of one
of the largest rivers in the United States is of great
hydrologic significance.

The combination of a debris fan and the increased
velocity of flow in the rapid creates flow-separation zones

conducive to the formation of beaches (Schmidt and Graf,
1988). Constriction ratios at debris fans range from 0.3
to 0.7 (Kieffer, 1985), and separation zones (and conse-
quently beaches) form upstream and downstream from
rapids. The combination of sudden channel expansion and
rapid deceleration of flow below rapids induces the
recirculating-eddy systems common in Grand Canyon
National Park (Schmidt and Graf, 1988). Debris-flow
transport of boulders onto the fan surfaces is the key
process in creating the system of flow separations on the
Colorado River.

Control of local channel hydraulics extends beyond the
rapid and debris-fan system. Prominent debris bars,
referred to as islands or rock gardens, are formed down-
stream from the rapid by reworking of the debris fans
after a debris flow. Commonly on the opposite side of the
river from the tributary, these bars generally are com-
posed of well-sorted, imbricated cobbles and boulders
mixed with sand. At Crystal Creek, the rock garden was
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at Crystal Rapid.
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greatly enlarged after the debris flow of 1966 and con-
tains boulders that are unusually large for a debris bar.
At Monument Creek, the island enlarged slightly after
the 1984 debris flow. An island in the Colorado River at
river mile 66 (Stevens, 1983) appears to be maintained
by periodic debris flows from the Lava-Chuar Creek
drainage and Palisades Creek. Debris bars, particularly
in the form of islands, provide a control on the longitudinal
extent of eddy systems. Large debris bars induce second-
ary riffles or rapids, such as Lower Lava Rapid at river
mile 179.8, that may be additional navigational hazards
or form secondary flow-separation zones.

Debris flows from tributaries have important influences
on sediment transport in the Colorado River. Although
the debris flows occur infrequently, they are the source
of large volumes of sand that enter at discrete points along
the river. Debris flows transport boulders into the Colo-
rado River that create the hydraulic controls that are
prominent in the longitudinal profile of the river (Howard
and Dolan, 1981). Debris fans and bars control the for-
mation and longitudinal extent of separation zones needed
to trap sand. A thorough understanding of the magnitude
and frequency of debris flows is of paramount importance

(Modified from Hamblin and Rigby, 19

EXPLANATION
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-FIGURE 20.—Geomorphic features of a typical rapid controlled by debris
flows on the Colorado River.

to understanding and long-term estimates of sediment
transport in the Colorado River in Grand Canyon National
Park.

SUMMARY

Sediment transported from small drainages is a poten-
tially large source of sand for beaches on the Colorado
River in Grand Canyon National Park. Previous flood
reports (Cooley and others, 1977) and recent mapping of
alluvial deposits in tributary canyons during this project
indicate that debris flows are a major process of sediment
transport in small drainages in Grand Canyon National
Park. Debris flows are common in arid and semiarid
regions, but their importance in supplying sediment to the
Colorado River has not been previously recognized.

We observed debris-flow deposits in all 36 tributaries
of the Colorado River that were examined during this
study. Twenty-one of the 36 tributaries have evidence for
debris flows within the last 25 years. We selected three
tributaries for more detailed study on the basis of previous
reports of debris flows. The tributaries studied in detail
are the Lava-Chuar Creek drainage at Colorado River
mile 65.5, the Monument Creek drainage at river mile
93.5, and the Crystal Creek drainage at river mile 98.2.
Evidence for at least five prehistoric debris flows and
three historic debris flows is preserved in the Lava-Chuar
Creek drainage. Historic debris flows occurred between
1973 and 1984, in December 1966, and between 1916 and
1966. Debris flows have reached the Colorado on the
average every 20 to 30 years since 1916 and every 190
years over the last 1,500 years. Debris flows may reach
the Colorado River more frequently because not all
prehistoric debris flows may have overtopped the terraces
to leave depositional evidence.

The debris flow of 1966 in the Lava-Chuar Creek drain-
age had a velocity of 12 ft/s and a discharge of about 4,000
ft3/s near the Colorado River. The debris flow began at
slope failures in the Hermit Shale and Supai Group and
traveled 6.5 mi to the Colorado River. The water content
of the flow was estimated at 22.5 percent and yielded sedi-
ment and water discharges of 3,100 and 900 ft3/s, respec-
tively. The debris flow had 30 to 35 percent sand and
carried boulders 1 to 2 ft in diameter. The largest boulder
measured that was transported during the 1966 debris
flow weighed an estimated 9 tons.

Two debris flows have occurred in the last 25 years in
the Monument Creek drainage. A storm on July 27, 1984,
initiated an avalanche and subsequent debris flow that
reached the Colorado River. Scanty evidence suggests an
earlier debris flow that occurred in the early 1960’s. Older
debris-flow deposits were radiometrically dated at about
A.D. 1780, but lack of correlation with downstream
deposits precluded any use of this date for determining
frequencies of events.
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The debris flow of 1984 in Monument Creek began as
an avalanche from the Esplanade Sandstone of the Supai
Group 2,000 ft above the channel. A 20-foot high ava-
lanche deposit still dammed the channel in 1986. The
debris flow traveled 2.8 mi to the Colorado River at a
velocity of 11 to 13 ft/s and a peak discharge of about
3,800 ft3/s. The water content of the flow ranged from
27 to 34 percent and the flow was composed of 30 to 40
percent sand. One boulder transported during the flow
weighed an estimated 37 tons.

The debris flow of 1984 created a new fan surface at
the Colorado River that significantly constricted Granite
Rapid. We estimated the volume of sediment transported
onto the fan and into the river on the basis of hypothe-
sized scenarios of post-debris-flow fan geometry. The most
likely volume of sediment transported onto the fan and
into the river is 300,000 ft3. The absence of particles less
than 16 mm in diameter on the debris fan in 1986 sug-
gests that all finer particles including sand were quickly
transported into the Colorado River. By assuming an
average sand content of 35 percent, the estimated volume
of sand that entered the river is 84,000 ft3 with a range
of 56,000 to 150,000 ft3 for the scenarios that were con-
sidered. From the volume of sediment moved and the
discharge estimated upstream, we estimated that the fan
was created during the first pulse of the debris flow in
1 to 3 minutes.

The Crystal Creek drainage has averaged a minimum
of one debris flow that reached the Colorado River every
50 years. A large debris flow in 1966 has been the only
debris flow to reach the Colorado River in this century.
Small debris flows, on reaching the Colorado River, have
significantly aggraded the channel in the past, possibly
storing sediments available to larger debris flows capable
of reaching the river.

The debris flow of 1966 in the Crystal Creek drainage
began at 11 slope failures in the Hermit Shale and Supai
Group and traveled 13 mi to the Colorado River. The
calculated flow velocity ranged from 10 to 18 ft/s, and the
discharge ranged from 9,200 to 14,000 ft3/s. The water
content of the flow ranged from 24 to 33 percent, and the
sediments had a sand content of 10 to 15 percent. One
boulder transported by the debris flow weighed an
estimated 49 tons, and boulders with diameters in excess
of 5 ft were commonly transported. Upon reaching the
Colorado River, the debris flow created a new fan sur-
face that significantly constricted the Colorado River.

The debris flows studied had similarities that indicate
the cause and nature of debris flows in Grand Canyon
National Park. All three debris flows were initiated at
slope failures in the Hermit Shale and Supai Group,
especially the Esplanade Sandstone. All debris flows
transported a poorly sorted mixture of clay- to boulder-
sized particles with water contents ranging from 23 to

33 percent by volume. The largest boulders transported
ranged from 9 tons in the Lava-Chuar Creek drainage to
37 and 47 tons in the Monument Creek and Crystal Creek
drainages, respectively. Two of the three debris flows
significantly constricted the Colorado River at the tribu-
tary mouths. The frequency of debris flows that reach the
Colorado River is tentative, but the available data sug-
gest one flow reached the Colorado River every 20 to 50
years in these drainages. A compilation of the scanty
historical information on flow events from Grand Canyon
tributaries, however, indicates that debris flows occur
more frequently throughout the park.

The bedrock geology of Grand Canyon National Park
provides an ideal location for the initiation of debris flows.
The high relief combined with differential strength prop-
erties of the rocks leads to a high potential for slope
failures. The most common source of mobilized sediments
for debris flows are the Hermit Shale and Esplanade
Sandstone of the Supai Group. Other sources include the
Kaibab Limestone, Toroweap Formation, and Coconino
Sandstone; Muav Limestone and Bright Angel Shale; and
Quaternary basalts in the western Grand Canyon. Disper-
sive and swelling clays in some of these formations aid
in the initiation of debris flows.

The magnitude and frequency of debris flows control
the hydraulics of the Colorado River in Grand Canyon
National Park. Debris flows from the small tributaries
aggrade fans that typically force the river against the
opposite wall of the canyon. The ability of small drainages
such as Monument Creek to form hydraulic controls
(rapids) on one of the largest rivers in the United States
is of great hydrologic significance. The debris fans also
cause flow separation zones conducive to deposition and
storage of sand on beaches, and reworking of debris fans
by Colorado River discharges creates secondary riffles or
rapids. Debris flows are the source of large volumes of
sand entering the river at discrete points, although the
debris flows occur infrequently. A thorough understand-
ing of the magnitude and frequency of debris flows is of
paramount importance to any understanding or long-term
estimates of sediment transport in the Colorado River in
Grand Canyon National Park.
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TABLE 1.—Selected tributaries of the Colorado River, Grand Canyon National Park

[X indicates that the attribute listed in the column heading was either

observed or measured in the drainage.]

Colorado Ancient Recent Strati- Events
Tributary name River debris-flow debris-flow raph analvzed
mile? deposits evidence graphy y
19-Mile Canyon 19.0 X
24.5 Mile Canyon 24.5 X X X
Shinumo Wash 29.2 X X
Buck Farm Canyon 41.0 X X
Unnamed canyon 43.3 X X
Saddle Canyon 47.0 X
Nankoweap Creek 52.2 X X
Lava-Chuar Creek 65.5 X X X X
Palisades Creek 65.7 X X
Tanner Canyon 68.5 X
Cardenas Creek 70.9 X X
Unkar Creek 72.7 X
75-Mile Canyon 75.5 X X
Red Canyon 76.8 X X
Clear Creek 84.2 X X
Bright Angel Creek 87.9 X
Monument Creek 93.5 X X X X
Crystal Creek 98.2 X X X X
Shinumo Creek 108.6 X
Elves Chasm 116.5 X X X
Blacktail Canyon 120.2 X
Forster Canyon 122.8 X
Fossil Canyon 125.0 X X
Unnamed canyon 127.6 X X
Deer Creek 136.1 X
Kanab Creek 143.5 X X
Olo Canyon 145.7 X
Matkatimiba Creek 148.0 X
Havasu Creek 156.9 X X
National Canyon 166.6 X X
Fern Glen Canyon 167.9 X X
Prospect Canyon 179.3 X X
Parashant Wash 198.5 X X
Fall Canyon 211.6 X X
220-Mile Canyon 220.0 X X
Diamond Creek 225.8 X X

IRiver miles are measured from Lees Ferry (Stevens, 1983).
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TABLE 2.—Indirect-discharge calculation for the debris flow of 1966 on Lava-Chuar Creek, 0.2 mile
upstream from the Colorado River

SUPERELEVATION DATA

Radius of curvature (RC) = 37 feet
Elevation difference (Ahs) = 13.32 feet

Channel width (W) = 110 feet
Channel slope (S) = 0.01 to 0.02
V = 12.0 feet per second (F = 1.0 to 1.4)

CROSS SECTION DATA

Thalweg
distance
from super- Area, in Hydraulic Hydraulic
elevation, square radius, depth,
Section in feet feet in feet in feet
Upstream 125 350 5.1 4.7
Superelevation 0 1,180 9.5 10.6
Downstream 250 310 3.2 3.3

Q = 4,000 cubic feet per second

TABLE 3.—Indirect-discharge calculation for the debris flow of 1984 on Monument Creek at Tapeats
Alcove, 1.5 miles upstream from the Colorado River

SUPERELEVATION DATA

Radius of curvature (RC) = 75 feet
Elevation difference (Ahs) = 4.73 feet

Channel width (W) = 79 feet
Channel slope (S) = 0.068
V = 12.0 feet per second (F = 0.6)

CROSS CTION DATA

Thalweg
distance
from super- Area, in Hydraulic Hydraulic
elevation, square radius, depth,
Section in feet feet in feet in feet
Upstream 95 750 7.1 9.5
Superelevation 0 580 6.0 7.7
Downstream 50 320 6.0 7.4
Q = 4,000 cubic feet per second
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TABLE 4.—Indirect-discharge calculations for the debris flow of 1984 on Monument Creek at site B,
0.5 mile upstream from the Colorado River

SUPERELEVATION DATA

Radius of curvature (Rc) = 66 feet Channel width (W) = 65 feet
Elevation difference (Ahs) = 3.73 feet Channel slope (S) = 0.065 feet

V = 11.0 feet per second (F = 0.6)

RUNUP DATA

Elevation difference (Ahr) = 2.05 feet V = 11.5 feet per second (F = 0.6)

CROSS SECTION DAT

Thalweg

distance

from super- Area, in Hydraulic Hydraulic

elevation, square radius, depth,

Section in feet feet in feet in feet

Upstream 40 310 5.0 5.8
Superelevation 0 340 6.1 7.6
Downstream 18 420 5.2 6.2
Downstream 90 330 4.9 6.0
Average used 320

Q = 3,500 to 4,000 cubic feet per second

TABLE 5.—Indirect-discharge calculation for the debris flow of 1984 on Monument Creek at site C, 0.8
mile upstream from the Colorado River

SUPERELEVATION DATA

Radius of curvature (Rc) = 125 feet Width (W) = 97 or 106 feet
Elevation difference (Ahs) = 3.41 or 4.57 feet Channel slope (S) = 0.063
V =11.9 to 13.2 feet per second (F = 1.2 to 1.4)

CROSS SECTION DATA

Thalweg
distance
from super- Area, in Hydraulic Hydraulic
elevation, square radius, depth,
Section in feet feet in feet in feet
Downstream 45 320 3.4 3.8

Q = 3,800 to 4,200 cubic feet per second
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TABLE 6.—Four scenarios of deposition on the Monument Creek debris fan used to calculate volumes
of sediment deposited during the debris flow of 1984

SCENARTIOS

1. Assume that debris flow did not reach the Colorado River and that
the debris fan present in 1986 is the maximum deposition
(unrealistically low).
2. Assume that the debris flow covered the fan and half of the Colorado
River bed to a depth of 3 feet.
3. Assume that the debris flow covered the entire bed of the Colorado
River to a depth of 3 feet (most realistic).
4. Assume that the debris flow totally dammed the river to a depth of
11 feet (unrealistically high).
FAN VOLUMES
Fan River River Total Sand
volume, area, River volume volume volume Duration
in in depth, in in in of peak
cubic square in cubic cubic cubic (Tp)' in
Scenario feet! feet feet feet feet feet? seconds?
1 160,000 0 0 0 160,000 56,000 60
2 160,000 26,000 3 80,000 240,000 84,000 90
3 160,000 49,000 3 150,000 310,000 110,000 120
4 160,000 49,000 11 270,000 430,000 150,000 160

lpverage fan depth is an estimated 5 feet over a 32,000 feet? area.

2The debris flow was approximately 35 percent sand.

3A total discharge of 3,800 ft3/s and a sediment discharge of 2,700
ft3/s was used to estimate the duration of peak discharge.
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TABLE 7.—Indirect-discharge calculation for the debris flow of 1966 on Dragon Creek at site E, 5.0
miales upstream from the Colorado River

RUNUP DATA

Runup elevation (Ahr) = 3.93 feet Channel slope (S) = 0.01

V = 15.9 feet per second (F = 0.7)

CROS ON DATA
Area, in Hydraulic Hydraulic
square radius, depth,
Section feet in feet in feet
Runup site 710 9.5 12.0

Q = 11,300 cubic feet per second

TABLE 8.—Indirect-discharge calculation for the debris flow of 1966 on Dragon Creek at site F', 4.8
males upstream from the Colorado River

SUPERELEVATION DATA

Channel width (W) = 175 feet
Channel slope (S) = 0.06

Radius of curvature (Rc) = 75 feet
Elevation difference (Ahs ) = 22.67 feet

V = 17.7 feet per second (F = 1.3 to 2.7)

CROSS SECTION DATA

Thalweg

distance

from super- Area, in Hydraulic Hydraulic

elevation, square radius, depth,

Section in feet feet in feet in feet

Upstream #1 210 870 7.0 7.4
Upstream #2 90 670 3.9 3.6
Superelevation 0 2,480 12.5 14.2
Downstream 80 840 5.9 6.9
Average 790

Q = 14,000 (11,900 to 15,400) cubic feet per second
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TABLE 9.—Indirect-discharge calculations for the debris flow of 1966 on Crystal Creek at site G, 0.9
male upstream from the Colorado River

SUPERELEVATION DATA

Radius of curvature (Rc) = 132 feet Channel width (W) = 186 feet
Elevation difference (Ahs) = 4.65 feet Channel slope (S) = 0.04
V = 10.3 feet per second (F = 0.3 to 0.6)

UNUP DAT

Elevation #1 <Ahr) = 3.51 feet V = 15.0 feet per second (F = 0.6 to 1.2)

Elevation #2 (Ahr) = 3.68 feet V = 15.4 feet per second (F = 0.6 to 1.2)

CROSS SECTION DATA

Thalweg

distance

from super- Area, in Hydraulic Hydraulic

elevation, square radius, depth,

Section in feet feet in feet in feet

Upstream 135 940 5.6 5.9
Downstream #1 185 1,240 10.2 11.5
Downstream #2 255 890 9.7 11.9
Average 920

Q = 9,200 to 13,500 cubic feet per second

TABLE 10.—Comparison of discharges calculated at all superelevation sites by the cross-sectional area
at the highest superelevation marks and an average of the upstream and (or) downstream cross-sectional
areas

Mean Area at Dis- Average of Dis-
velo- or near charge, upstream charge,
Location city, superele- in cubic and down- in cubic
in feet vation, feet stream feet
per in square per area, in per
second feet second square feet second
Lava-Chuar Creek 12.0 1,180 14,200 330 4,000
at site F
Monument Creek 12.0 580 7,000 320 3,800
at Tapeats
Alcove
Monument Creek 11.0 420 4,600 320 3,500
site B
Monument Creek 11.9-13.2 R 320 3,800-4,200
site C
Dragon Creek 17.7 2,480 43,900 790 14,000
site F
Crystal Creek 10.3 1,240 12,800 920 9,500

site G
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TABLE 11.—Historic flow events or channel changes in tributaries of the Colorado River in Grand Canyon
National Park

[Determination of changes is somewhat subjective. A confidence rating of 1 indicates a change or event occurred; a rating of 2 in-
dicates that though a change or event probably occurred, the evidence is not strong; a rating of 3 indicates little confidence in the

reported change. An (*) asterisk indicates a major change or event.]

River Nature of Confidence
mile side Tributary name event or change Year rating
7.0 L Unnamed chute Landslide 1970 1
7.8 R  Badger Creek Channel changes 1973-84 1
11.2 R  Soap Creek Channel changes 1935-65 2
11.2 R  Soap Creek Channel changes 1973-84 1
11.8 L  Salt Water Wash Channel changes 1935-65 2
11.8 L  Salt Water Wash Channel changes 1973-84 2
16.8 R Rider Canyon Channel changes 1935-73 2
17.5 L 'Redneck Rapid’ Rockfall 1978-79 1
26.8 R 'MNA Rapid’ Rockfall 1975 1
31.5 R  South Canyon Channel changes 1965-73 2
35.6 L  Unnamed channel Fan changes 1973-84 1
37.4 L Tatahatso Wash Rockfall 1977 1
37.4 L Tatahatso Wash Channel changes 1973-84 2
41.0 R  Buck Farm Wash Debris flow 1981-83 1
41.4 R Bert'’s Canyon Channel changes 1973-84 2
43.1 L 43 mile camp canyon Debris flow 1983 1
43.7 R  President Harding *Rapid formed 1911-23 1
43.7 L  President Harding Fan changes 1973-84 1
44.1 L  Fan below Harding Fan changes 1983 1
44.5 L  Fan below Harding Fan changes 1983 1
44.8 L  Fan below Harding Fan changes 1983 1
52.0 R Nankoweap Creek Channel shifted 1935-65 1
52.0 R Nankoweap Creek Channel shifted 1966 1
52.0 R Nankoweap Creek Channel shifted 1973-84 1
65.5 R Lava Creek Debris flow 1966 1
65.5 R Lava Creek Debris flow 1973-84 1
65.5 L  Palisades Creek *Debris flow 1965-73 1
65.5 L Palisades Creek Channel changes 1973-84 2
66.3 R  Chute below Lava Cr Fan changes 1965-84 1
66.3 L Chute below Palisade Channel changes 1965-73 2
66.9 L Espejo Creek Fan changes 1973-84 1
67.2 L  Comanche Creek Fan changes 1973-84 1
67.9 L  Unnamed drainage Fan changes 1965-84 1
68.1 L  Unnamed drainage Fan changes 1965-73 2
69.6 R  Basalt Creek *Flood 1983 1
70.0 R  Unnamed drainage Fan changes 1973-85 1
70.2 R  Unnamed drainage Fan changes 1965-84 1
70.3 R  Unnamed drainage Fan changes 1965-84 1
70.4 L  Unnamed drainage Fan changes 1973-84 1
70.5 L  Unnamed drainage Fan changes 1973-84 1
70.8 L  Unnamed drainage Fan changes 1973-84 1
70.9 R  Unnamed drainage Fan changes 1973-84 2
71.0 L Cardenas Creek Channel changes 1984 1
71.2 R  Unnamed drainage Fan changes 1965-84 1
71.3 R  Unnamed drainage Debris flow 1983 1
71.8 R  Unnamed drainage Fan changes 1973-84 1
72.0 R Unnamed drainage Rockfall, flood 1983 1
72.5 R  Unkar Creek Channel changes 1966 1
72.5 R  Unkar Creek Channel changes 1973-84 1
73.3 L  6-8 small gullies Channel changes 1973-84 1
73.5 L  Unnamed drainage Fan changes 1965-84 2
73.7 R Unnamed chute Fan changes 1973-84 1
73.8 R  Unnamed chute Fan changes 1973-84 1
74.4 R  Unnamed chute Fan changes 1965-84 2
74.9 L  Escalante Creek Fan changes 1973-84 1
76.8 L Red Canyon Channel changes 1973-84 2
87.8 R  Bright Angel Creek Large flood 1936 1
87.8 R Bright Angel Creek  *Channel changes 1966 1
87.8 R  Bright Angel Creek Channel changes 1973-84 1
89.0 L Pipe Creek Channel changes 1973-84 2
91.5 R Trinity Creek Flood or debris flow 1985 1
92.2 L Unnamed chute Channel changes 1973-84 2
92.8 L Salt Creek Channel changes 1973-84 2
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TABLE 11.—Historic flow events or channel changes in tributaries of the Colorado River in Grand Canyon
National Park—Continued

Confidence
rating

Nature of
event or change Year

River

mile side Tributary name

202.
202.
203.
204.
205.
207.
209.
211.
220.
225.
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Monument Creek
Boucher Creek

Chute below Boucher

Crystal Creek
Crystal Creek
Agate Creek
Turquoise Creek
Shinumo Creek
Unnamed canyon
Elves Chasm
119-Mile Creek
Unnamed chute
Forster Creek
Unnamed chute
128-Mile Creek
Spector Chasm
Stone Creek
Unnamed chute
Tapeats Creek
Tapeats Creek
Tapeats Creek
Deer Creek
Unnamed chute
Kanab Creek
Kanab Creek
Kanab Creek
Havasu Creek
National Canyon

Fern Glen Canyon

Cove Canyon

Saddle Horse Canyon

Unnamed chute
Unnamed chute
Unnamed canyon
Unnamed canyon
Unnamed canyon
Unnamed canyon
205-Mile Creek
Unnamed canyon
Unnamed chute
Fall Canyon
220-Mile Creek
Diamond Creek

*Debris flow
Channel changes
Channel changes

*Debris flow
Channel changes
Channel changes
Channel changes
Channel changes
Channel changes

*Debris flow
Channel changes
Channel changes

*Channel changes
Channel changes
Channel changes
Channel changes
Channel changes

*New fan

*Debris flow
Flood
Flood
Debris flow
Debris flow

*Large flood

*Large flood
Channel changes

*Large flood
Channel changes
Channel changes
Channel changes
Channel changes
Debris flow
Debris flow
Debris flow
Debris flow
Debris flow
Channel changes

*Channel changes
Channel changes
Rockfall
Channel changes
Channel changes

*Debris flow

1984
1973-84
1973-84

1966
1973-84
1973-84
1973-84
1973-84

1985

1985
1973-84
1973-84
1973-84
1973-84
1973-84
1973-84
1973-84

1872-1968

1961

1975

1984

1985
1973-84

1883

1909
1973-84

1911

1984
1973-84
1973-84
1973-84
1973-84

1973
1973-84
1973-84
1973-84
1973-84

1983
1973-84
1978-79
1973-84

1984

1984
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TABLE 12.—Relation between difficulty rating for rapids and drainage area of the contributing
tributaries for 67 rapids on the Colorado River

[Rapid rating is a subjective scale from 1 (least severe) to 10 (most severe) based on navigational difficulty for oar-powered boats (Stevens,
1983)]

Contributing
area of 10,000 1921
Rapid name River drainages, cubic feet Water-surface
mile in square per second fall, in feet
miles rating
Paria Riffle 0.9 1,410.0 1 2
Badger 7.9 46.6 6 12
Soap Creek 11.2 35.3 5 17
House Rock 16.9 308.6 7 9
North Canyon 20.5 154.1 5 12
21 Mile 21.1 0.3 5 5
Indian Dick 23.2 0.1 5 6
24.5 Mile 24.5 9.9 5 9
25 Mile 24.8 0.4 5 7
Cave Springs 25.2 0.7 5 6
Tiger Wash 26.7 19.8 4 7
29 Mile 29.2 60.8 2 6
Saddle Canyon 47.0 11.3 1 1
Nankoweap 52.2 32.6 3 25
Kwagunt 56.0 15.2 6 19
Little Colorado 61.5 26,955.0 1 8
Lava Creek 65.5 22.9 4 8
Basalt 69.2 5.3 3 2
Unkar 72.6 14.5 6 21
Nevills 75.5 4.6 6 15
Nance 76.8 4.1 9 26
Sockdolager 78.7 9.0 9 19
Grapevine 81.6 14.6 8 17
83 Mile 83.5 1.7 4 7
Clear Creek 84.1 35.7 1 2
Zoroaster 84.5 1.5 6 7
85 Mile 85.0 0.1 3 6
Bright Angel 87.9 101.0 4 8
Pipe Springs 88.9 6.6 4 14
Horn Creek 90.1 1.6 8 9
Salt Creek 92.6 1.2 4 3
Granite 93.5 3.3 9 17
94 Mile Creek 94.3 3.7 1 2
Hermit 95.0 12.6 9 15
Boucher 96.8 6.4 4 13
Crystal 98.2 47.9 10 17
Tuna Creek 99.2 23.3 6 10
Sapphire 101.3 3.7 7 7
Turquoise 102.0 5.7 4 2
104 Mile 103.9 1.7 6 3
Ruby 104.8 6.6 6 8
Serpentine 105.9 1.5 7 10
Bass 107.5 5.5 4 4
Shinumo Creek 108.5 85.5 4 8
Waltenberg 112.2 6.3 7 14
112.5 Mile 112.5 0.9 2 4
Rancid Tuna 113.0 0.5 6 4
Blacktail 120.1 9.3 3 7
122 Mile 121.8 3.1 5 4
Forster 122.8 3.9 6 7
Fossil 125.0 13.2 6 15
128 Mile 128.4 3.0 5 8
Specter 129.0 3.1 6 5
Bedrock 130.5 8.2 8 7
Deubendorf 131.8 7.3 8 15
Tapeats 133.8 82.9 6 7
134 Mile 134.3 2.2 3 7
135 Mile 134.9 1.8 5 2
Doris 137.7 0.3 6 2
Fishtail 139.0 7.7 6 10
Kanab Creek 143.5 2,290.0 3 18
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TABLE 12.—Relation between difficulty rating for rapids and drainage area of the contributing
tributaries for 67 rapids on the Colorado River—Continued

Contributing
area of 10,000 1921
Rapid name River drainages, cubic feet Water-surface
mile in square per second fall, in feet
miles rating
Upset 149.8 30.9 8 15
Lava Falls 179.3 96.9 10 10
205 Mile 205.5 10.6 7 9
209 Mile 208.8 88.3 7 12
L’il Bastard 212.1 0.2 3 5
217 Mile 217.3 9.2 7 13
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