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Geomorphic and Sedimentologic Characteristics of
Alluvial Reaches in the Black Canyon of the
Gunnison National Monument, Colorado

By John G. Elliott and Lauren A. Hammack'

ABSTRACT

The Black Canyon of the Gunnison River in
western Colorado includes several alluvial
reaches that are potentially sensitive to changes in
streamflow. Sediment derived from talus slopes,
rockfall, and tributary debris flows periodically
is reworked and redeposited on the streambed,
streambanks, and alternate bars in these alluvial
reaches, providing a growth medium for riparian
vegetation. Geomorphic and sedimentologic data
were collected and evaluated at two alluvial
reaches in the Black Canyon—Warner Point and
Red Rock Canyon. These data and the hydrologic
data from an upstream gaging station were used to
calculate the entrainment potential of a large
range of sediment sizes on a variety of fluvial
geomorphic surfaces typical of the Gunnison
River in the Black Canyon and other canyon
rivers.

The HEC-2 and HEC-RAS one-dimen-
sional water-surface profiles models were used to
estimate water-surface elevations, flow depths,
and hydraulic conditions for discharges from
2,000 to 20,000 cubic feet per second at surveyed
channel cross sections in the two study reaches. A
peak discharge of 9,470 cubic feet per second in
1995 and onsite observations and photographs in
1994 and 1995 confirmed sediment entrainment
or reworking on several geomorphic surfaces
inundated by the peak discharge. Physical
evidence of sediment entrainment, or absence of
sediment entrainment, on inundated sediment-

INational Park Service, Fort Collins, Colorado.

measurement sites generally was consistent with
critical shear stresses estimated with a dimension-
less critical shear stress, T*_, of 0.030 in the
Warner Point study reach. Sediment-entrainment
potential over a range of discharges was summa-
rized by the ratio of boundary shear stress to the
critical shear stress (T,/T.), given local hydraulic
geometry and sediment-size characteristics.
Differing entrainment potential for similar
geomorphic surfaces indicates that estimation of
minimum streamflow requirements based on sedi-
ment mobility requires site-specific geomorphic
and sedimentologic data.

INTRODUCTION

The Black Canyon of the Gunnison River is
noted for its gorge-like characteristics, which include
expansive views, precipitous bedrock cliffs, and a
cascading river (Hansen, 1965; Warner and Walker,
1972). However, several reaches of the river through
the Black Canyon of the Gunnison National Monu-
ment (BLCA) exhibit characteristics of an alluvial
river: fluvially deposited banks and bars, riffle-pool
channel geometry, and a riparian ecosystem. Although
the large-scale features of canyon rivers, such as the
Gunnison River in the Black Canyon, are influenced
by regional geology, the channel and riparian zone of
many canyon river reaches are dominated by fluvial
processes. Geomorphic and botanical conditions in the
alluvial reaches of canyon rivers are controlled both by
the characteristics of fluvially deposited sediment and
the hydraulics of flood discharges. Consequently,
changes in streamflow can produce adverse effects in
canyon rivers similar to those in alluvial rivers (Elliott
and Hammack, in press).

Abstract
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Purpose and Scope

This report summarizes geomorphic, hydraulic,
and sedimentologic data collected in two alluvial
reaches of BLCA in 1990, 1994, and 1995 and hydro-
logic data recorded since the early 20th century.

The geomorphic and sedimentologic data were
collected and evaluated by the U.S. Geological Survey
(USGS) in cooperation with the National Park Service
(NPS). The objective of this study was to determine
the hydraulic conditions and minimum streamflow
necessary to entrain, or initiate the movement of, the
sediment median-particle size (dsq) of the alluvial
streambanks and bars in selected areas of BLCA
vulnerable to encroachment by riparian vegetation.
The data and these findings will be used by the NPS to
assess the sensitivity of the riparian corridor in BLCA
to potential changes in the Gunnison River streamflow
regime.

The hydrologic data are from streamflow-gaging
station 09128000 Gunnison River below Gunnison
Tunnel, located at the eastern end of BLCA (fig. 1).
This gage, operated by the USGS, has recorded peak
discharge since 1906 and continuous streamflow since
1911. Geomorphic data include channel geometry
characteristics determined from onsite surveys made
with a total-station laser theodolite and sediment-size
distributions. Hydraulic data include flow depths and
boundary shear stresses at several channel cross
sections reconstructed from one-dimensional, water-
surface profiles modeling. Sedimentologic data
include particle-size analyses of streambanks, alluvial
bars, and a tributary debris-flow deposit. Estimates of
sediment-entrainment potential were based on the
sediment critical shear stress and modeled hydraulic
conditions at several locations on the cross sections.
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STUDY AREA

The area generally known as the Black Canyon
of the Gunnison River includes the Black Canyon of
the Gunnison National Monument (BLCA), the
Gunnison Gorge, and reaches now inundated by Blue
Mesa, Morrow Point, and Crystal Reservoirs (fig. 1).
This study was limited to the BLCA portion of the
Black Canyon.

" Geologic Setting

The geology of the Black Canyon area exerts a
strong influence on the Gunnison River canyon and
fluvial geomorphology in BLCA. Incision of the
Gunnison River into folded and faulted areas of the
Gunnison uplift has exposed predominantly Precam-
brian igneous and metamorphic rocks at river level
(Hansen, 1965), but variations in the structure and
lithology give rise to a variety of canyon and fluvial
morphologies. Sediment transported by the river is
supplied by local talus slopes and rockfall and by
debris flows from ephemeral tributaries (Elliott and
Parker, 1997).

Riparian Zone Characteristics

The Black Canyon riparian zone can be classi-
fied into general reach categories determined by the
dominant physical processes affecting river
morphology and sediment characteristics. The two
most common reach categories are talus/rockfall and
alluvial. A third reach category, debris flow, is less
common although significant geomorphically because
of the large volume of mixed-size sediment delivered

2 Geomorphic and Sedimentologic Characteristics of Alluvial Reaches in the Black Canyon of the Gunnison National Monument,
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to the river. Debris flows from ephemeral tributaries
occur intermittently in both talus/rockfall and alluvial
reaches of BLCA.

Talus/rockfall reaches have steep river gradients
and very narrow canyon floors bordered by steep talus
or colluvial slopes and sheer bedrock cliffs. The
streambed and banks in these reaches are composed of
a high proportion of large, angular rock fragments that
have fallen directly into the channel and generally
remain there. These reaches have limited, if any,
deposits of finer grain, fluvially deposited sediments
where riparian plant communities can develop.
Talus/rockfall is the predominant reach category in
BLCA; photographic interpretation indicates that the
riparian zone in these reaches has changed very little
since 1939.

In other river reaches in BLCA, substantial
portions of the channel bed and banks are composed of
fluvially transported and deposited sand, gravel,
cobbles, and boulders. These are alluvial reaches.
Streambanks composed of well-rounded gravel and
cobbles are more prominent in these reaches than in
talus/rockfall reaches, and fluvially deposited bars can
be as much as several tens of feet wide (fig. 2). Allu-
vial deposits of notable size are present in the upper
and lower reaches of BLCA but generally are absent
between river mile (RM) 4.6 upstream from The
Narrows and RM 7.1 upstream from The Painted Wall
where the river gradient is very steep (fig. 3). River
miles in this report are expressed as the downstream
distance measured from the Gunnison Tunnel diver-
sion in the eastern part of BLCA (fig. 1).

The Gunnison River profile (fig. 3) over a
13-mile segment from the Gunnison Tunnel Diversion
to the western boundary of BLCA (fig. 1) was derived
from USGS 1:24,000 topographic maps with 20- and
40-foot contour intervals. Superimposed on the river
profile in figure 3 is a graph showing the percentage of
the river reach between adjacent contour crossings
bounded by alluvial deposits. Aerial-photograph inter-
pretation indicates that approximately 35 percent of
the Gunnison River in BLCA is bordered on one or
both banks by alluvial sedimentary deposits.

The greater abundance of fluvial sediments
deposited in alluvial reaches provides a growth
medium for riparian vegetation and the gravel- and
cobble-size bed material that is critical for some
aquatic biota. Alluvial reaches, in contrast to
talus/rockfall reaches, are areas dominated by stream-
flow-dependent processes, including intermittent sedi-

ment transport, storage, and remobilization.
Consequently, the fluvial geomorphology, riparian
vegetation, and bed-material composition in alluvial
reaches are more sensitive to streamflow-regime modi-
fication caused by climate change or anthropogenic
activity. Some alluvial reaches have exhibited notice-
able geomorphic and vegetation changes since the first
aerial photographs were taken of BLCA in 1939.

Two alluvial reaches of BLCA were studied.
The Warner Point study reach (fig. 4) extended from
RM 8.1 to RM 8.7, and the Red Rock Canyon study
reach (fig. 5) extended from RM 10.9 to 11.4 (fig. 3).
Talus/rockfall reaches were not included in this study
because of their relative insensitivity to streamflow-
regime modification.

Hydrology

The Gunnison River Basin has a drainage area
of almost 8,000 mi? at its confluence with the Colo-
rado River at Grand Junction, Colorado, and contrib-
utes 42 percent of the Colorado River annual
streamflow at the Colorado/Utah State line. Most of
the main-stem runoff is generated by spring snowmelt;
however, convective and monsoonal summer storms
generate runoff in ephemeral tributaries in the lower
parts of the watershed (Elliott and Parker, 1992).

Four major reservoirs and one transbasin diver-
sion affect streamflow entering the Black Canyon.
Blue Mesa Reservoir, completed in October 1965,
Morrow Point Reservoir (1968), and Crystal Reservoir
(1977) comprise the Wayne N. Aspinall Unit, a group
of three large reservoirs in the central part of the
Gunnison River Basin just upstream from BLCA
(fig. 1). The three reservoirs of the Aspinall Unit have
a combined storage capacity of about 52 percent of the
average annual streamflow of the Gunnison River.
Diversion and impoundment before water year 1966
had relatively little effect on the flood hydrology of the
Black Canyon. Impoundment by Blue Mesa Reservoir
has had a substantial effect on the downstream flow
regime; therefore, the postregulation period for the
purpose of this study is defined as 1966 to the present
(Elliott and Parker, 1997).

The USGS streamflow-gaging station
09128000, Gunnison River below Gunnison Tunnel,
has recorded peak discharge since 1906 and contin-
uous discharge since 1911. The gage is located
approximately 2.3 miles downstream from Crystal

4 Geomorphic and Sedimentologic Characteristics of Alluvial Reaches in the Black Canyon of the Gunnison National Monument,

Colorado
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Figure 2. Photograph showing fluvially deposited bars in the upper part of the Warner
Point study reach. Photograph taken from monument location 0004 (see fig. 4),
July 31, 1994; discharge was approximately 300 cubic feet per second.

STUDY AREA



A"VANNOS WIANTIV HLIM HOV3YH 40 39VIN3OH3ad

(o)
(<} o [= o Q (=] [=) Q [=3 o
- D 0 ~ © wn < (32 [aY] - o
1 ! L 1 L 1 ! 1 1 1 1 01 1 L ] i 1 1 w
-

yoeay uoAuen ooy pay

T
10

NIN UV VUONAANOOANS T\
6
RIVER MILE DOWNSTREAM FROM GUNNISON TUNNEL DIVERSION

Figure 3. Gunnison River profile and the location and relative abundance of alluvial deposits in Black Canyon of the Gunnison National Monument.

yoeay Juiod JauJep

G
IleM palured 8y

smoueN 8y |

8 -
e 3
5 < i
= -
o c
— [
2 5 o
o o
+ e
LN S I SR MLNAL U S NN NN B e SNk MU N SN RN SN M R B SN BRI NN NN SRS SN R (=
(=] o (=3 o [« [=] [=
Q o (=] o [=] Q [=]
8 A 8 S S 3 <
© © © © 1> 0 [T}

1334 NI 13A31 v3S 3A08V NOILYAT 13

6 Geomorphic and Sedimentologic Characteristics of Alluvial Reaches in the Black Canyon of the Gunnison National Monument,
Colorado



‘ydeiboioyd |euse ‘2861 ‘L2 SUN[ WOJ) PauIWIB}Sp Puodas Jad 189} o1qnd 00} L
e Arepunoq jeuuey) ‘sjuawnuow Aydeibojoyd-anbiqo pue suopoes sso10 pakanins Jo uoiesol Buimoys yoeas Apnis Juiod JSWep auy) Jo dey “t 2anbiy

wmwhws_on_vm 001 0
i 1
T T 1
1334 009 00g 0
g 88 8 288 8 g 88
2 22 3 ggs B g R

928 teg LOEPE.8E

|
ol
) alid J8pInog
A — 1]

N Lo Jlo v~ T
- =
' Hi'g seq e
@ - : HS'8 Jeg
n N \
S VN
D AR
o N '
°.
a
Jaynusp) pue Jeq [elAnjiy Ho'g Jeg
[=3 (=] o O 000 o (=] Qo O (=]
s 2 g 222 m S <9 S 8 m Jaquinu pue uofedo|
8 = S oo ©® © S = swnuow Aydeibojoyd X ——— 1000
3001 abue| 10 921 o Q 0
pides 1o sy REENE
19H)JUBPI PUB UOIOAS SSOIO [dUUBYD —_A

—1:5¥.¥€.8€
Arepunoq ojydiowosn e

puooas 1ad 183} 21gno 00 L‘1 Je Arepunogq [suuey) ~ N

0€v7L01 SPoL01

7

STUDY AREA



.

‘ydesbojoyd {euse ‘6861 ‘€ AINF WOoIy paulLIB}ap puodas Jad 199} 21GNd 0/€ 18

Aepunoq |suuey?) ‘syuswnuow Aydesbojoyd-anbiiqo pue suonoss sso1o pakaains jo uoleso| Suimoys yoeas Apnis uoAue) 300y pay au} jo dep g ainbi4

| 18quINU pue UOKEDO]
wawnuow Aydesboloyd X —— 1000 isynusp: pue Jeq [eIAnily L iea
SH313INW 00t Y 0 J8lyUBPI PUB UOI08S SSOIO [BUUBYD €4
L
1334 008 0 sooiebrejioasll Vo Q e
5 . <. Krepunoq o1ydiowoay et
", U_Qﬂm B Rnnn < Mn < \I\/\l\/\/
99s/cl 0L ¥e Arepunoq jsuuey)
. —1 .0€.S€.8¢
e
4M‘—a°‘
VD
28
10| .00-- e
Q-1 "
oS
S
yoeay uokue)d
20Y pay
AN . . N
£ Ry B T~
® NG K
- B g
- f«@/o .
oV
- R
I «S9.SE€.8¢€
.S7.9Y.201 ShivolOL

Geomorphic and Sedimentologic Characteristics of Alluvial Reaches in the Black Canyon of the Gunnison National Monument,

Colorado

8



Dam (the downstream-most of the Aspinall Unit
dams), about 0.4 mile downstream from the Gunnison
Tunnel (fig. 1), and 8.2 miles upstream from the begin-
ning of the Warner Point study reach. The Gunnison
Tunnel diverts as much as approximately 1,000 ft3/s
for irrigation from April through October. The
nonconsumed portion of the diverted water eventually
is returned to the Gunnison River by way of the
Uncompahgre River and does not pass through the
Black Canyon. The drainage area upstream from the
gage is 3,965 miZ. Discharge data from 1911 through
1994 were used to determine magnitude-frequency
relations and flow-duration characteristics for periods
before (preregulation) and after (postregulation) reser-
voir construction.

Upstream reservoirs have altered the timing and
magnitude of Gunnison River flood peaks since
1966; however, the mean annual discharge in the
Black Canyon (954,000 acre-feet) has not changed
since about 1930. Monthly mean discharge during the
snowmelt season (April through July) has decreased
63 percent since reservoir regulation, whereas monthly
mean discharge for the remainder of the year (August
through March) has increased 170 percent (Elliott and
Parker, 1992). Flood magnitudes of given recurrence
intervals (RI) have decreased substantially since 1966.
Recurrence intervals, the reciprocal of the probability
that a specific discharge will be equaled or exceeded
in any given year, were determined according to
methods prescribed by the U.S. Interagency Advisory
Committee on Water Data (1982). The 10-year flood
decreased from 14,900 to 7,000 ft3/s, the 5-year flood
from 12,700 to 5,460 ft3/s, and the mean annual flood
from 9,290 to 4,040 ft3/s. While reservoir operation
has attenuated flood peaks in the Black Canyon, it
also has augmented moderate streamflows. The dura-
tion of daily mean streamflows between 1,140 and
3,000 ft3/s has increased from an average of 12 percent
of the time, or an average of about 44 days per year
from 1911 to 1965, to 38 percent of the time, or an
average of about 139 days per year from 1966 to 1994
(Elliott and Parker, 1997). Recurrence intervals and
streamflow durations of selected discharges in the
preregulation and postregulation periods are summa-
rized in table 1.

GEOMORPHIC AND SEDIMENTOLOGIC
CHARACTERISTICS

Geomorphic and sedimentologic data were
collected and evaluated at two alluvial reaches in the
BLCA. These data and the hydrologic data from the
upstream gaging station were used to calculate the
entrainment potential of a large range of sediment
sizes on a variety of fluvial geomorphic surfaces
typical of the Gunnison River in the Black Canyon and
other canyon rivers.

Aerial Photography

Aerial and oblique photography have been used
to document changes in geomorphology and riparian
conditions by several investigators (Webb, 1996;
Webb and others, 1996; Elliott and Hammack, in
press). Aerial photography was used to identify allu-
vial and talus/rockfall reaches of BLCA and to eval-
uate changes in alluvial deposits, debris-flow deposits,
and riparian vegetation through time. Black and white,
natural color, and color/infrared images covering part
or all of BLCA have been made intermittently since
1939. Most of these photographs were made in the late
summer or early autumn and facilitate comparison of
fluvial features at relatively low discharges. Years of
photography used in this study are 1939, 1950, 1954,
1966, 1976, 1982, 1989, and 1992. An index of most
of these aerial photographs is available from the USGS
Earth Science Information Center in Denver, Colo-
rado.

Monumented Oblique Photography

Oblique photographs were taken of the study
reaches, monumented cross sections, alluvial bars, and
sediment-sampling sites and can be used to document
future changes in alluvial features if they occur. Photo-
graphs of the BLCA study reaches were made from
monumented vantage points at river level to at least
100 feet above the river level to show different
perspectives of the Gunnison River. Several changes in
riparian vegetation and sediment deposits in the two
study reaches were observed and photographed
between 1994 and 1995 and confirm sediment entrain-
ment at several locations (Elliott and Hammack, in
press). Monumented photography locations and
numbers are shown in figures 4 and 5 and are listed in

GEOMORPHIC AND SEDIMENTOLOGIC CHARACTERISTICS
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Table 1. Streamflow characteristics for the Gunnison River downstream
from the Gunnison Tunnel, U.S. Geological streamflow-gaging station 09128000

[Recurrence interval, in years, equals reciprocal of exceedance probability, calculated with
annual instantaneous discharge peak; streamflow duration in percentage of time specific
discharge is equaled or exceeded calculated with daily mean discharge; ft3/s, cubic foot

per second; %, percentage]

Recurrence interval

Streamflow duration

Discharge Pre- Post- Pre- Post-
(£63/s) regulation regulation regulation regulation
1911-65 1966-94 1911-65 1966-94
(years) (years) (% time) (% time)
300 80 80
500 51 65
1,000 1.01 28 47
1,140 1.02 26 42
2,000 1.18 19 17
2,200 1.01 1.25 18 12
3,000 1.04 1.65 14 4.0
4,000 1.09 25 11 12
5,000 1.17 4.0 7.9 0.72
5,140 1.18 42 75 0.70
6,000 1.30 6.0 5.8 0.60
7,000 1.50 10 4.1 0.46
8,000 1.70 16 2.8 0.28
9,000 2.0 24 1.9 0.13
10,000 25 35 1.2 0.03
11,000 32 50 0.8
12,000 4.4 75 0.5
13,000 6.0 100 03
14,000 8.0 0.16
15,000 11 0.09
16,000 16
17,000 24
18,000 35
19,000 55
20,000 90

table 2. A complete set of photographs taken from
these locations is in the possession of the NPS Water
Resources Division in Fort Collins, Colorado, and
selected photographs are presented in the appendix at
the end of this report.

Geomorphic Surveys

Surveys were made of the study reaches with a
total-station laser theodolite to quantify geomorphic
features, high-water elevations, channel cross-section
characteristics, and river gradient. Data from these

surveys also were used as input to one-dimensional,
water-surface profile models and sediment-entrain-
ment potential calculations. The Warner Point study
reach (fig. 4) was approximately 3,000 ft long and was
surveyed in 1990, 1994, and 1995. Twelve channel
cross sections were surveyed in the Warner Point reach
and were used to calibrate the one-dimensional, water-
surface profile model. Hydraulic-geometry character-
istics and sediment-entrainment potential were calcu-
lated at 8 of the 12 cross sections. Geomorphic
features surveyed included streambanks, alluvial bars,
and overflow channels between the bars and adjacent
talus slopes.

10 Geomorphic and Sedimentologic Characteristics of Alluvial Reaches in the Black Canyon of the Gunnison National Monument,
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The Red Rock Canyon study reach (fig. 5) was
approximately 2,300 ft long and was surveyed in
1994; selected cross sections were resurveyed in 1995.
Ten channel cross sections were surveyed in the Red
Rock Canyon reach and were used to calibrate the
one-dimensional, water-surface profiles model.
Hydraulic-geometry characteristics were calculated at
6 of the 10 cross sections, and sediment-entrainment
potential was calculated at 4 cross sections. Geomor-
phic features surveyed included streambanks, alluvial
bars, and the distal margin of a tributary debris fan.

Sediment-Size Analysis

Sediment-size characteristics, including the
median particle size (dsp), were determined for a
variety of surfaces deemed geomorphically distinct
and (or) botanically significant using the Wolman
(1954) method. These surfaces included the streambed
and streambanks, the lateral and top surfaces of large
alluvial bars, and the distal margin of a debris-flow
deposit (tables 3 and 4). The streambed and low-flow
channel of most cross sections in the study reaches are
composed of material in the large cobble- and boulder-
size range; however, streambanks and alluvial bars are
composed of finer material in the gravel-, cobble-, and
occasionally boulder-size range. Most of the initial
sediment measurements were made in 1994; however,
a few sites were first measured in 1995. Replicate
measurements were made in 1995 at several sites
initially measured in 1994 to determine the effect of
the 1995 peak discharge (9,470 ft3/s) on sediment-size
characteristics. Subsurface sediment size was not
determined except for the left bank at cross section V4
in the Warner Point study reach, where the ratio of
surface dsy (47 mm) to subsurface dsg (20 mm) was
2.35, within the range stated by Parker and others
(1982) as typical for streams having gravel and cobble
beds.

One-Dimensional Streamflow Modeling

The one-dimensional water-surface profiles
model HEC-2 (Hydrologic Engineering Center,
1990) was used to estimate water-surface elevations,
flow depths, and hydraulic conditions through the
study reaches for a range of discharges from 2,000 to
20,000 ft3/s. The model used surveyed channel cross

sections and was calibrated with observed water-
surface elevations and high-water marks associated
with discharges of 336, 614, 766, 1,024, 1,584, 3,450,
5,170, 6,800, and 9,400 ft>/s in the Warner Point
reach. HEC-RAS (Hydrologic Engineering Center,
1997) was used to model the Red Rock Canyon reach.
This model was calibrated using discharges of 400,
1,000, 2,310, and 3,170 ft/s. Discharges at the Warner
Point and Red Rock Canyon reaches were assumed to
be comparable to discharges recorded a few hours
earlier at USGS gaging station 09128000 upstream.

The hydraulic models were calibrated by
varying the Manning's n roughness coefficient until the
calculated water-surface elevations matched the
surveyed water-surface elevations as closely as
possible. Calculated water-surface elevations were
within 0.2 to 0.5 ft of the surveyed elevations for most
calibration discharges, having differences less than
10 percent of the calculated flow depth for a specific
discharge. Although the Manning's n roughness coeffi-
cient was used as a calibration tool, reasonable values
for each cross section were maintained based on esti-
mated values from Barnes (1967) and Arcement and
Schneider (1989).

Computational errors were minimized, and the
accuracy of the models was improved by inserting
interpolated cross sections to balance velocity heads
and water-surface elevations. Additionally, multiple
friction loss equations were evaluated, and conveyance
ratios were kept within tolerances where possible and
were otherwise determined acceptable. Hydraulic
output from the modeling runs included water-surface
elevations and energy gradients, from which flow
depths and boundary shear stresses at specific loca-
tions on the cross sections were calculated. Tables 5
and 6 summarize hydraulic-geometry characteristics
in the study reaches for simulated discharges.

Shear Stress Distribution

Sediment entrainment in stream channels is
partly a function of the boundary shear stress acting on
sediment particles resting on or in the streambed or
other inundated alluvial surfaces. Shear stress is
proportional to the square of streamflow velocity and
is most accurately determined by measurements of
velocity vectors in downstream, lateral, and vertical
directions. When velocity data are unavailable, mean
shear stress in a channel cross section commonly is

GEOMORPHIC AND SEDIMENTOLOGIC CHARACTERISTICS 13



Table 3. Sediment-size statistics and critical shear stress for the median particle size, Warner Point study reach

[Station, sample location on cross section from left endpoint; Percentile, percentile of the size distribution; lc, sampled across the entire low-flow channel;
ns, not sampled or not calculated; Critical shear for the median sediment size calculated with equation 2; Shields parameter is variable depending on pave-
ment and subsurface properties; ft, foot; mm, millimeters; lb/ftz, pound per square foot]

Critical  Critical
: shear shear
16th 50th 84th Maximum with with
Cross Sample Sample Station Percen- Percen- Percen- particle Shields Shields
. . . . . Remarks
section year code (ft) tile tile tile size param-  param-
(mm) (mm) (mm) (mm) eter eter
0.030 0.045
(Ib/ft?)  (b/ft?)
Vi 1994 XChan Ic 90 230 420 1,450 2.33 350  Sampled from station 196
to 358.
V1 1994 LBldBar 138 60 130 300 700 1.32 1.98
Vi 1994 LBank 198 105 240 400 660 2.43 3.65
V1 1994 RBIdBar 287.5 50 180 370 750 1.82 2.74  Sampled near right edge of
water.
V2 ns XChan ns ns ns ns 740 ns ns Low-flow channel not
sampled.
V2 1994 LBldBar 66 160 270 400 600 2.74 4.11
V2 1994 LBank 81 100 212 450 600 2.15 322
V2 1994 RBank 161 80 125 190 280 1.27 1.90
V2 1994  RSlope 168 55 98 170 380 0.99 1.49  Midway up bar slope.
V2 1994 RBIdBar 186 50 125 200 400 1.27 1.90
V2 1994 ROvrFlo 228 31 140 210 400 1.42 2.13
V2 1995 LBank 80 34 128 224 410 1.30 1.95
V2 1995 RBank 161 46 98 145 520 0.99 1.49
V2 1995 RSlope 168 52 100 158 225 1.01 1.52
H60 ns XChan ns ns ns ns ns ns ns Low-flow channel not
sampled.
H60 1994 LBank 87 25 130 390 700 1.32 1.98
H60 1995 RBank 172 55 - 180 333 820 1.82 2.74
H60 1995 RBIdBar 192 65 172 472 670 1.74 2.62
H3 ns  XChan ns ns ns ns ns ns ns Low-flow channel not
sampled.
H3 1994 RBank 195 18 90 185 1,000 091 1.37  Sample overlaps both V3
and H3.
H3 1995 RBank 196 49 110 191 1,240 1.12 1.67  Sample overlaps both V3
and H3.
V3 1994 XChan Ic 5 150 310 500 1.52 2.28  Sampled from station 42 to
205.
V3 1994 LBank 44 2 14 67 370 0.14 0.21  Gravel in backwater of
Boulder Pile Riffle.
V3 1994 RBank 203 18 90 185 1,000 091 1.37  Sample overlaps both V3
and H3.
V3 1994 RBIdBar 211 ns ns ns 320 0.00 0.00
v3 1995 LBar 21 41 80 149 2,410 0.81 1.22

14 Geomorphic and Sedimentologic Characteristics of Alluvial Reaches in the Black Canyon of the Gunnison National Monument,
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Table 3. Sediment-size statistics and critical shear stress for the median particle size, Warner Point study reach—Continued

[Station, sample location on cross section from left endpoint; Percentile, percentile of the size distribution; Ic, sampled across the entire low-flow channel;
ns, not sampled or not calculated; Critical shear for the median sediment size calculated with equation 2; Shields parameter is variable depending on pave-
ment and subsurface properties; ft, foot; mm, millimeters; Ib/ft?, pound per square foot]

Critical  Critical
shear shear
16th 50th 84th Maximum with with
Cross Sample Sample Station Percen- Percen- Percen- particle Shields Shields
R . - - Remarks
section year code (ft) tile tile tile size param-  param-
(mm) (mm) (mm) (mm) eter eter
0.030 0.045
(Ib/ft?)  (Ib/t?)
V3 1995 RBank 204 49 110 191 1,240 1.12 1.67  Sample overlaps both V3
and H3.
V3 1995 ROvrFlo 241 8 40 76 760 0.41 0.61
V4 1994 XChan lc 100 270 680 830 2.74 4.11  Sampled from station 79 to
205.
V4 1994  LGrsTer 75 2 9 22 92
V4 1994 LCblBar 81 2 20 48 101 0.20 0.30  Subsurface sample,
300-mm-deep pit.
V4 1994 LBank 85 22 47 118 490 0.48 0.71
V4 1994 RCblBar 203 32 72 165 900 0.73 1.09
V4 1994 ROvrFlo 235 17 87 245 580 0.88 1.32
V4 1995 LBank 80 2 38 97 470 0.39 0.58
V4 1995 ROvrFlo 243 39 170 320 1,000 1.72 2.59
H6 1994 REddy 162 9 16 23 38 0.16 0.24  Gravel deposited in 1993
behind large boulder.
Hé6 1995 REddy 162 15 58 162 300 0.59 0.88
H7 1994 LBank 24 ns ns ns 900 0.00 0.00
H8 1995 ROvrFlo 283 10 25 42 60 0.25 0.38
V5 1994 XChan Ic 70 250 410 550 2.53 3.80  Sampled from station 75 to
219.
V5 1994  LSplay 56 35 55 74 205 0.56 0.84
V5 1994 LBank 80 128 220 350 530 223 3.35
\'A) 1994 RBank 216 38 145 300 550 1.47 2.20
V5 1994 RGviTer 273 14 32 52 120 0.32 049  Downstream from Box
Elder number 132.
V5 1994 RPtBar 277 26 64 105 500 0.65 0.97
V5 1995 LBar 61 2 160 306 455 1.62 243
V5 1995 RPtBar 275 11 50 110 430 0.51 0.76
H9 ns XChan ns ns ns ns ns ns ns Low-flow channel not
sampled.
H9 1994 LBank 86 128 220 350 530 223 3.35  Sampled at VS.
H9 1994 RBank 216 38 145 300 550 1.47 220  Sampled at V5.
H9 1994 RPtBar 277 26 64 105 500 0.65 0.97  Sampled at V5
H9 1995 RPtBar 275 11 50 110 430 0.51 0.76  Sampled at V5.
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Table 4. Sediment-size statistics and critical shear stress for the median particle size, Red Rock Canyon study reach

[Station, sample location on cross section from left endpoint; Percentile, percentile of the size distribution; lc, sampled across the entire low-flow channel;
Critical shear for the median sediment size calculated with Equation 2; Shields parameter is variable depending on pavement and subsurface properties;

ft, foot; mm, millimeters; lb/ft2, pound per square foot; DF, debris flow]

Critical Critical
shear shear
16th 50th 84th Maximum with with
Cross Sample Sample Station Percen- Percen- Percen- particle Shields Shields Remarks
section year code (ft) tile tile tile size param- param-
(mm) (mm) (mm) (mm) eter eter
0.030 0.045
(Ib/ft?)  (Ib/ft?)
F2 1994 RBank 85 43 165 500 1,000 1.67 2.51 DF-2 deposit near
distal fan margin.
F1 1994 RBank 78 43 165 500 1,000 1.67 2.51 DF-2 deposit near
distal fan margin.
H1 1994 RBank 90 13 50 174 500 0.51 0.76 DF-3 deposit near
distal fan margin.
H1 1994 Fan 105 11 33 109 320 0.33 0.50 DF-3 deposit on fan.
H2 1994 RBIdBar 181 79 320 450 650 324 4.87 Reworked boulders
from debris fan.
Gl 1994 XChan Ic 11 64 168 600 0.65 0.97 Sampled from
station 52 to 210.
Gl 1994 LBIldBar 45 2 100 250 1,050 1.01 1.52 Sand covers boulders
many places.
Gl 1994 LGviBar 79 16 36 76 120 0.36 0.55 Well sorted gravels.
G2 1994 XChan Ic 51 90 250 900 091 1.37 Sampled from

station 38 to 142.

approximated by the relation between boundary shear
stress, flow depth, and energy gradient, given by the
duBoys equation (Chow, 1959, p. 168):

T,=YDS 1)

where T, is the mean boundary shear stress, in pounds
per square foot;
v is the specific weight of water (62.4 pounds
per cubic foot);
D is the mean flow depth, in feet; and
S is the energy gradient, in foot per foot, for a
specific discharge.

Assumptions for using equation 1 are (1) the channel
cross section has a regular, or trapezoidal, shape and
width at least 10 times greater than its depth, (2)
streamflow is steady (there is a continuity of discharge

from cross section to cross section in the reach), and
(3) streamflow is uniform (velocity is constant in both
magnitude and direction through the reach). Applica-
tion of equation 1 is inappropriate in channel sections
where there is a strong lateral variation in acceleration
or where abrupt, local changes in streambed gradient
occur. Cross sections in this study were not trape-
zoidal, although all had single-thread channels at less
than flood discharges; all had width at least 20 times
mean flow depth, and many were approximately
symmetrical at less than flood discharges. Streamflow
in the Warner Point and Red Rock Canyon study
reaches was assumed to be steady; there were no
significant local inflows to either reach, and infiltration
losses were assumed to be insignificant.

Most natural streams do not completely satisfy
the assumptions for equation 1, and the boundary
shear stress associated with any specific discharge is
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Table 5. Modeled hydraulic geometry of Warner Point study reach cross sections

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft3/s, cubic foot per second; ft, foot;
ft/ft, foot per foot; ft2, square foot; ft/s, foot per second; Ib/ft?, pound per square foot]

Water-

Rfeference surface Energy Channel area Chan_nel Mean flow Mean flow Mean bed
discharge gradient 2 top width velocity shear
(#/s) ele\(/fa‘;ion (fUt) (ft%) () depth (ft) (fts) (Ib/ft?)
Cross Section V1
2,000 516.13 0.0074 47416 172.08 2.76 4.22 1.27
2,250 516.38 0.0073 515.64 173.48 297 4.36 1.35
3,000 517.06 0.0071 629.70 177.18 3.55 4.76 1.57
4,000 517.85 0.0068 766.99 181.53 4.23 5.22 1.79
5,000 518.56 0.0066 891.10 185.37 4.81 5.61 1.98
6,000 519.20 0.0063 1,00;7.46 188.90 5.33 5.96 2.10
7,000 519.79 0.0060 1,122.26 194.52 5.77 6.24 2.16
8,000 520.34 0.0058 1,486.43 295.65 5.03 5.38 1.82
9,000 520.87 0.0055 1,644.28 312.93 5.25 5.47 1.80
9,500 521.12 0.0054 1,724.30 321.44 5.36 5.51 1.81
10,000 521.36 0.0052 1,804.31 329.94 5.47 5.54 1.77
11,000 521.84 0.0050 1,975.69 354.63 5.57 5.57 1.74
15,000 523.56 0.0040 2,648.91 361.25 1.33 5.66 1.83
20,000 525.43 0.0029 3,453.61 368.12 9.38 5.79 . 170
Cross Section V2

2,000 522.31 0.0046 347.26 93.30 3.72 5.76 1.07
2,250 522.58 0.0046 415.46 98.14 4.23 5.42 1.22
3,000 523.30 0.0044 446.48 100.26 4.45 6.72 1.22
4,000 524.14 0.0043 664.06 181.75 3.65 6.02 0.98
5,000 524.88 0.0041 789.65 191.86 4.12 6.33 1.05
6,000 525.56 0.0040 915.89 202.75 4.52 6.55 1.13
7,000 526.18 0.0038 1,040.40 212.45 4.90 6.73 1.16
8,000 526.77 0.0037 1,172.21 228.82 5.12 6.82 1.18
9,000 527.32 0.0035 1,298.52 23226 5.59 6.93 1.22
9,500 527.58 0.0035 1,361.52 233.94 5.82 6.98 1.27
10,000 527.84 0.0034 1,424.23 235.62 6.04 7.02 1.28
11,000 528.34 0.0033 1,550.58 238.87 6.49 7.09 1.34
15,000 530.15 0.0029 2,023.84 250.26 8.09 7.41 1.46
20,000 532.11 0.0025 2,573.10 258.94 9.94 7.77 1.55
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Table 5. Modeled hydraulic geometry of Warner Point study reach cross sections—Continued

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft3/s, cubic foot per second; ft, foot;
fu/ft, foot per foot; ft2, square foot; ft/s, foot per second; Ib/EE3, pound per square foot]

Reference Water- Energy Channel Mean flow Mean bed
discharge surfa.ce gradient C"a"“i' area top width Mean flow velocity shear
(f4/s) e|e\(lfat;|on (futt) (ft<) () depth (ft) (ft's) (Ib/t2)
Cross Section H60
2,000 522.98 0.0036 414.63 125.80 3.30 4.82 0.74
2,250 523.24 0.0035 427.98 127.34 3.36 5.26 0.73
3,000 523.97 0.0032 561.26 157.42 3.57 5.35 0.71
4,000 524.80 0.0030 720.03 198.90 3.62 5.56 0.68
5,000 525.54 0.0028 860.76 214.14 4.02 5.81 0.70
6,000 526.22 0.0026 1,001.23 229.52 4.36 5.99 0.71
7,000 526.83 0.0025 1,141.06 244 .49 4.67 6.13 0.73
8,000 527.41 0.0024 1,287.87 265.34 4.85 6.21 0.73
9,000 527.95 0.0023 1,431.68 270.52 5.29 6.29 0.76
9,500 528.21 0.0022 1,503.33 272.50 5.52 6.32 0.76
10,000 528.47 0.0022 1,574.98 274.48 5.74 6.35 0.79
11,000 528.96 0.0021 1,718.19 278.20 6.18 6.40 0.81
15,000 530.72 0.0018 2,276.19 304.61 747 6.59 0.84
20,000 532.64 0.0016 2,935.08 307.16 9.56 6.81 0.95
Cross Section H3

2,000 525.67 0.0033 586.17 232.60 2.52 341 0.52
2,250 525.86 0.0034 639.45 236.66 2.70 3.52 0.57
3,000 526.39 0.0034 732.22 240.74 3.04 4.10 0.65
4,000 527.03 0.0035 882.05 243.53 3.62 4.53 0.79
5,000 527.59 0.0036 1,013.85 245.96 4.12 493 0.93
6,000 528.12 0.0036 1,134.82 248.17 4.57 5.29 1.03
7,000 528.61 0.0036 1,248.88 250.23 4.99 5.61 1.12
8,000 529.07 0.0037 1,358.74 252.20 5.39 5.89 1.24
9,000 529.50 0.0037 1,468.30 253.24 5.80 6.13 1.34
9,500 529.71 0.0037 1,520.33 253.38 6.00 6.25 1.39
10,000 529.92 0.0037 1,572.36 253.52 6.20 6.36 1.43
11,000 530.32 0.0036 1,676.63 253.80 6.61 6.56 1.48
15,000 531.80 0.0034 2,079.30 254.88 8.16 721 1.73
20,000 53343 0.0029 2,574.69 258.12 9.97 7.77 1.81
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Table 5. Modeled hydraulic geometry of Warner Point study reach cross sections—Continued

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft3/s, cubic foot per second; ft, foot;
ft/ft, foot per foot; fi?, square foot; ft/s, foot per second; Ib/ft2, pound per square foot]

Reference Water- Energy Channel Mean flow Mean bed
discharge surface gradient c"a""i' area top width Mean flow velocity shear
(f%/s) e'e‘(’;;m" (fut) () (f)) depth (ft) (ft's) (Ib/it?)
Cross Section V3
2,000 525.97 0.0014 699.45 222.31 3.15 2.86 0.27
2,250 526.17 0.0014 735.06 224.67 327 3.06 0.29
3,000 526.54 0.0015 825.20 230.16 3.59 3.64 0.34
4,000 527.36 0.0017 974.69 237.95 4.10 4.10 0.43
5,000 527.94 0.0018 1,104.04 244.50 4.52 4.53 0.51
6,000 528.47 0.0019 1,226.20 248.64 4.93 4.89 0.58
7,000 528.97 0.0020 1,342.19 252.97 531 522 0.66
8,000 529.44 0.0021 1,454.88 257.88 5.64 5.50 0.74
9,000 529.88 0.0022 1,567.59 262.41 5.97 5.74 0.82
9,500 530.09 0.0022 1,622.03 264.33 6.14 5.86 0.84
10,000 530.30 0.0022 1,676.47 266.25 6.30 5.96 0.86
11,000 530.70 0.0022 1,786.62 270.08 6.62 6.16 091
15,000 532.17 0.0022 2,218.27 273.46 8.11 6.76 .11
20,000 533.79 0.0019 2,750.42 275.69 9.98 7.27 1.18
Cross Section V4

2,000 526.48 0.0026 512.31 188.02 272 3.90 0.44
2,250 526.69 0.0026 551.66 191.40 2.88 4.08 0.47
3,000 527.26 0.0026 580.86 194.75 298 5.16 0.48
4,000 527.93 0.0027 717.28 239.58 2.99 5.58 0.50
5,000 . 528.52 0.0027 854.27 247.75 3.45 5.85 0.58
6,000 529.05 0.0027 983.85 255.66 3.85 6.10 0.65
7,000 529.55 0.0027 1,108.22 264.56 4.19 6.32 0.71
8,000 530.01 0.0027 1,228.60 266.96 4.60 6.51 0.78
9,000 530.45 0.0027 1,345.87 268.81 5.01 6.69 0.84
9,500 530.66 0.0027 1,401.98 269.68 5.20 6.78 0.88
10,000 530.86 0.0027 1,458.08 270.56 5.39 6.86 091
11,000 531.25 0.0027 1,569.17 272.28 5.76 7.01 0.97
15,000 532.68 0.0025 1,998.77 278.85 7.17 7.50 1.12
20,000 534.23 0.0021 2,535.83 291.06 8.71 7.89 1.14
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Table 5. Modeled hydraulic geometry of Warner Point study reach cross sections—Continued

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft3/s, cubic foot per second,; ft, foot;
ft/ft, foot per foot; ftz, square foot; ft/s, foot per second; lb/ftz, pound per square foot]

Rgference s":a::;; Energy Channel area Channel Mean flow Mean flow Mean bed
discharge ) gradient 2 top width velocity shear
(#/s) ele\(/f::;lon (fuft) (ft<) ) depth (ft) (ft's) (Ib/t2)
Cross Section V5
2,000 542.55 0.0073 510.88 170.64 2.99 391 1.36
2,250 542.74 0.0073 524.28 174.51 3.00 429 1.37
3,000 543.27 0.0074 598.94 198.05 3.02 5.01 1.40
4,000 543.89 0.0075 734.25 235.42 3.12 545 1.46
5,000 544.44 0.0075 871.46 274.07 3.18 5.74 1.49
6,000 544.93 0.0076 1,009.07 303.00 3.33 5.95 1.58
7,000 545.38 0.0076 1,143.82 322.46 3.55 6.12 1.68
8,000 545.81 0.0076 1,279.94 333.86 3.83 6.25 1.82
9,000 546.21 0.0076 1,409.90 335.62 4.20 6.38 1.99
9,500 546.40 0.0075 1,474.48 336.50 4.38 6.44 2.05
10,000 546.58 0.0075 1,539.06 337.37 4.56 6.50 2.13
11,000 . 546.94 0.0075 1,664.72 339.06 4.91 6.61 2.30
15,000 548.25 0.0069 2,142.43 345.41 6.20 7.00 2.67
20,000 549.65 0.0057 2,695.69 351.53 7.67 742 273
Cross Section H9

2,000 543.14 0.0039 584.92 156.47 3.74 3.42 0.91
2,250 543.34 0.0040 626.60 186.35 3.36 3.59 0.84
3,000 543.90 0.0042 713.86 213.72 3.34 4.20 0.88
4,000 544.54 0.0045 861.83 22348 3.86 4.64 1.08
5,000 545.09 0.0048 995.00 256.56 3.88 5.03 1.16
6,000 545.60 0.0050 1,131.99 291.01 3.89 5.30 1.21
7,000 546.06 0.0053 1,260.01 294.92 4.27 5.56 1.41
8,000 546.49 0.0054 1,378.45 296.49 4.65 5.80 1.57
9,000 546.89 0.0056 1,488.91 297.95 5.00 6.04 1.75
9,500 547.08 ~0.0057 1,542.39 298.65 5.16 6.16 1.84
10,000 547.27 0.0058 1,595.87 299.35 533 6.27 1.93
11,000 547.63 0.0059 1,699.04 300.70 5.65 6.47 2.08
15,000 548.92 0.0061 2,087.78 305.72 6.83 7.18 2.60
20,000 550.30 0.0058 2,553.72 311.63 8.19 7.83 2.97
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Table 6. Modeled hydraulic geometry of Red Rock Canyon study reach cross sections

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft3/s, cubic foot per second; ft, foot;

ft/ft, foot per foot; ft2, square foot; ft/s, foot per second; lb/ftz, pound per square foot]

Reference Water Energy Channel Mean flow Mean flow Mean bed
discharge surface gradient c“a""‘i' area top width depth velocity shear
(#%s) e ) (f) (f) (fus) (1b/t)
Cross Section F2
2,000 4,993.45 0.00973 328.05 69.60 4.71 6.10 2.86
2,200 4,993.67 0.01019 343.94 70.63 4.87 6.40 3.10
3,000 4,994 .49 0.01177 402.90 74.27 5.42 7.45 398
4,000 4,995.33 0.01347 466.92 78.17 597 8.57 5.02
5,000 4,996.04 0.01503 523.95 82.04 6.39 9.54 5.99
6,000 4,996.62 0.01675 572.49 85.20 6.72 10.48 7.02
7,000 4,997.14 0.01836 617.43 87.40 7.06 11.34 8.09
8,000 4,997.60 0.01995 658.15 88.68 7.42 12.16 9.24
9,000 4,998.02 0.02135 695.14 89.79 7.74 12.95 10.31
9,500 4,998.22 0.02210 712.99 90.32 7.89 13.32 10.89
10,000 4,998.41 0.02282 730.51 90.84 8.04 13.69 11.45
11,000 4,998.77 0.02432 762.97 91.79 8.31 14.42 12.62
15,000 4,999.90 0.03098 868.75 94.81 9.16 17.27 17.71
20,000 5,002.44 0.02646 1,118.42 102.26 10.94 17.88 18.06
Cross Section F1

2,000 4,994.40 0.0144 209.60 53.82 3.89 9.54 3.51
2,200 4,994.63 0.0148 22247 55.54 4.01 9.89 3.69
3,000 4,995.48 0.0158 271.83 61.67 441 11.04 4.33
4,000 4,996.42 0.0162 333.12 68.53 4.86 12.01 491
5,000 4,997.52 0.0143 413.24 78.18 5.29 12.10 4.7
6,000 4,998.39 0.0135 487.74 90.01 5.42 12.30 4.58
7,000 4,999.13 0.0132 556.13 93.55 5.94 12.59 4.90
8,000 4,999.93 0.0123 631.20 95.38 6.62 12.67 5.10
9,000 5,000.45 0.0128 687.29 107.01 6.42 13.09 5.13
9,500 5,001.10 0.0111 759.94 113.78 6.68 12.50 4.65
10,000 5,001.64 0.0102 821.80 119.12 6.90 12.17 4.39
11,000 5,003.07 0.0075 1,003.05 133.56 7.51 10.97 353
15,000 5,005.81 0.0060 1,403.42 153.52 9.14 10.69 3.39
20,000 5,008.33 0.0053 1,792.93 155.00 11.57 11.15 3.82
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Table 6. Modeled hydraulic geometry of Red Rock Canyon study reach cross sections—Continued

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft3/s, cubic foot per second,; ft, foot;
fu/ft, foot per foot; ft%, square foot; ft/s, foot per second; Ib/ft?, pound per square foot]

Water

Fl_eference surface Enen:gy Channel area Chan.nel Mean flow Mean f!ow Mean bed
discharge ) gradient 2 top width depth velocity shear
(fts) N ) (") (f) (fus) (1bite?)

Cross Section H1
2,000 4,995.81 0.0023 366.93 81.29 4,51 5.45 0.65
2,200 4,996.17 0.0023 396.58 83.71 4.74 5.55 0.67
3,000 4,997.48 0.0020 520.27 98.80 5.27 5.77 0.65
4,000 4,998.88 0.0017 662.00 103.47 6.40 6.04 0.69
5,000 5,000.01 0.0016 781.03 111.17 7.03 6.40 0.72
6,000 5,000.97 0.0016 896.25 127.65 7.02 6.69 0.70
7,000 5,001.84 0.0016 1,012.80 139.65 7.25 6.91 0.71
8,000 5,002.61 0.0015 1,124.78 150.28 7.48 7.11 0.72
9,000 5,003.40 0.0015 1,248.44 161.21 7.74 7.21 0.72
9,500 5,003.73 0.0015 1,302.48 165.78 7.86 7.29 0.72
10,000 5,004.08 0.0015 1,361.22 169.56 8.03 7.35 0.73
11,000 5,004.91 0.0014 1,504.38 177.81 8.46 7.31 0.71
15,000 5,007.38 0.0012 1,974.52 203.19 9.72 7.60 0.74
20,000 5,009.89 0.0011 2,518.79 230.20 10.94 7.94 0.77
Cross Section H2

2,000 4,996.41 0.00032 634.59 202.00 3.14 3.15 0.06
2,200 4,996.79 0.00029 715.30 220.77 3.24 3.08 0.06
3,000 4,998.16 0.00018 1,024.49 231.46 443 293 0.05
4,000 4,999.58 0.00013 1,364.44 250.86 5.44 2.93 0.05
5,000 5,000.76 0.00011 1,676.27 283.22 592 2.98 0.04
6,000 5,001.78 0.00010 1,976.86 300.81 6.57 3.04 0.04
7,000 5,002.70 0.00009 2,258.51 307.65 7.34 3.10 0.04
8,000 5,003.53 0.00009 2,514.76 312.07 8.06 3.18 0.04

9,000 5,004.35 0.00008 2,772.67 315.47 8.79 325 0.04 ~
9,500 5,004.70 0.00008 2,884.72 316.69 9.11 3.29 0.04
10,000 5,005.06 0.00008 2,999.37 317.93 9.43 333 0.05
11,000 5,005.87 0.00007 3,257.59 320.94 10.15 3.38 0.05
15,000 5,008.39 0.00007 4,079.59 332.96 12.25 3.68 0.05
20,000 5,010.94 0.00007 4,945.28 345.16 14.33 4.04 0.06
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Table 6. Modeled hydraulic geometry of Red Rock Canyon study reach cross sections—Continued

[Water surface, energy gradient, channel area, and channel top width from HEC-2 model; ft%/s, cubic foot per second; ft, foot;

ft/ft, foot per foot; 2, square foot; ft/s, foot per second; b/, pound per square foot]

Water

Reference surface Energy Channel area Channel Mean flow Mean f!ow Mean bed
discharge : gradient 2 top width depth velocity shear
(#/s) e'e‘(’;;w“ (futt) (ft) () ) (ft's) (Ib/f2)

Cross Section G1
2,000 4,996.24 0.00072 370.51 133.80 2.77 5.40 0.12
2,200 4,996.62 0.00057 422.14 144.06 293 5.21 0.10
3,000 4,997.90 0.00026 625.26 164.86 3.79 4.80 0.06
4,000 4,999.26 0.00015 854.63 173.30 4.93 4.68 0.05
5,000 5,000.39 0.00011 1,054.96 180.27 5.85 4.74 0.04
6,000 5,001.38 0.00009 1,239.40 191.09 6.49 4.84 0.04
7,000 5,002.29 0.00008 1,414.37 196.71 7.19 495 0.04
8,000 5,003.09 0.00008 1,574.38 201.71 7.81 5.08 0.04
9,000 5,003.89 0.00007 1,738.35 206.27 8.43 5.18 0.04
9,500 5,004.23 0.00007 1,809.14 207.37 8.72 5.25 0.04
10,000 5,004.59 0.00007 1,882.25 208.49 9.03 5.31 0.04
11,000 5,005.39 0.00006 2,050.11 211.02 9.72 5.37 0.04
15,000 5,007.82 0.00006 2,572.93 219.92 11.70 5.83 0.04
20,000 5,010.27 0.00006 3,125.64 231.77 13.49 6.40 0.05
Cross Section G2

2,000 4,996.78 0.00057 448.82 117.09 3.83 4.46 0.14
2,200 4,997.09 0.00054 486.52 120.12 4.05 4.52 0.14
3,000 4,998.33 0.00044 640.14 127.94 5.00 4.69 0.14
4,000 4,999.68 0.00038 820.81 141.36 5.81 4.87 0.14
5,000 5,000.82 0.00035 988.68 153.51 6.44 5.06 0.14
6,000 5,001.80 0.00034 1,143.98 163.20 7.01 524 0.15
7,000 5,002.69 0.00033 1,293.25 170.67 7.58 5.41 0.16
8,000 5,003.49 0.00032 1,431.38 174.71 8.19 5.59 0.17
9,000 5,004.28 0.00032 1,578.37 185.83 8.49 5.70 0.17
9,500 5,004.63 0.00032 1,642.67 188.86 8.70 5.78 0.17
10,000 5,004.98 0.00032 1,709.24 191.94 891 5.85 0.18
11,000 5,005.76 0.00031 1,862.76 198.87 9.37 591 0.18
15,000 5,008.20 0.00031 2,374.70 22042 10.77 6.32 0.21
20,000 5,010.68 0.00032 2,945.96 240.30 12.26 6.79 0.24
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nonuniformly distributed across the channel. Lateral
and downstream variations in cross-section
morphology and variations in energy gradient with
discharge result in a wide range of boundary shear
stresses and, consequently, produce variable condi-
tions for sediment entrainment, sorting, and deposi-
tion. Point depths along each cross section were
substituted for the cross-section mean flow depth in
equation 1 to examine the relative effects of different
discharges at a variety of locations within the study
reaches. Shear stresses associated with a range of
discharges from 2,000 to 20,000 ft3/s were calculated
at intervals on each cross section by using output from
the HEC-2 and HEC-RAS models. Cross-section
geometry and the variation in cross-channel shear-
stress distribution at three reference discharges are
shown in figures 6 and 7.

Sediment Entrainment

Breakup and entrainment of the relatively coarse
streambed surface, or pavement, in a gravel/cobble
stream periodically is necessary to adjust or maintain
channel dimensions and to entrain the underlying
gravel, sand, silt, and clay (Milhous, 1982). It also
appears that encroaching riparian vegetation can be
temporarily eradicated when the median particle size
(ds() of sediment in alluvial banks and bars are regu-
larly entrained (Friedman and Auble, in press). The
primary objective of this study was to determine the
hydraulic conditions and minimum streamflow neces-
sary to entrain sediment ds of the alluvial banks and
bars in selected areas of BLCA vulnerable to riparian
vegetation encroachment.

The critical shear stress (T.), the shear stress at
which general movement of sediment begins, has been
related to sediment-size characteristics (Shields, 1936;
Lane, 1955; Fahnestock, 1963; Carling, 1983; Komar,
1987; Wilcock, 1992). Elliott and Parker (1997) and
J.G. Elliott and L.A. Hammack (written commun.,
1999) used the Shields (1936) equation to estimate the
critical shear stress for entrainment of sediment ds:

T=T(s-Vdso 2)

where 1 is the critical shear stress, in newtons per
square meter;

T*, is the dimensionless critical shear stress or
Shields parameter; '

v, is the specific weight of sediment (assumed to
be 25,990 N/m?);

v is the specific weight of water (9,807 N/m?);
and

dsq 1s the median particle size, in meters.

Critical shear stress in equation 2 (newtons per
square meter) is converted to English units (pounds
per square foot) by multiplying by 0.02088.

Once 1, has been identified for a specific
deposit, the critical discharge, the minimum stream-
flow required to entrain sediment ds, can be estimated
by equating T, with T and using the relation between
shear stress and discharge at a specific cross-section
location.

Wilcock (1992, p. 297) states that equation 2
and ds( can be used to provide a minimum estimate of
the shear stress necessary to initiate general movement
of a mixed-size sediment based on experiments using
sediments with ds up to about 20 mm. Lane’s (1955)
data indicate that the Shields equation is applicable
for sediments with a 75th percentile (dy5) up to about
100 mm. When the boundary shear stress, T, is
compared with the critical shear stress, 7., for the ds
at various locations on the cross sections, it is possible
to evaluate the sediment-entrainment potential of each
discharge with respect to a particular geomorphic
surface or location on a cross section (figs. 6 and 7).

The critical shear stress associated with sedi-
ment entrainment (eq. 2) is, at best, a minimum esti-
mate of the critical discharge because only a small
area of the entire surface or a few particles of the ds
size may be entrained by the critical discharge (Lisle
and others, 1993; Milhous, 1982). Wilcock and
McArdell (1993) observed that complete mobilization
of a size fraction, such as ds, occurred at roughly
twice the shear stress necessary for incipient motion of
individual particles in that size fraction.

Use of equation 2 requires an estimated or
calculated dimensionless critical shear stress, or
Shields parameter, T*_. Neill (1968) recommended a
t* . of 0.030 for streambeds composed of coarse mate-
rials; however, other investigators have demonstrated a
variable T*. in channels with mixed-size sediments
(Komar, 1987) and in channels where the bed-surface
size is significantly larger than the subsurface size
(Parker and others, 1982; Andrews, 1983). Powell and
Ashworth (1995) found t*_ varied with the strength of
bed-surface structure. Tightly structured beds (those
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with sheltered particles, interlocked grains, or strong
imbrication) had t*_ between 0.055 and 0.067,
whereas loosely structured beds (those with an open-
particle framework) had 1*_ between 0.0096 and
0.011.

The BLCA investigation did not include onsite
observations of sediment entrainment and measure-
ment of actual hydraulic conditions at the moment of
sediment entrainment; therefore, the Shields parameter
could not be precisely determined in this study as in
some flume and instrumented field studies. Critical
shear stresses for each sediment measurement were
calculated with Shields 7*; values of 0.030 and 0.045
to provide a range of the most likely entraining condi-
tions (tables 3 and 4). Figures 6 and 7 show the lateral
locations of sediment particle-size measurements and
corresponding estimates of the critical shear stress for
entrainment of sediment ds from the streambanks,
alluvial bars, and overflow channels. Critical shear
stress estimates for entrainment of sediment ds(, from
the streambed (XChan in tables 3 and 4) are shown at
the lateral location of the thalweg, or the deepest point
of the channel cross section, in figures 6 and 7.

Reworked bank and bar sediments were
observed at several measurement sites following the
1995 peak discharge (9,470 ft>/s). Using reconstructed
flow depths and shear stresses associated with the peak
discharge (Elliott and Hammack, in press), it appears
that a Shields t*_ value of 0.030 rather than 0.045 may
provide the better estimates of critical shear stresses,
T., and sediment entrainment at some locations in
BLCA. Evidence of sediment entrainment or absence
of sediment entrainment on inundated sediment-
measurement sites in the Warner Point study reach
after the 1995 peak discharge generally was consistent
with critical shear stresses estimated using T* of
0.030 and with the boundary shear stress generated by
the discharge peak (figs. 6B—6H).

Sediment was entrained by the 1995 peak
discharge at all sediment-measurement sites on the
distal margin of the debris fan in the Red Rock Canyon
study reach. However, a recommended value of t*
could not be empirically determined because 1995
flood shear stresses were sufficiently larger than T,
calculated with T* values of either 0.030 or 0.045
(figs. 7A-7C). Entrainment of sediment ds( probably
occurred at a discharge much less than the 1995 peak
discharge; therefore, threshold conditions could not be
reconstructed using high-water marks as at other
BLCA cross sections.

GEOMORPHIC AND SEDIMENTOLOGIC CHARACTERISTICS

Onsite examination of a low-elevation gravel
bar at cross section G1 in the Red Rock Canyon reach
(see figs. 14A and 14B in appendix at back of report)
indicated that sediment entrainment and reworking
had occurred during the 1995 discharge peak. The
relatively small dso (36 mm, table 4) of this deposit
and its proximity to the left low-flow bank implied that
T, probably was exceeded by a discharge much less
than the 1995 flood peak. The boundary shear stresses,
T,» calculated for the three reference discharges using
HEC-RAS output clearly were much lower than the
actual shear stresses at this location (fig. 7E). A likely
explanation for the underestimated 1, is based on the
limitations of a one-dimensional, water-surface
profiles model when applied to a reach upstream from
a significant lateral constriction such as the debris fan
at the mouth of Tributary 11.3R in the Red Rock
Canyon study reach (fig. 5). When discharge exceeds
2,200 to 3,000 ft%/s, a large, recirculating eddy
develops on the right bank upstream from the debris
fan, resulting in higher than anticipated velocities and
shear stresses on the inundated left bank. The clear
discrepancy between predicted T, and observed sedi-
ment reworking at cross section G1 illustrates a situa-
tion in which the one-dimensional model was
inappropriately applied. Consequently, HEC-RAS-
derived boundary shear-stress conditions upstream
from the debris-fan constriction were not used in
subsequent calculations or analyses (cross sections
H2, G1, G2, G3, H3, and G4).

Sediment-entrainment potential for a variety of
geomorphic surfaces can be expressed as the ratio of
flood shear stress to the critical shear stress (T,/1,) for
a range of discharges. The 1,/7, ratio facilitates site-to-
site comparison of the anticipated effects of specific
discharges and integrates several geomorphic and
sediment variables (flow depth, energy gradient,
median particle size, critical shear stress) over a wide
range of values (Elliott and Hammack, in press).
Graphs of the sediment-entrainment potential for
several selected geomorphic surfaces in the Warner
Point (fig. 8) and Red Rock Canyon (fig. 9) study
reaches provide a way to estimate the relative effects
of different hypothetical peak discharges. The
geomorphic surfaces examined included (a) low-flow
banks (fig. 84), surfaces subaerially exposed much
of the year but inundated by discharges of approxi-
mately 700 to 900 ft3/s (RI less than 1 year); (b) low-
bar surfaces (fig. 8B), fluvial deposits inundated
by approximately 2,000 to 4,000 ft>/s (RI 1.2 to
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2.5 years); (c) high-bar surfaces (fig. 8C), fluvial
deposits inundated by approximately 6,000 to
10,000 ft3/s (RI 6 to 35 years); (d) overflow channels
(fig. 8D), water courses situated between large fluvial
bars and adjacent talus slopes inundated by approxi-
mately 500 to 1,500 ft3/s (RI less than 1 year); and
(e) a recent tributary debris-flow deposit (fig. 9) inun-
dated by approximately 4,000 ft3/s (R1 2.5 years).

A t*_ value of 0.030 and the sediment ds, were
used in the calculations represented in figures 8
and 9. In most locations, T, increases with discharge,
whereas T is constant for a given sediment dsg. The
ratio of 1,/T. generally increases with discharge,
although the rate of change and the value of T/t vary
with channel configuration, local energy gradient, and
sediment size. Entrainment is anticipated, and the crit-
ical discharge is attained when T,/ exceeds a
threshold value of 1.0; but as figures 8 and 9 illustrate,
the critical discharge is not unique for similar geomor-
phic surfaces at different cross sections. Differing
entrainment potential for similar geomorphic surfaces
(low-flow banks, low-elevation bars, high-elevation
bars, and so forth) indicates that estimation of
minimum streamflow requirements based on sediment
mobility requires site-specific geomorphic and sedi-
mentologic data.

The left banks at cross sections V1, V2, and
H60 (fig. 8A), the right bank at H60 (fig. 8A), the left
low bar at cross section V2 (fig. 8B), and the right low
bar at cross section H60 (fig. 8B, shown in figs. 134
and 13B in appendix) are relatively coarse and poten-
tially are exposed to very high shear stresses.
However, the T,/7, curves for these sites appear to be
asymptotic with respect to the entrainment threshold
line, indicating that entrainment of dsq from these
surfaces is unlikely at any discharge. One possible
explanation is that the sediment of Bars 8.7L, 8.5L,
and 8.5R (fig. 4) may be vestiges of an earlier, more
competent flow regime or of different channel configu-
rations such that no discharge, at least as large as the
modeled 20,000 ft3/s, will entrain ds, given the
present channel geometry.

SUMMARY

The Black Canyon of the Gunnison River in
western Colorado, known for its precipitous bedrock
exposures and gorge-like characteristics, also includes
several alluvial reaches that are potentially sensitive to

changes in streamflow. Sediment, derived from talus
slopes, rockfall, and tributary debris flows, periodi-
cally is reworked and redeposited on the streambed,
streambanks, and alternate bars in these alluvial
reaches. Geomorphic and sedimentologic data were
collected from two alluvial reaches in the Black
Canyon of the Gunnison National Monument
(BLCA)—the Warner Point study reach and the Red
Rock Canyon study reach. These data and hydrologic
records from an upstream gaging station were used to
calculate the entrainment potential of a large size-
range of sediment on a variety of fluvial geomorphic
surfaces typical of the Black Canyon and other canyon
rivers.

The Gunnison River hydrology is dominated by
snowmelt runoff; however, impoundments and diver-
sion upstream from BLCA have affected the stream-
flow magnitude and duration since 1966. The 10-year
flood decreased from 14,900 to 7,000 ft3/s and the
5-year flood from 12,700 to 5,460 ft>/s. While reser-
voir operation has attenuated flood peaks in BLCA, it
also has augmented moderate streamflows. The dura-
tion of streamflows between 1,140 and 3,000 ft3/s has
increased from an average of 12 percent of the time,
an average of about 44 days per year (1911-65), to
38 percent of the time, an average of about 139 days
per year (1966-94).

The one-dimensional water-surface profiles
models HEC-2 and HEC-RAS were used to estimate
water-surface elevations, flow depths, and hydraulic
conditions through the study reaches for a range of
discharges from 2,000 to 20,000 ft3/s. These models
used surveyed channel cross sections and were cali-
brated with observed water-surface elevations and
high-water marks in the Warner Point and Red Rock
Canyon reaches. The HEC-2 models were calibrated
by varying the Manning’s n roughness coefficient until
the estimated water-surface elevations nearly equaled
the surveyed water-surface elevations. Discharges at
the Warner Point and Red Rock Canyon reaches were
assumed to be comparable to discharges recorded a
few hours earlier at USGS gaging station 09128000
upstream.

The hydraulic models appeared to adequately
simulate observed water surfaces and hydraulic condi-
tions except in the reach affected by backwater and a
large, high-flow, recirculating eddy upstream from the
debris-flow constriction in the Red Rock Canyon study
reach. Estimated water-surface elevations were very
close to surveyed elevations for most calibration
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discharges having differences less than 10 percent of
the calculated maximum flow depth for a specific
discharge. HEC-2 and HEC-RAS output from the
modeling runs included water-surface elevations and
energy gradients, from which flow depths and
boundary shear stresses at specific locations on the
cross sections were calculated.

The low-flow channel of most cross sections in
the study reaches is composed of material in the large
cobble- and boulder-size range; however, streambanks
and bars are composed of finer material in the gravel-,
cobble-, and occasionally boulder-size range. Shear
stresses acting on the streambed, on streambanks, and
on inundated alluvial bars is highly variable for any
specific discharge and is dependent, in part, on the
local flow depth and energy gradient of the river.
Consequently, conditions for sediment entrainment,
sorting, and deposition also are spatially variable. Data
from the hydraulic models and sediment data
measured at several locations were used to calculate
the entrainment potential of a wide range of sediment
sizes on several geomorphic surfaces. Sediment
entrainment is anticipated when the local boundary
shear stress, T, exceeds the critical shear stress, T, of
the sediment comprising a specific surface.

Critical shear stresses were calculated for
several alluvial deposits by using dimensionless crit-
ical shear stress values, or Shields T*_, of 0.030 and
0.045 because a precise T* value for each sediment
deposit could not be determined. A peak discharge of
9,470 ft3/s in 1995 and onsite observations and photo-
graphs in 1994 and 1995 confirmed sediment entrain-
ment or reworking on several geomorphic surfaces
inundated by the peak discharge. Physical evidence of
sediment entrainment, or absence of sediment entrain-
ment, on inundated sediment-measurement sites
generally was consistent with critical shear stresses
estimated with T*_ of 0.030 in the Warner Point study
reach; however, a preferred t* . could not be deter-
mined for the debris-fan distal margin in the Red Rock
Canyon study reach. A t*_ value other than 0.030
could be appropriate for some geomorphic surfaces in
the study reach; however, determination of tT*_ , such
as by the method of Andrews (1983), could not be
made in this study.

Entrainment potential over a range of discharges
can be summarized by the ratio of boundary shear
stress to the critical shear stress (T/7.), given local
hydraulic geometry and sediment-size characteristics.
Differing entrainment potential for similar geomor-

phic surfaces (low-flow banks, low-elevation bars,
high-elevation bars, and so forth) indicates that esti-
mation of minimum streamflow requirements based on
sediment mobility require site-specific ggomorphic
and sedimentologic data.
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Figure 17. Replicate photographs of the Red Rock Canyon study reach from monument 0010-U,
upstream view of debris-fan distal margin near cross section H1: (A) August 8, 1994, 410 cubic
feet per second, (B) September 26, 1995, 600 cubic feet per second.
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Figure 17. Replicate photographs of the Red Rock Canyon study reach from monument 0010-U,
upstream view of debris-fan distal margin near cross section H1: (A) August 8, 1994, 410 cubic
feet per second, (B) September 26, 1995, 600 cubic feet per second—Continued.
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Figure 18. Replicate photographs of the Red Rock Canyon study reach from monument 0011-U,
upstream view of debris-fan distal margin near cross section F1: (A) August 8, 1994, 410 cubic
feet per second, (B) September 26, 1995, 600 cubic feet per second.
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Figure 18. Replicate photographs of the Red Rock Canyon study reach from monument 0011-U,
upstream view of debris-fan distal margin near cross section F1: (A) August 8, 1994, 410 cubic feet
per second, (B) September 26, 1995, 600 cubic feet per second—Continued.
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