'

MONITORING THE EFFECTS OF INTERIM FLOWS FROM GLEN CANYON DAM ON
SAND BARS IN THE COLORADO RIVER CORRIDOR,
GRAND CANYON NATIONAL PARK, ARIZONA

FINAL REPORT: 30 June, 1995

Matt Kaplinski, Joseph E. Hazel Jr., Stanley S. Beus
Geology Department
Northern Arizona University, Campus Box 4099
Flagstaff, AZ 86011

Cooperative Agreement: CA8022-8-0002 G CES O FF l CE CO PY
1 of 2 reports for agreement ﬁ @ N OT R E M OVE !

Project Name: INTERIM FLOW SAND BAR SURVEY

Principal Investigator: Dr. Stanley S. Beus

Government Technical Representative: Dr. Peter G. Rowlands

Short Title of Work: INTERIM FLOW SAND BAR SURVEY: Final Report
Effective Date of Cooperative Agreement: 9-1-92

Cooperative Agreement Expiration Date: 6-30-95

Funded by: The U.S. Department of Interior
Bureau of Reclamation
Glen Canyon Environmental Studies

Sponsored by:  The U.S. Department of Interior
National Park Service
Cooperative Parks Studies Unit
Northern Arizona University, Campus Box 5614
Flagstaff, AZ 86011

National Park Service Cooperative Agreement: CA8022-8-0002

s00.03
onT-10.00
&7 e A180))

1Akt
et. 5




CONTENTS
ABST RACT ..o 11
ACKNOWLEDGEMENTS .. ... e v
LISTOF FIGURES . .. .. e e e e e e v
LISTOF TABLES . . ..o e e e e e vi
INTRODUCTION ..o e e e e e 1
Project OVEIVIEW . . ..ottt ettt 1
ObJECtiVES .o ittt e e 2
Previous Work .............. e e 4
Modern Alluvial Deposits of the ColoradoRiver ....................... 6
Flow Regimes During Study ........... ... .. ... .. .. ... .. ......... 8
METHOD S e 10
Study Sites . ... A 10
Data Collection ............. .ttt 10
Data Processing and Analysis ..............oo ... 12
Topographic Model Formation .............................. 12
The "Hydrologically Active Zone" (HAZ) ..................... 12
Hypsometry . ... ... e 14
Stage-Discharge Ratings . .................................. 15
RESULTS AND DISCUSSION ... ..ot 17
Sediment Volume . ........ ... i 17
HAZ Analysis . .......c.o i 17
Hypsometric Analysis . ........ ... ... 21
Geomorphic Adjustmentofsandbars . ............................... 22
Interim Flows ....... ... .. . 22
Rapid ErosionEvents ...... ... .. .. ... .. ... ... .. ... ...... 31
The 1993 LCR Tributary Floods . ............ ... ... ... .. .... 34
Sand bar depositionand erosion ........................ 34
Rates of depositionanderosion .. ....................... 38
Main channel transport and storage . ..................... 43
Smaller Tributary Impacts . . ........... ... ... .. ... ... ...... 43
SUMMARY 49
Sand Bar and Recirculation Zone Adjustment to Interim Flows ........... 49
Evaluation of Interim Flows and Alternatives ......................... 51

i




Management Implications ........... ... .. ... i i

CONCLUSIONS

REFERENCES

ii




ABSTRACT

Grand Canyon sand bars are a primary resource of Grand Canyon National Park and the
effects of Interim Flows on sand bars is of particular concern to river managers. We assessed
whether Interim Flows have minimized sand bar erosion by comparing biannual topographic and
bathymetric surveys at 32 study sites along the Colorado River through Grand Canyon National
Park.

Erosion of sand bars exposed above the surface of the river is a ubiquitous process that
occurs by river-related mechanisms (tractive and seepage erosion), surface runoff, wind, and
human impact. Lower ranges of flow fluctuations during Interim Flows increased the amount of
sand bar area exposed above the surface of the river. Our measurements indicate that the
exposed areas of sand bars have significantly eroded during the Interim Flow period. Sand has
been eroded from the upper, subaerially exposed elevations of sand bars and displaced to lower
elevations of recirculation zones and the main channel, within and below the flow fluctuation
zone. The majority of erosion was typically caused by the development and shoreward migration
of cutbanks. Tractive force erosion caused cutbanks to develop at the maximum elevation of
flow fluctuations. Reduced down-ramp rates and restricted flow fluctuations during Interim
Flows appear to have minimized seepage-driven erosion. With seepage forces minimized,
tractive force erosion was the dominant erosional mechanism at the study sand bars. Deposition
of sand occurred in recirculation zones within and below the range of Interim Flow stage
elevations, but a trend of decreasing sediment volume within the smaller recirculation zones
indicates that more sediment is eventually removed from the recirculation zones than deposited.
Former high-discharge return channels were disconnected from the river by low-elevation
deposition and have filled in with sand, silt, and vegetation. Lower elevation Interim Flow return
channels are narrower and shallower due to bankward migration of bar platforms. The decrease
in return channel area is limiting native fish habitat because these "backwaters" are only viable at
certain stage elevations not well represented by Interim Flows.

Three floods from the Little Colorado River during the winter of 1993 provided an
unexpected test case of a bar-building event by elevating Colorado river stages to slightly higher
than powerplant capacity. These floods demonstrated that sediment accumulated on the river
bottom can be redistributed to sand bars during a high flow release. Downstream of the LCR, a
significant amount of flood-related deposition raised the tops of bar platforms by 1-2 meters and
in-filled high-discharge return current channels. High erosion rates following the floods
significantly eroded 84% of the sites downstream of the LCR. Newly aggraded bars eroded to
pre-flood size within 6 months, but high elevation flood-deposition remained in areas not reached
by Interim Flow stage elevations and retreating cutbanks.

These results support the need for cyclic rebuilding of sand bars with annual Bar-
Building/Habitat Maintenance flows, as recommended in each of the Restricted Fluctuating and
Steady Flow alternatives in the Glen Canyon Dam Environmental Impact Statement. Sediment
redistributed and stored in sand bars is removed from downstream transport and becomes
available for riparian habitat development and recreational camping area. However, maintenance
of sand bars depends on determining the duration and discharge which will build bars and
restructure habitats without causing a net depletion of sand. The continued monitoring and
research is needed to determine the effects of these, and future dam management strategies.
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INTRODUCTION

Project Overview

Glen Canyon Dam (GCD) operations completely control the flow of the Colorado River
through Grand Canyon and as a result downstream sediment resources are impacted (Water
Science and Technology Board, 1991). Operational effects of GCD include: 1) a reduction in
sediment supply because the dam traps nearly all incoming sediment, 2) extremely reduced flows
as compared to historic peak flows which in turn has reduced the capacity of the river to transport
sediment, and 3) fluctuating flows that affect sand bar stability and limit the height of annual
deposition and erosion to the range of powerplant releases. Sand bars form the foundation on
which the fluvial ecosystem is structured, and therefore sediment resources below GCD are a
management priority of Grand Canyon National Park.

Specific objectives for sediment management in the Grand Canyon National Park River
Management Plan are: 1) to maintain the various morphologic components of temporary sand
storage (e.g., sand bar deposits), and 2) to maintain a positive sand balance (U.S. National Park
Service, 1989). Starting in August of 1991, a program of restricted maximum flow and reduced
fluctuation from GCD, termed Interim Flows, has been implemented. This operating strategy
was designed to limit the impacts of dam operations on downstream river resources until a
Record of Decision is delivered by the Secretary of the Interior for the GCD-Environmental
Impact Statement (GCD-EIS), (U.S. Bureau of Reclamation, 1994). Implementation of Interim
Flows for GCD during the EIS preparation period requires that sediment resource conditions be
monitored.

Sand bar stability and sand storage varies with changes in discharge, size and dimensions of
debris fans, and tributary sand input. The effects of dam operations on the morphology of sand
bar deposits is closely linked to how recirculation zones respond to alternative water release
patterns (Beus et al., 1992). Depending on the operating regime for GCD the balance between
sand supply and main channel transport can be positive or negative (Smillie, et al., 1992).
Because much of the remaining sediment in the Colorado River below GCD is stored in
recirculation zones as sand bars (Schmidt, 1992) it is critical that this resource be monitored.
The stability of sand bar deposits and changes in sand storage in recirculation zones are used in
this study as an indicator of the impacts of Interim Flows. Short-term changes in sand bars are
monitored so that impacts related to changes in water release patterns are documented and long-
term sand storage trends can be detected.

This report presents the results from survey studies designed to monitor the effects of Interim
Flows on Colorado River sand bar dynamics in Grand Canyon. These surveys allow us to test
the hypothesis that Interim Flows maintain a positive mass sediment balance and minimize sand
bar erosion. The study of this discharge strategy for GCD during the period of EIS review is
important because the EIS-Preferred Alternative (EIS-PA) closely resembles Interim Flows, but
also includes yearly bar-building/habitat maintenance flows and endangered aquatic species
research flows (U.S. Bureau of Reclamation, 1994). This sand bar study involves the
comparison of topographic and bathymetric surveys at 32 sites located in each of the 11




geomorphic reaches of the Colorado River corridor that were defined by Schmidt and Graf
(1990). A campsite inventory, included separately in an additional report, addresses the carrying
capacity of the river corridor by quantifying Interim Flow impacts on the size of campsites used
by river rafting trips and hikers (Kearsley, 1995). To determine the effects of Interim Flows on
the sediment and recreational resources within Grand Canyon National Park, the following
objectives were established:

Objectives

A. Assess whether erosion of sand bar deposits has been minimized by Interim Flow criteria
and if Grand Canyon National Park management objectives for the Colorado River sand
bars in Grand Canyon are being achieved.

B. Monitor subaerial and subaqueous sand bar topography on an annual to biannual basis at
32 sand bars in the Colorado River corridor downstream from GCD during the Interim
Flow period (Figure 1).

C. Determine how natural floods and sediment input from the Little Colorado River (LCR)
tributary during the winter of 1993 affected sand bar size and morphology.

E. Assist in compilation of the above data for the Glen Canyon Environmental Studies/National
Park Service Geographic Information System (GIS).
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Figure 1. Location map showing study locations.




Table 1. Sand Bar Survey Sites

Site River River Site Site Deposit Reach/
Ref# Mile (RM)* Side # Name Type Relative Width
-6 -6.5 Right 2 Hidden Sloughs R ow
3 2.6 Left 3 Cathedral Wash R 1w
8 7.9 Left 4 Lower Jackass S W
16 16.4 Left 5 Hot Na Na S 2N
22 21.8 Right 6 R 2N
30 30 Right 7 Fence Fault R 3N
31 31.6 Right 8 South Canyon S 3N
43 43.1 Left 10 Anasazi Bridge R/UP 4w
45 45.6 Left 11 Eminence Break S 4W
47 47.1 Right 12 Lower Saddle R 4w
50 50 Right 13 Dino R/S 4w
51 51.2 Left 14 R 4w
62 62.4 Right 34 Crash Canyon R 5w
68 68.2 Right 15 Upper Tanner R/UP Y
81 81.1 Left 16 Grapevine R/S 6N
87 87.5 Left 17 Cremation R/UP 6N
91 91.1 Right 18 Upper Trinity S 6N
93 93.3 Left 19 Upper Granite R/UP 6N
104 103.9 Right 20 R/UP 6N
119 119.1 Right 21 R N
122 122.2 Right 22 R 7N
123 122.7 Left 23 Upper Forster R/UP TN
137 136.7 Left 24 Middle Ponchos R 8N
139 139 Right 25 Upper Fishtail R/UP 8N
145 145 Left 26 Above Olo R 9N
172 172.2 Left 27 R 10W
183 182.8 Right 28 R 10W
194 194.1 Left 29 R 10W
202 202 Right 30 S 10W
213 212.9 Left 31 Pumpkin Spring R/UP 10W
220 219.9 Right 32 Middle Gorilla R/UP 1IN
225 225.3 Right 33 R 1IN

* Distance downstream from Lees Ferry in Stevens (1983) river miles (RM). Deposit type from
Schmidt and Graf (1990): R- reattachment deposit, S - separation deposit, UP - upper pool
deposit. Reaches (0-11) and channel width (W-wide, N-narrow) from Schmidt and Graf (1990).




Previous Work

Historical and concurrent studies of sand bar dynamics, morphology, and sedimentology that
pertain to this study can be separated into research conducted prior to initiation of the Bureau of
Reclamation's Glen Canyon Environmental Studies (GCES) program in 1982 (National Resource
Council, 1987), publications from GCES Phase I and II investigations, the latter of which was
intended to be used for the GCD-EIS (Bureau of Reclamation, 1994), and ongoing monitoring
during the Interim Flow period.

Adverse downstream impacts from GCD were first recognized by Dolan et al. (1974) and
early work that first quantified dam induced changes on sand deposits was based on analysis of
aerial and ground photography since 1965 (Laursen and Silverston, 1976; Turner and Karpiscak,
1980) and topographic profile surveys of about 20 sand bars since 1973 (Howard, 1975; Howard
and Dolan, 1981; Beus et al., 1985). These studies documented slight to insignificant instability
and erosion of sand bars under the post-dam fluctuating flow regimes, with bar building and
rapid erosion observed during the high flows of 1983-1986. Erosional patterns were described as
being obscured by variability in reach characteristics, local channel geometry, poorly developed
stage/discharge relationships, unknown antecedent conditions, and survey accuracy.

Public concern over dam operations culminated with the proposal by the Bureau of
Reclamation in the early 1980's to revise and possibly increase the peaking power generation at
GCD. This led the Department of the Interior, under pressure from the concerns of the public
and other government agencies, to direct the Bureau of Reclamation to initiate the GCES Phase I
program, the results of which are included in the GCES Final Report (U.S. Department of
Interior, 1988) which was subsequently reviewed by the Water Science and Technology Board
(1987). Several studies that were part of the Phase I program were the first to carefully describe
the general hydraulic and sedimentologic characteristics of recirculation zones and associated
bars. Schmidt and Graf (1990) developed a classification and description of alluvial sand
deposits in Grand Canyon, a reach-length classification of the river corridor, and documented the
history of bar aggradation and degradation at several study sites. Schmidt (1990) described the
general association of sand bars with recirculating flow. Bar sedimentology and morphology
were examined by Rubin et al. (1990). These studies greatly increased our understanding of the
effects of fluctuating flows on sand bar stability and many of the concepts and processes
discussed in this investigation were anticipated by them.

Increased public environmental concern initiated another phase of multidisciplinary research
(GCES Phase II) in 1990 (Water Science and Technology Board, 1991) to provide information
for the GCD-EIS. As part of this research, the Bureau of Reclamation conducted a series of
discrete research flows from June 1990 through July 1991 to determine the impacts of specific
flow regimes on sand bar stability (Beus and Avery, 1992). The test flows lasted a minimum of
11 days and included a variety of both steady and fluctuating releases. Fluctuating releases were
either uniform (same daily pattern) or varied in response to changes in electrical load (normal
releases). Each flow was preceded by 3 days of 142 m*/s (5,000 ft*/s). Important studies
contained within Beus and Avery (1992) and other investigations conducted as part of the GCES
Phase II program that are relevant to this report include bank stability changes related to




groundwater fluctuations (Carpenter et al., 1991; Budhu, 1992; Werrel et al., 1993), the
importance of surface-gravity waves on sand bar stability (Bauer and Schmidt, 1993), modeling
of recirculating flow (Nelson, 1991), daily photography detailing short-term topographic changes
(Cluer, 1992), repeated surveying of topographic changes (Beus et al., 1992), and analysis of
long-term trends in sediment storage (Clark et al., 1991; Schmidt, 1992; Webb et al., 1991).

In their evaluation of how alternative discharge regimes affect the stability of sand bars, Beus
and Avery (1992) concluded the following:

1) Sand bar topography was affected by discharge, local geomorphology, sediment supply, and
antecedent conditions.

2) The temporal and spatial record of sandbar change must be considered to fully interpret short
term measurements of sand bar responses to flow regimes. Periods of low discharge (1966-1982
and 1987-1990) were characterized by aggradation of low elevation sand bars, while high
elevation sand bars degraded. Between 1983 and 1986, when annual peak discharges were more
than twice the low discharge periods, bars in wide reaches aggraded and bars in narrow, critical
reaches were eroded. Erosion rates change through time as a function of changing sediment
storage: aggradation rates in 1987-1990 were equivalent to those of 1966-1982, but degradation
rates were about twice as great (Schmidt, 1992).

3) The total amount of sand bar instability during test flows, both aggradational and
degradational, was positively correlated with increasing distance downstream from GCD. Bar
instability was slightly but not significantly positively correlated with mean discharge, increasing
daily fluctuation, and increasing ramping rate (Beus et al., 1992).

4) Major periods of erosion followed periods of aggradation suggesting that antecedent
conditions influenced subsequent changes in sand bar topography (Beus et al., 1992).

5) Periods of aggradation were associated with large-fluctuation flows, especially after tributary
sediment input. However, high-fluctuating flows were also associated with degradation or little
net change (Beus et al., 1992).

6) Net erosion or negligible change characterized the three constant flows and the low-fluctuation
test flows (Beus et al., 1992).

7) Bank failure correlates with change from one flow regime to another. Consequently, ramping
rate, in particular down-ramping, was suspected to be the most destructive component of flow
under normal dam operations. This is, in part, correlated to river stage dropping faster than
bank-stored groundwater can drain from the sand bars, leaving a perched water table in the bars.
As the water drains, it causes rilling and ultimately mass wasting of oversteepened banks at the
water's edge (Budhu, 1992; Werril, 1992).

8). Both short- and long-term discharge patterns from Glen Canyon Dam affect the stability of
sand bars (Beus and Avery, 1992).




The results from the GCES Phase II research flows, and in lieu of a Record of Decision for
the GCD-EIS, led the Bureau of Reclamation to examine the effectiveness of the Interim
Operating Criteria. Ongoing monitoring studies related to this investigation during the Interim
Flow period are repeated inventories of campsite size (Kearsley et al., 1994; Kearsley, 1995),
sedimentologic investigations (Rubin et al., 1994), the importance of seepage erosion (Budhu
and Gobin, 1994), daily eddy dynamics (Dexter et al., 1994), and long-term history of sediment
storage change (Schmidt, 1994; 1995).

Modern Alluvial Deposits of the Colorado River

Alluvial sand deposits along the Colorado River corridor in Grand Canyon are generally
associated with tributary debris fans that form local constrictions and expansions in the main
river channel (Figure 2; Webb et al., 1989). These channel irregularities produce a recirculation
zone (eddy) where flow separates from and then reattaches to the bank (Schmidt, 1990). Water
velocities in recirculation zones are much lower than velocities in the main channel and therefore
are sites of potential sand deposition by a variety of bar forms (Schmidt et al., 1993). Deposition
is typically localized near the separation point, reattachment point, and eddy center.
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Figure 2. Schematic diagram showing flow patterns and configuration of bed deposits in a typical
recirculation zone. A) flow patterns. B) configuration of bed deposits. Modified from Schmidt and Graf
(1990).




Schmidt and Graf (1990) recognized several different types of alluvial sand deposits in Grand
Canyon. These are:

Reattachment deposits form near the reattachment point of large primary eddies (Rubin et al.,
1990). These bars are typically deposited along the downstream regions of the eddy by currents
sweeping across the eddy toward the shore, perpendicular to the main river current. This type of
bar is characterized by a broad platform that extends upstream into the eddy. Return current
channels form along the shoreward side of the reattachment bar platform where the eddy current
is redirected along the shoreline. When a recirculation zone is present in the pool above the
constriction an upper pool deposit is typically deposited that is similar to reattachment bar
morphology or exists as a linear deposit along and parallel to the shoreline.

Separation deposits typically form immediately downstream of debris fan constrictions in the
main river channel. They commonly mantle the downstream portion of the debris fan and are
deposited in secondary eddies upstream of the larger primary eddy associated with the debris fan.
This type of bar is typically steeper and of higher elevation than reattachment bars.

Channel margin deposits are those that parallel the shoreline in areas not specifically related to
recirculation zones or separation points. This type of deposit was not examined in this study.

In addition to the above, main-channel sediments are transported and locally deposited along the
channel bottom and in pools above constrictions.

The morphology and sedimentology of sand bars in recirculation zones is closely associated
with changing flow patterns in the recirculating eddy (Rubin et al., 1990; Schmidt, 1990).
During increasing discharge, recirculation zones expand as more bar area is inundated, and
secondary eddies or low velocity zones develop upstream of the return current channel. This
results in downstream migration of the reattachment point and upstream migration of the
separation point onto the debris fan (Schmidt, 1990). Deposition rates also increase (Andrews,
1991a). The reattachment deposit may fill much of the recirculation zone beneath the primary
eddy. During periods of low discharge recirculation zones generally consist of a smaller,
primary eddy and large areas where both the reattachment and separation bars are exposed
(Schmidt and Graf, 1990).




Flow Regimes During Study

The discharge of the Colorado River in Grand Canyon has been regulated by GCD since its
completion in 1963. GCD has substantially reduced the sediment load, sediment concentration,
duration of high flows, and peak-flow rates compared to the unregulated streamflow of the pre-
dam era. The annual flood from spring runoff is contained by Lake Powell. Only under extreme
circumstances such as the extended periods during 1983-86 when spillway releases were
necessary, has discharge exceeded maximum powerplant capacity of 940 m*/s (33,200 ft*/s). The
other important flow exception during the post-dam era occurred in 1965 and 1980 for reservoir
balancing and spillway tests, respectively, and when discrete research flows were conducted
from June 1990 through July 1991 to provide data for the GCD-EIS. Prior to these test flows and
until Interim Flows were implemented, the previous range of discharge fluctuation was 85 m®/s
(3,000 ft*/s) to 892 m*/s (31,500 ft*/s), with no limitations on maximum daily change and the rate

- of change in powerplant output discharge (ramp rate).

Interim Flows limit the maximum discharge to 566 m*/s (20,000 ft*/s), the minimum
discharge to 142 m*/s (5,000 ft*/s), with up- and down-ramp rates of 57 m*s/hr (2,000 ft*/s/hr)
and 42.5 m®/s/hr (1,500 ft*/s/hr), respectively. In addition, normal dam operations that have
continued during the Interim Flow period are low-, medium-, and high-volume months, with low
flows during the late spring and late fall, moderate flows in May and September, and high flows
during mid-summer and mid-winter (Figure 3). Interim Flow criteria specify that daily change
cannot exceed 142 m*/s (5,000 ft*/s) during low volume months, 170 m?/s (6,000 ft*/s) during
medium volume months, and 227 m*/s (8,000 ft*/s) during high volume months. Normal
operations still include reduced flows on weekends as electrical demand decreases.
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Figure 3. Daily minimum and maximum discharge hydrograph from Colorado River gage near Grand
Canyon (RM 88) for the interval between September 1991 and June 1995. Note seasonal variation in flows.

Provisional USGS gage data.




Natural flood events on the LCR during January and February, 1993, caused a significant
deviation from the lower-volume Interim Flows on the mainstem Colorado River (Figures 3 and
4). Three separate floods, January 12-16, January 19-23, and February, 23-26, 1993, raised flows
that peaked at Phantom Ranch (RM88) to approximately 966 m*/s (34,120 ft¥/s), 793 m’/s
(28,016 ft*/s), and 824 m®/s (29,100 ft¥/s), respectively. It is important to note that the EIS-
Preferred Alternative (EIS-PA) is essentially the same as Interim Flows with the exception of an
additional, annual or biannual bar-building/habitat maintenance flows and experimental steady
flows for endangered aquatic species (U.S. Bureau of Reclamation, 1994). By raising mainstem
flows to slightly above powerplant capacity and delivering a significant amount of sediment, the
1993 winter floods provided an unexpected test-case of a bar-building flow event (Hazel et al.,
1993). Therefore, results from this study are directly applicable to a critical evaluation of the

success of the EIS-PA scenario and proposed flow exceptions.
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Figure 4. Daily minimum and maximum discharge hydrograph from the Colorado River gage near Grand
Canyon (RM88) for the interval between February 1993 and March 1993. Provisional USGS gage data.




METHODS
Study Sites

We collected topographic and bathymetric measurements from thirty-two sand bar study sites
along the Colorado River corridor during five river survey expeditions: October 15-November 3,
1992, April 1-15, 1993, October 7-28, 1993, April 7-18, 1994, and November 20-December 5,
1994 (Figure 1; Table 1; Appendix A). However, not all sites were sampled during every
research trip (Table 2). Our data set also includes surveys conducted after 1 to 2 months of
Interim Flow operations, during October and November, 1991 (Table 2). In addition to
topographic surveying, sedimentologic data was acquired from trenching 1993 winter flood and
pre-flood deposits.

Study sites (sand bars) were named on the basis of river mile (RM) and located within each
of the geomorphic reaches defined by Schmidt and Graf (1990). Twelve sites are located
between the Paria and LCR confluences, a reach supplied with sand primarily from the Paria
River (RM1). Eighteen sites are situated between the LCR and Diamond Creek, and receive
sediment from the Paria, LCR, and other tributaries. One site, RM-6, is located 6.5 miles
upstream from Lees Ferry (RMO) in the tailwaters reach below GCD, which has no regular
tributary contribution of sediments.

Data Collection

Field surveys during the Interim Flow period were conducted bi-annually during low-
discharge months in the spring and fall on 15-20 day river trips. The trips typically consisted of
two ground-based survey teams, a bathymetry team, and a sedimentology/stratigraphy team.
Each ground-based team completed one survey per day using Leitz Set4c and Set3c total stations
equipped with digital data collectors. Site size and topographic complexity determine the point
density needed to form proper topographic models. Smaller sites ( ~2000 m?) typically require
200-400 points and larger sites (~10,000 m?) require 750-1000 points. Points are also collected
offshore to depths of approximately 1 m to provide overlapping coverage with the bathymetry
survey and extend the ground-based coverage across the entire HAZ region (see discussion of
HAZ later in the Methods section). Survey protocol was developed during the GCES Phase 11
test flows (Beus et al., 1992) and documented according to standard survey practices for ground
surveying. Benchmark and backsight relationships were verified at all sites during March, 1991.
Priority was placed on completing surveys within the zone of dam fluctuation, then expanding
coverage to the higher elevations. Survey coverage typically extended from the 142 m*/s (5,000
ft*/s) stage elevation to slightly above the 850 m*/s (30,000 ft*/s) stage elevation contour. Upon
completion of each survey, field data were transferred to micro-computers and edited.

A variety of bathymetric survey techniques were used during the course of this study.
Initially (1991), bathymetric surveys were conducted using a Lowrance X-16 depthfinder
mounted on the raft. Sonar profiles were located by attaching one end of a metered cable to the
transducer mount on the boat and locating a survey assistant with a cable/reel system on the sand
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bar at a surveyed point. Two points along the beach were marked and used to guide the boat
along the proper azimuth. Distances from the cable operators location to the boat were recorded
every two meters and corresponded to fiducial marks on the analog sonar recording. Coordinates
of individual depth and distance were obtained by calculating the offsets along the azimuth of the
profile based on the surveyed location of the cable reel operator. Elevations of the bathymetry
points were calculated by subtracting the sonar depths from the surveyed water's edge elevation.
The sonar equipment was calibrated daily to control changes in the travel time of the signal due
to suspended sediment load. The extent of areal coverage generated from this technique was

Table 2. Interim Flow Sand Bar Surveys

July 1991 September October 1991 October 1992 April 1993 October 1993 April 1994
1991

Site { Deposit [f Vol m*| Area [| Vol m?| Area [[Volm®] Area |[Volm’| Area |[jVolm®| Area || Volm®’| Area || Vol | Area

(Mile) | Type m? m? m? m? m’ m? m’ m?
-6R |R 3388 | 3523 3331 | 3645 || 3370 | 3516 3338 | 3470 §f 3276 | 3585

3L R 3564 | 3016 2640 | 2467 | 4052 | 3601 3995 | 3448 3249 12774 || 3417 | 3130

8L |S 1351 | 1482 1316 | 1524 1354 | 1729 1408 | 1788 1301 {1440 |} 1286 | 1403

16L }S 1726 | 1284 2103 | 1549 1316 | 98! 1386 | 1122

22R |R 3578 | 1727 3197 | 1474 |} 3276 | 1593 {| 3532 | 1819 2012 | 4008 || 3930 | 1994
30R |R 7366 | 3656 5662 | 3377 || 3708 2379 || 3969 | 2922
31R IS 2055 | 2407 || 2013 | 2400 || 1936 | 2298 || 2033 | 2884 || 2124 | 3333 {| 1740 {2130 || 1806 { 2315
43L |R/UP 3661 | 2107 || 3629 | 1903 W 3610 | 1959 {| 3453 | 1844 || 3285 | 1723 3380 | 1744 |} 3616 | 1974
45L IS 3456 | 2585 || 3549 | 2656 3119 { 2479 3121 {2498 || 3133 | 2550
47R R 7647 § 7180 5790 | 5923 5761 {6078 || 5313 | 5273
50R |S/R 3921 | 2452 2390 | 1952 }} 2394 | 2099 || 2782 | 2475 || 2732 | 2547
SIL IR 6441 | 5939 |I 6422 | 5830 Jf 6463 | 5789 || 6109 | 5519 }§§ 6029 | 5596 4511 | 4093 |§ 5136 | 4981
68R |S/R/UP { 3723 | 3077 || 3410 | 2658 | 3426 | 2818 || 3171 | 2979 H 2390 | 2102 6341 | 4828 | 5496 | 4106
S8I1L JR/S/UP W 2811 | 1334 J| 2520 | 1184 | 2515 | 1154 |} 2391 | 1170 |{ 2766 | 1249 2567 | 1198 }§ 2485 | 1180
87L jUP 492 317 521 323 607 395 596 571 593 414 605 414
91R |S 241 223 169 139 171 135 189 208 216 155 171 126 180 161
93L JUP/R 1634 | 1401 || 1256 | 1021 1888 | 1690 || 2145 | 1717 2057 | 1590 J§ 2224 | 1878
104R JUP/R 526 | 364 504 360 428 289 426 | 311
119R |R 4825 | 2792 || 3645 | 2291 2481 | 1724 || 3952 | 2360 3192 | 2011 |} 2767 | 2252
122R jR 4928 | 3622 4900 | 3568 i} 4435 |} 3134 || 5666 | 2990 5120 | 2860 j§ 4908 { 3004
123L JR/UP 1310 | 1280 1223 | 1317 1160 | 1118 |f 825 954
137L |R 4989 | 2924 || 4116 | 3018 || 4189 | 2965 fi 3965 | 2994 || 4074 | 2879 || 3712 | 2976 §§ 3761 | 3074
139R JR/UP 3768 | 1896 3252 | 1989 1867 | 1113 J{ 2701 | 2079
145L |R 928 582 833 540 838 510 756 496 || 1046 570 933 549 916 544
172L |R/UP 2448 ] 2254 || 1327 | 1068 || 1340 | 1120 1719 | 1415 1535 | 1105 1043 878 1367 | 1591
183R {R/UP 2670 | 2077 || 2694 | 2152 2905 § 2237 || 4723 | 2710 4180 | 2436 || 4023 | 2476
194L JR/UP 4357 § 3284 || 4263 | 3296 || 4388 | 3234 || 4464 | 3377 || 4823 | 3287 5005 | 3451 || 4765 | 3363
202R |S 3710 | 2230 3075 | 1981 2991 1768 2295 | 1611 §| 2133 | 1617
213L |R/UP 2772 | 1334 3625 | 1693 |l 3781 | 1520 | 2802 | 1398 |{ 2814 | 1514
220R |S/UP 1190 | 717 1069 | 719 1035 } 719 1266 742 953 665 1032 | 712
225R R 4695 | 2822 5440 | 3286 3975 § 1860 || 4588 | 2646

* R-Reattachment Bar; S-Separation Bar; UP-Upper Pool (from Schmidt and Graf, 1990).




limited to the region directly in front of the sand bar face and to the 45m length of the metered
cable. On the October, 1992 survey trip we employed a different bathymetric survey system that
allowed us to expand our coverage to include the entire river channel surrounding the sand bar.
This system consisted of the Lowrance depthfinder mounted on the boat and a total station
located at a known shore location. The location of the boat was determined by targeting a
reflective prism mounted directly above the transducer. The analog sonar recording was marked
each time a position was aquired, typically every 7-10 seconds. The sonar records were then
digitized at every mark and the elevation of the bathymetry points were obtained by subtracting
the digitized depths and distance between the target and the transducer from the elevation
collected by the total station. Following the October, 1992 survey trip, the GCES survey
division purchased the "Hydrographics Survey Package" (HSP) that consists of a shore-based
total station, a boat-mounted transducer, a digital/analog receiving unit, and a computer that
controls the digital data collection process. The shore station data is radio-telemetered to the
boat computer where depth-position data is calculated and automatically stored. Starting in
April, 1993, and continuing to the present, the HSP has been used by bathymetry crews to survey
two sites per day.

Data Processing and Analysis
Topographic Model Formation

The ground-based and bathymetric survey points were combined and used to form a
Triangulated Irregular Network (TIN) model of the sand bar surface using Sokkia Mapping
Software (Datacom Software Research Limited, 1992). Breaklines were coded during ground-
based data collection along lines known to have a constant grade, such as cutbanks, water surface
lines, slope breaks, etc. Breaklines are used in TIN model formation to force individual prism
sides along the proper grade breaks and stop the program from making incorrect interpolations
across the surface (Datacom Software Research Limited, 1992). Topographic maps of the sites
were prepared with a 0.2 m contour interval to insure proper model formation. The surface
model, not the topographic map, is used to generate profiles at predetermined locations
(appendix A), and determine volumes and areas within what we term the "hydrologically active
zone" (HAZ) (Table 2).

The "Hydrologically Active Zone" (HAZ)

The HAZ is a boundary formed around a subset of the survey area that encompasses the
elevation range of dam operations (142-850 m>/s). The concept of the HAZ boundary was
developed during the GCES Phase II test flows to provide a consistent, repeatable region, within
which to quantify changes in sand bar volume and area due to dam operations (Beus et al.,
1992). The HAZ is used in this study to examine changes in sediment storage, recreational use,
and riparian habitat areas, resources which are recognized management priorities for Grand
Canyon National Park. A limitation of this analysis is that it does not detect changes outside the
range of the HAZ boundary. However, the improvements in bathymetric survey techniques
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described earlier allow us to compare changes in the sandbar surface throughout the eddy
complex.

The HAZ boundary consists of two sections: a fixed upper and side section, and a mobile
front section. Figure 5 shows an example HAZ zone constructed at RM122 for two different
surveys. These segments are formed using the following general guidelines. The upper, or back
HAZ boundary is placed at or slightly above (~0.5 m) the 850 m*/s stage elevation. While the
survey coverage typically extends beyond this stage elevation, placing the HAZ boundary at this
level isolates the region directly affected by dam operations. The side sections of the fixed
boundary at reattachment bars were placed along the center of the return channel. In addition,
the HAZ boundary typically excludes large boulders, armored areas, large groves of vegetation,
and regions of poor survey accuracy. The fixed section of the HAZ boundary in Figure 5 (solid
black line) follows the approximate level of the 850 m>/s stage elevation (93-93.4 m) along the
rear of the bar, excludes a large boulder and tamarisk trees (the large indentation), and follows
the return channel. The lower HAZ boundary is defined by the 142 m*/s stage elevation contour
in between the intersection with the fixed segment (Figure 5). HAZ volumes and areas are
determined by calculating the volume above the 142 m?/s stage elevation contour within the
boundary (Table 3, Figure 5).

0 25 50m

Plan Area of prism (Ap) = 1/2 x base x height

(H1+H2+H3)

Volume prism (V) = ( - BL) X Ap

n
HAZ Area = Z Ap1+ ..t Ap,
1

n
HAZ Volume = Z Vp+..+Vp,
1

Figure 5. Topographic maps from RM122 showing HAZ boundary and area and volume calculations.
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We tested the HAZ volume dataset using two standard nonparametric statistical methods;
Friedman two-way analysis of variance by ranks and Wilcoxan paired sample test (Zar, 1974,
Daniel, 1990). The Friedman analysis tests the null hypothesis (H,) that there is no difference in
HAZ volume between survey runs. This test ranks the HAZ volume values from lowest to
highest for each block (site), then sums the ranks down each column, or survey run. If H, is
true, the column rank sums will be fairly close in size. If the H, is false, we would expect a lack
of randomness in this distribution. In this example, large or small ranks would indicate a
systematic gain or loss of HAZ volume between survey runs. The Friedman test detects
departures from the expectation under H, on the basis of the magnitudes of the sums of the ranks
by columns. If the Friedman test leads to rejection of H,, an additional multiple-comparison
procedure was applied to determine where the differences are located (Daniel, 1990). In the
discussion of test results that follows, we present the Friedman test statistic (F), the number of
number of cases (n), and the significance value (p) to describe the test results in the following
format: (F(n)=###, p= ###).

The Wilcoxan paired-sample test by ranks (Zar, 1974) tests the H, that there is no significant
difference between the number of sites eroding versus the number of sites that aggraded in each
category (5% confidence interval). Based on daily repeated surveys at RM45 (Figure 1), Beus et
al. (1992) determined that the survey techniques used in this study have a survey precision of
plus or minus 3%. Volume changes are considered increases or decreases if the volume change
exceeded 3% of the starting HAZ volume, and the same if changes did not exceed three percent.
Rejection of H, indicates that a significant number of sites either gained or lost volume within
the HAZ between survey runs. Because multiple comparisons were made based upon the same
dataset, we also employed the sequential Bonferoni technique to adjust the significance values
(p) accordingly (Holm, 1979). In our discussion of the results from this test we present the
Wilcoxan test statistic (T), number of blocks (n), and significance level (p) in the following
format: (T(n)=H##, p=#itH, p<###), where the second p value is the level needed to achieve
significance, as determined from the sequential Bonferoni procedure.

Hypsometry

Hypsometry is the distribution of area with respect to elevation for a topographic surface
(Strahler, 1952; Schumm, 1956; Bloom, 1991). By using dimensionless parameters, hypsometric
curves can be used to compare different regions, irrespective of true scale. Hypsometric analysis
has previously been applied to Grand Canyon sand bars by Kyle (1992) and Schmidt (1992).
These studies derived hypsometric relationships for topographic profiles to estimate volume
changes at several Grand Canyon sand bars. Improvements in bathymetric survey techniques
have allowed us to define the hypsometric relationship within the entire recirculation zone at
each of our study sand bars. Comparing hypsometric relationships of repeated surveys at
individual sandbars can describe the change in sediment distribution within the eddy system.
Comparison of all study sites can be used to determine whether dam operating strategies have led
to system-wide changes in the distribution of sediment within recirculation zones.
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The hypsometric curve data were derived from 0.5 meter contour maps of the study sites
(Appendix A). The contour maps were generated from TIN models that combined topographic
and bathymetric data. TIN models for this analysis were created with ARC/INFO software
following transfer of the survey information to the GCES Geographic information system
(Kaplinski et al., 1994a). Results from the GIS-based analysis were exported to DOS-based
machines for analysis.

The hypsometric data are calculated from within a boundary that was constructed to approximate
the size and shape of the recirculation zone at 30,000 ft* /s and excluded the main channel. The
areas enclosed by each contour line within the boundary were summed to generate the area
distribution with elevation histograms and hypsometric curves. To convert the recirculation zone
areas and elevations to dimensionless parameters which are comparable irrespective of individual
eddy shape or size, the area values were divided by the total recirculation zone area and the
height values were divided by the total recirculation zone height.

We used the Friedman analysis to test the null hypothesis that no significant difference in the
hypsometric curve integrals between survey runs. The hypsometric integral, calculated for each
curve (Table 3), is defined as the ratio between the volume of the recirculation zone surface
above the base elevation and the volume of the rectangular figure defined by the height
difference multiplied by the maximum area of the hypsometric boundary. Changes of the
hypsometric integral over time would indicate GCD-flow induced, system-wide sediment storage
changes within recirculation zones. The Friedman test results are presented as discussed in the
HAZ volume analysis section above.

Stage-Discharge Ratings

Stage-discharge relationships were empirically developed for each site (Appendix A) by
compiling daily high and low water surface elevations collected during the GCES Phase II test
flow and Interim Flow periods. Discharges were assigned to each elevation by comparing the
daily high and low discharges from the nearest U.S. Geological Survey gaging station above and
below each site. Data were plotted and a best-fit line (in most cases a 2nd order polynomial) was
calculated at each site to determine the stage discharge relationship. Local changes in the stage
discharge relationship can be caused by changes in the channel constriction due to debris flows
and, to a lesser degree, by changes in sandbar topography. Over the period of study only debris
flow-induced changes in the channel constriction caused significant changes in the local stage
discharge relationship. These relationships were derived to define the upper and lower HAZ
boundary and to quantify changes in specific stage elevation ranges.
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Table 3. Hypsometric Integrals

Site 7/91 10/92 4/93 10/93 4/94 10/94
-6 0.493 0.497 0.499 0.528 0.498 0.521
3 0.745 0.677 0.728 0.693
16 0.631 0.535 0.574
22 0.474 0.485 0.473
30 0.566 0.532 0.543 0.547
32 0.695 0.647 0.651
43 0492 | 0507 | o0515| o0470| 0502
45 0.633 0.618 0.625
47 0.617 0.602 0.598 0.548
50 0.497 0.500 0.476 0.487
51 0.715 0.713 0.725 0.723
62 0.827 0.633 0.542 0.498
68 0.566 0.679 0.686
81 0.647 0.615 0.580
87 0.439 0.423 0.412 0.404
91 0.572 0.533 0.538 0.552 0.552
93 0.630 0.628 0.623 0.600
104 0.576 0.565
119 0.531 0.537 0.538 0.534
122 0.700 0.695 0.690 0.696 0.685
123 0.567 0.564 0.543 0.574 }
137 0.432 0.429 0.438 0.415 0.428 ||
139 0.501 0.482 0.508 0.482 ||
145 0.510 0.470 0.514 0.502 0.492 0.477 |
172 0.505 0.490 0.507 0.507
183 0.489 0.512 0.506 0.504 0.497
194 0.727 0.724 0.742 0.734 0.734
202 0.620 0.598 0.549 0.589 0.553
213 0.567 0.568 0.548 0.561 0.555
220 0.649 0.664 0.654 0.690 0.650
225 0.603 0.556 0.611 0.588
- adl| ——n
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RESULTS AND DISCUSSION

Sediment Volume
HAZ Analysis

Grand Canyon sandbars were significantly impacted by Interim Flows and tributary
interactions during this study. We use sand volume fluctuation within the HAZ to quantify these
impacts (Table 3 and 4). The general pattern of HAZ volume adjustment to the varying flow
regimes of the past three years is highlighted by the Friedman analysis (Figure 6). The pattern is
characterized by an overall decrease in volume that is interrupted by a substantial increase as a
result of the winter 1993 LCR floods. The Friedman test shows that there is a significant
difference between survey runs (F(22)=21.506, p = 0.001) and that HAZ volumes from surveys
conducted in July, 1991 and April, 1993 are significantly lower than the November, 1994
surveys (difference in Rank sums > 36, p(0.05)). Subtracting volumes measured at the beginning
of Interim Flows (7/91) from surveys conducted nearly three years later (4/94) demonstrated that
a significant number of sites (65%; Wilcoxan T(31) = 128, p=0.009, p< 0.0125) have decreased
in sand volume during the period of study (Figure 6a and Table 4). Subdividing the dataset into
sites above and below the LCR showed that an even greater percentage (83%; T(12)=6, p=0.007,
p<0.0125) of sandbars above the LCR have decreased in sand volume, while the amount of
volume loss below the LCR was not significant (32%; T(19)=67, p=0.13, p>0.025) during the
period from 7/91 to 4/94. The largest volume losses occurred between the 7/91 and 10/92
surveys (Figure 6b; 67%, T(30)=147 p=0.042, p>0.025) as well as between the 4/93 and 10/93
surveys (Figure 6d; 84% below the LCR, T(19)= 47 p=0.029, p>0.025). Comparison of the
latest survey runs showed no significant difference between sites that had eroded and those that
had gained sediment (Figure 6e; T(31)=236, p=0.27, p>0.05). This shows that erosion rates are
high following a change in dam operations and then decrease with time, as reported by Schmidt
and Graf (1990) and Schmidt (1992). These analyses show that erosion during the Interim Flows
period significantly decreased the amount of sand volume between the 850m?/s (30,000 ft*/s) and
142m3/s (5,0001t}/s) stage elevations.

8/91 10/92 10/93  4/94 11/94
120 L i 1 1 L 1

100 J

Summed Column Ranks
[=))
(=]

400 600 800 1000 1200 1400 1600 1800
Days Since 1/1/90

[... All Sites . Above LCR .= Below LCR I

Figure 6. Plot of HAZ volume summed columns ranks used in the Friedman Analysis as a function of time.
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Tributary flood events have also had a significant impact on Grand Canyon sand bars.
Deposition during flood events temporarily replaces sediment lost from the bars during low-
volume flow periods such as Interim Flows. A significant change in volume occurred
(F(14)=17.143, p=.004) and a significant number of sites aggraded (65%, T(15)=20 p=0.0003,
p<0.01) between the 10/92 and 4/93 surveys at sites below LCR (Figures 6 and 7c). Above the
LCR and tributary sand input sites showed a general trend of decreasing volume but no
significant difference between surveys (Figure 6; F(8)=8.714, p =.121). The subset of sites
below the LCR increased significantly in volume between the surveys surrounding the winter
1993 flood events (10/92 to 4/93, 4/93 to 10/93) as well as a significant decrease in volume
between the 4/93 and 11/94 surveys (difference in Rank sums > 28, p(0.05)). Sand bars that
aggraded below the LCR were quickly destabilized to pre-flood conditions within one year
(Figure 7d). Comparison of surveys over the entire Interim Flow period (Figure 7a) showed that
there was not a significant number of sites eroded below the LCR, while a significant number of
sites above the LCR eroded (above the LCR T(12)=6 p=0.007, p; sites below the LCR T(19)=67
p=0.13, p>0.025). We attribute this difference in erosional patterns above and below the LCR to
tributary sediment supply and flood-related deposition.
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Figure 7. HAZ volume histograms. The volume change comparisons are shown as percentages of the site
categories, and as a function of distance downstream from Lee's Ferry.
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Figure 7. continued
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Table 4. HAZ Volume Changes

8/91 to 4/94 INCREASE DECREASE SAME
mites 19% (6) 65% (20) 16% (5)
Percent (number) n=31

Sites Above the LCR n=12 8% (1) 83% (10) 8% (1)

Sites Below the LCR n=19 26% (5) 32% (10) 21% (4) Il
8/91 to 10/92

All Sites n=30 20% (6) 67% (20) 10% (3) Il
Sites Above the LCR n=11 18% (2) 55% (6) 27% (3)

Sites Below the LCR n=19 26% (5) 74% (14) 0% (0) u
10/92 to 4/93

All Sites n=24 54% (13) 17% (4) 29% (7) II
Sites Above the LCR n=9 33% (3) 22% (2) 44% (4)

Sites Below the LCR n=15 73% (10) 13% (2) 20% (3)

10/92 vs 10/93

All Sites n=31 32% (10) 52% (16) 16% (5)

Sites Above the LCR n=12 17% (2) 50% (6) 33% (4) |
Sites Below the LCR n=19 42% (8) 53% (10) 5% (1) JI
4/93* to 10/93

All Sites n=31 13% (4) 71% (22) 16% (5) ||
Sites Above the LCR n=12 17% (2) 50% (6) 33% (4)

Sites Below the LCR n=19 11% (2) 84% (16) 5% (1) |
10/93 to 4/94

All Sites n=31 32% (10) 29% (9) 39% (12) ||
Sites Above the LCR n=12 50% (6) 8% (1) 42% (5) ||
Sites Below the LCR n=19 21% (4) 42% (8) 37% (7)

. = S ———— =
*most recent survey was used for comparison where 4/93 survey was not available.
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Hypsometric Analysis

Analysis of hypsometric integrals from a subset of the surveys conducted indicates that there
was no significant difference in total sediment volume within recirculation zones during Interim
Flows. We find no significant difference in hypsometric integrals during Interim Flows.
Friedman analysis of the hypsometric integral dataset from 4/93 to 11/94 leads to acceptance of
the null hypothesis that there is no significant difference in hypsometric integrals between survey
runs (F(14)=5.98, p=0.113). However, while not a statistically significant difference, the
hypsometric integrals showed a decreasing trend with time (Figure 8). This observation suggests
the possibility that Interim Flows have led to a net loss of sediment storage within the
recirculation zones. If Interim Flows were achieving the objectives of maintaining a positive
mass balance of sediments and minimizing sand bar erosion, the expected result would be a
measurable increase of sediment volume within eddy systems. We have observed that the lower
elevation areas of sand bars have aggraded during Interim Flows. We suggest that smaller
Interim Flow recirculation zones cannot store the quantity of sediment needed to show a net
increase in sediment volume.

A major disadvantage of the Friedman analysis is that null values are not tolerated (Daniel,
1990). Less than half of the sites were included in the analysis because of missing values due to
logistical constraints and failure of the bathymetric data collection system (Table 3). Many sites
that were excluded had changed notably during our monitoring, but are not represented in the
analysis. With additional surveys, however, this analysis does show promise as a tool for the
measurement of sediment storage in eddies.
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Figure 8. Plot of hypsometric integral summed columns ranks used in the Friedman Analysis as a function of
time.
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Geomorphic Adjustment of Sand Bars

The HAZ volume analysis discussed in the previous section clearly demonstrates that
Interim Flows and large tributary floods have had a major impact on Grand Canyon sandbars. In
general, within recirculation zones, erosion dominated above the water level of the maximum
fluctuation, while deposition occurred below. In addition large-scale adjustments of sand bar
morphology have occurred because of local tributary flash floods and debris flows. This section
describes the general impacts to sand bars and the processes of geomorphic adjustment based on
qualitative comparison of topographic and bathymetric surveys, field observations, and
photographic data.

Interim Flows

Interim Flows generally eroded the upper, exposed portion of bars. The bulk of this erosion
occurred as cutbanks developed and migrated into the sand bar (e.g. Appendix A: RM50,
profiles 7 and 9; RM81, profile 5). Cutbanks developed at the upper limit of flow fluctuations
and caused progressive erosion (Figure 9). This has lowered the tops of the majority of
reattachment bars platforms under study by 0.5 to 1.5 m. Separation bars were also eroded and
several sites became increasingly armored by rocks (Figure 10).

Figure 9. Large cutbank developed after 1993 LCR floods at RM62. Photograph taken on 4/5/93.
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Figure 10. Photographs showing armoring of the upstream areas of the RM45 separation bar by progressive
erosion during Interim Flows. A) 7/26/91, B) 10/19/92.
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While the subaerially exposed sections of sand bars were being eroded, deposition occurred
within and below the range of flow fluctuations. This deposition took place mainly on the
upstream end of reattachment bar platforms (Figure 11). Schmidt and Graf (1990; Figure 20)
showed that when decreasing discharge shortens the dimensions of the eddy, bank retreat within
the recirculation zone redistributes sand within the recirculation zone. The example shown in
Figure 11, RM22, increased in HAZ volume from 3197 m?® to 3930 m’, a positive gain of 733 m’
of sand. The time-series volume plots (Appendix A: RM22) and profiles across the deposit
(Figure 12) suggest that this gain accumulated gradually during the 30 months in between the
two surveys. Over the same time interval, the plan area of the HAZ boundary increased from
1474 to 1994 m?, a gain of 520 m?. Bankward migration of the bar platform forms a narrower
and shallower return-current channel (Figure 12a; for other examples of slipface migration into
recirculation zones, see Appendix A: RM3, profiles 5 and 6; RM 122, profile 2; RM137, profiles
1 and 3; RM183, profiles 1 and 2). In the upper elevation/high discharge part of this and other
reattachment deposits, return-current channels that occupied the area inundated by 566-793 m’/s
(20,000-28,000 ft*/s) flows have been abandoned and have aggraded with sand and silt (Figures
12b and 13).

At several sites the amount of sand lost to bank retreat was greater than the amounts
redistributed to lower levels. For example, at RM50 the HAZ area under study encompasses
both the separation and the reattachment bar. Profiles across the separation bar show that it has
remained stable during Interim Flows (Appendix A: RMS50. profiles 1-4). However, by the
October, 1991 survey, a large 2 m high cutbank had developed along the bank of the
reattachment bar. One year later (October 10, 1992) the HAZ volume was 1531 m’ less than the
3921 m® of sand that existed at both bars during the last GCES Phase II test flow survey (July 27,
1991; Table 2). Profiles across the reattachment bar show that a large part of the bar-front had
been eroded, the result of large-scale cutbank retreat or a rapid erosion event. A low elevation
bar was then rebuilt in front of the stable, remaining portion of the previous deposit (Figure 14;
Appendix A: RM50, profiles 6-9). The low-elevation gains in HAZ area at this site were not
greater than the amount of volume lost. This implys that the smaller Interim Flow recirculation
zones cannot store as much sediment as larger, higher discharge regime eddies (compare
recirculation zone size in the aerial photo of the RM50 and RM22 study sites in Appendix A).

The hypsometric integral of most eddies (26 of 32, 81%) remained within 5% of their
starting sand volume. However, 5 of 32 (16%) lost sand volume and 1 of 32 (3%) gained sand
volume between the first and last surveys during Interim Flows. This flow alternative reduced
overall eddy size, thus reducing the potential amount of sand storage. From these data it is
apparent that loss of sediment will continue under Interim Flows. The net effect of this erosion
will be greatest in upstream reaches (above the LCR) because of a limited mainstem sediment
supply, and also to a lesser degree at sites below the LCR.
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Figure 11. Topographic maps from the RM22 reattachment bar. A, October 25, 1991, discharge 181 m*/s
(6,380 ft’/s). B, April 9, 1994, discharge 240 m*/s (8,475 ft’/s). Note that although discharge is higher in B
more area of the reattachment platform is subaerially exposed.
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Figure 13. Photographs taken on 11/3/91 and 10/18/93 respectively, showing the return current channel area
at RM122. Notice in A the large return channel that existed prior to and during the early part Interim Flows,
and in B how the same area (in the vicinity of where the trenchs are being dug) has been filled in between the
reattachment bar platform and the constricting debris fan.

27




Figure 14. Photograph taken October 10, 1993 of the reattachment deposit at RM50 showing the lower
elevation bar rebuilt in front of the large 2 m cutbank that developed shortly after the onset of Interim Flows.

Significant erosion is also occurring in areas downstream of the reattachment point (Figures
15, 16, and 17). The erosional feature at RM119 and highlighted in Figure 15 developed shortly
after the onset of Interim Flows. A profile across this area shows a distinct progression of
erosion (Figure 17). Initially, erosion was moderate between the July 28, 1991 and October 26,
1992 surveys, with a maximum of 3 m of bank retreat. The April 10, 1993 profile shows that
although nearly 1 m of sediment was deposited during the winter 1993 floods, in as little as 2
months, approximately 7.5 m of bank retreat had occurred along two distinct topographic levels.
A vertical, 2 m cutbank developed at the 92.6 m stage elevation and a smaller one at the 91 m
stage elevation that correspond with discharge levels of 382 m®/s (13,500 ft*/s) and 665 m*/s
(23,500 ft*/s), respectively (Figure 16). Apparently, some of the retreat at the upper level
occurred during one of the 1993 LCR flood events. By the October 18, 1993 survey the cutbank
had retreated an additional 3 m at the 92 m stage elevation. There was little or no retreat evident
in the April 17, 1994 survey. Cumulatively, the area within the box shown in Figure 15a had
decreased 85 m? in area and 386 m® in volume since the start of Interim Flows.

This type of erosion is ubiquitous at nearly all reattachment bars in this study (for other
examples, see Appendix A: RM3, profile 2; RM47, profiles 1 and 3; RM122, profile 6; RM 137,
profile 6; RM 183, profile 8). When recirculation zones contract during lower flows, areas
downstream of the reattachment point are exposed to erosion by the mainstem current. Sand
eroded from these areas is deposited directly into the main channel. These observations confirm
the observations and model of this process proposed by Schmidt and Graf (1990; Figure 20).
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Figure 16. Photograph taken on 10/17/93 of RM119 reattachment bar showing the eroded area downstream
of the reattachment point.
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Rapid Erosion Events

Daily, oblique photography of sand bars (Cluer, 1991; 1992; Cluer and Carpenter, 1993;
Dexter et al., 1994) has shown that rapid erosion (bar-failure) events occur and that many of their
study sites follow a pattern of rapid erosion followed by aggradation. Topographic changes
observed by this study show that during bar-failure events, large areas of the bar platforms
collapse and then gradually rebuild and onlap the remaining portion of the deposit (Figures 18
and 19).

Our survey data identified bar failure events at RM3 and RM16 (Figure 19 and Appendix A).
At the RM3 reattachment bar, a minimum of 934 m* (1,048 m? ) of sand was eroded from the
HAZ between April 1, 1993 and November 17, 1993 (Figure 18 and Table 2). Hypsometric data
reveal that, while the upper section of the bar eroded, the lower elevations within the eddy gained
area (Figure 20a). The bar rebuilt during the moderate to high winter flows and by the April 7,
1994 survey had regained 729 m® in volume, but did not completely rebuild to its previous size
(Figures 18c, 19, 20a, and Table 2). The failure event evident during the October 8, 1993 survey
at the RM16 separation bar displayed the same characteristics as the RM3 failure. The loss of
area at the upper sections was coincident with area gains at lower elevations in the eddy (Figures
20b and 21b). The pattern of area change within the RM3 and RM16 eddies suggests that a large
percentage of the sediment eroded during bar failure events is stored within the same eddy, but at
lower elevations. Dexter et al. (1994) showed that these erosional events can occur over very
short time periods, typically less than 24 hours, and that aggradation is greatest immediately
following erosional events and then decreases with time. Apparently, failure areas as large as
that in Figure 18b can be rebuilt in as little as two weeks (Dexter et al., 1994). Following a bar
failure, sediment is transferred back to the bar top from lower elevations and the bar platform is
rebuilt, but not to its original size (Figures 20 and 21).

These observations suggest that sand bars aggrade and degrade in cycles of platform buildup
followed by erosion. The erosional phase of the cycle sometimes occurs as a rapid erosion
events (Dexter et al., 1994). It is difficult to discern the erosional mechanism (rapid versus
gradual bank retreat) on a biannual time step because the bar morphology resulting from each is
similar. Rapid erosion events can only be identified if biannual surveys fall within several days
of the failure events. The aggradational phase of the bar building cycle, in the absence of flood
flows, never replaces the total amount of sand eroded during the erosional phase. Hypsometric
data from the two sites discussed previously suggest that the upper bar platform aggrades to a
maximum size limit before failure (Figure 20). Other large-scale failures have been identified at
RMS8, RM51, RM68, RM122, RM123, and RM225. Regardless of which erosional mechanism
(progressive or rapid) predominates, the cumulative effect is that the upper parts of sand bars are
not being replenished with sand.
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Figure 21. Hypsometric change diagrams showing area change due to bar failure events and subsequent bar
re-building at RM3 and RM16.

The 1993 Little Colorado River Tributary Floods

Impacts by tributary events such as those that occurred from the LCR tributary (RM60)
during the winter of 1993 are significant perturbations to the system (Figures 6 and 7). With the
reduction in the amount of sediment input to the Grand Canyon in the post-dam era, the Paria
River and the LCR are now the main suppliers of sediment to the Colorado River downstream
from GCD (Randle and Pemberton, 1987; Smillie et al., 1993). The capacity of the river to
transport sediment (especially larger than sand-size) has also been reduced. The sediment-rich
1993 winter floods have important implications for increasing the sediment budget of the river
and sandbar deposition. By increasing mainstem flows to slightly above powerplant capacity
and delivering a significant amount of sediment, the floods provided an unexpected test-case of a
bar-building flow event. This section discusses the deposition of sandbars during high mainstem
flows, the longevity of rebuilt bars, rates of deposition and erosion, and changes in channel sand
storage from the LCR sediment input.

Sand bar deposition and erosion. The winter 1993 floods deposited large amounts of sediment
on both reattachment and separation bars downstream from the LCR (Figure 22; see also
Appendix A: RM119; RM122; RM 137; RM145; RM202). Analysis of the HAZ shows that a
significant amount of aggradation occurred downstream of the LCR during the floods (Figures 6
and 7c; Table 3 and Table 4). Sand bars were aggraded up to 1.0 - 2.5 meters above the
maximum Interim Flow stage elevation (Figures 22 and 23). The newly aggraded sand bars were
quickly eroded after the return to normal GCD operations and large-scale cutbanks were
observed at virtually every study site downstream of the LCR-Colorado River confluence
(Figures 9, 23 and 24).
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Figure 23. Topographic profile from RM183. Nearly 2 m of sand was deposited on the bar platform and
there was 7.5 m of bank retreat by the October 1993 survey. The bank retreat did not progress any further
by the April 1994 survey. Location is shown on Figure 22.

Figure 24. Photograph of the RM202 separation bar taken on 4/13/93 showing cutbank erosion following the
winter 1993 floods.
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Bank retreat rapidly reduced the HAZ area and volume (Figure 7d). This observation is
consistent with previous work that reported erosion rates increased dramatically after the 1983
spill then gradually decreased with time (Brian and Thomas, 1984; Beus et al., 1985; Schmidt
and Graf, 1990; Kearsley et al., 1994). The largest HAZ volume loss following the flood was
measured at RM68 and is attributed to a bank failure that occurred on the waning limb of the first
flood (Figures 7 and 25; Mark Manone, personal communication, 1994 ). In Figure 25, note the
difference in the location of water's edge. These lines were surveyed at similar stage elevations
and show how extensive the bar failure event was. However, while the higher elevations of the
bar lost sediment, the channel bed elevation increased by up to 5 meters in the channel adjacent

to the bar.

EXPLANATION e,
\...
l:] Erosion 0 m to >-2.0 m / S Generalized surface tlow direction

Deposition 0 m to 2.0 m _

—————————— Waters edge location on 10/22/92

Contour of difference in meters between surveys

Deposition 2.0 mto 4.0 m

L emeeemeeeeees Waters edge location on 4/06/93
- Deposition > 4.0 m

Figure 25. RM68 surface comparison of the topographic maps generated from the 10/22/92 and 4/06/93
surveys.
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Return current channels associated with reattachment bars were in-filled with sediment
during the floods. The short-duration flood peaks of the LCR events apparently were not of
sufficient duration to scour return channels. Upon the return to Interim Flows, the aggraded
return channel areas were cut off from the river by the lower range of fluctuations. Smaller
return channels, located at and below the Interim Flow stage elevations developed in front of the
aggraded bar tops (Figure 13).

One year after the floods most of the flood-related deposition had been eroded. The
Friedman analysis of HAZ volume show that the 1993 flood events significantly increased HAZ
volumes downstream of the LCR (Figure 6). During the two years following the floods, years
without significant flood-related deposition, HAZ volumes decreased to levels lower than the
pre-flood condition. These results suggests that a return interval of once every year, as suggested
in the GCD-EIS, is needed to replenish the sandbars. These observations demonstrate the
benefits of main channel flooding and how an intentional bar-building or habitat-maintenance
release might modify sandbars.

Rates of deposition and erosion. A reattachment bar at Crash Canyon (RM62) that was
deposited during the LCR flood events provided a unique opportunity to examine rates and style
of bar development (Kaplinski et al., 1994b). Subsequent surveys allowed us to determine the
rate at which sand was removed from this eddy and transported downstream. The bar formed in
a channel expansion approximately two kilometers downstream of the confluence of the
Colorado and the LCR (Figure 25; Appendix A: RM62). The eddy was previously devoid of a
subaerially exposed sand deposit. After the floods receded, a steep, 1.5-m high cutbank
developed across the face of the bar, exposing the internal structure along the entire 120-meter
face of the bar platform (Figure 9). A line drawing of the observed stratigraphic relationships
was made from a photomosaic along the face of the cutbank and an interpretive model of bar
evolution was constructed (Kaplinski et al., 1994b; Rubin et al., 1994).

Deposition at this site was consistent with published descriptions of depositional patterns at
other Grand Canyon sand bars (Rubin et al., 1990; Schmidt et al., 1993). Photographs taken on
January 15, 1993and sedimentary structures observed along the front of the bar indicate that the
majority of bar-building occurred during the first flood event (Figure 27), (Rubin et al., 1994).
Deposition began near the center of the eddy and as the flood elevated the river stage and
delivered large amounts of sediment, large-scale bedforms migrated into and across the empty
eddy system. Continued deposition caused the bar to expand until it approached the water
surface throughout most of the eddy (Dave Rubin, written communication, 1994).

Observations of the site in mid-June, 1993, during low-volume, Interim Flow operations
(230 to 340 m*/s {8,000 to 13,000 ft3/s]) showed that only about 5-10% of the deposit we
measured in April had been eroded. We estimate that, from April to June, erosion rates ranged
from 50 to 100 m*/day. Dam operation changed from low volume to high-volume (340 to 540
m®/day [12,000 to 18,000 ft3/s]) Interim Flows on July 1, 1993. Observations of the site in late-
July 1993 indicated that there was no longer a subaerially exposed deposit. Interviews with
commercial rafting guides indicate that much of the subaerially exposed section of the bar,
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Generalized surface flow direction
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------------- Location of waters edge at time of survey

lation zone at RM62. A, April 4, 1993, discharge 269 m?/s

Bedrock

Water Surface

(9,500 ft*/s). B, April 13,1994, discharge 260 m?%/s (9,200 ft*/s). Note the large subaerially exposed
reattachment bar in A and in B a lower elevation, submerged reattachment deposit. Much of the sand
captured by this zone during the winter 1993 floods has been exchanged back to the main channel.
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Figure 27. Photographs of the emergent reattachment bar at RM62 taken during recession of the first flood
on January 15, 1993. Flow level in the photographs is approximately 651 m?/s (23,000 ft*/s).
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approximately above the 283 m®/s (10,000 ft*/s) stage elevation, had completely eroded within a
two to three week period. Based on this assumption, erosion rate during this period ranged from
2,000 to 2,500 m*/day. At this site, it appears that the change in dam release schedules possibly
triggered an order of magnitude increase in erosion rate.

Contouring the elevation difference between surveys conducted in April, 1993 and April,
1994 shows that in both the recirculation zone and the channel, up to 10 m of sediment was
removed and transported downstream (Figure 28). The volume of sediment removed from the
eddy during this period can also be used to estimate an accurate, minimum volume and rate of
sediment accumulation in the recirculation zone during the January, 1993 flood. Table 5
contains deposition rates calculated for several different periods of time. A total volume of
64,644 m® and a sediment density of 2.65 g/em® was assumed in the calculations. These rates
are at least an order of magnitude higher than the range of rates determined from flume
experiments of recirculation zone sedimentation (0.22 to 0.05 kg/s) and field estimates of
deposition rates at Grand Canyon sandbars (4.5 to 7.8 kg/s) (Schmidt et al., 1993). However, due
to the close proximity to the sediment source, these rates are not unreasonable. Deposition rates
during clear-water floods from GCD would most likely be much lower. Because of the close
proximity to the sediment source (LCR), observed high current velocities within the recirculation
zone, and the lack of a significant deposit before the flood, this bar may not be representative of
eddy dynamics at other sand bars along the river corridor during similar flood events. However,
the topographic changes and sedimentologic characteristics at the RM62 site are similar to
conceptual models of bar-building in Grand Canyon recirculation zones (Rubin et al., 1990;
Schmidt, 1990; Schmidt et al., 1993). Similar studies should be conducted at other sites with
varying geomorphic controls in order to gain a more complete understanding of the response of
Colorado River sand bars to flood events.

Table 5. Deposition rates at RM62 during the January 12-16 flood.

Duration (hours) | 12 24 36 48 60 72
Deposition rate | 5.387 2,693 1,795 1,346 1,077 898
(m*/hour)
Deposition Rate | 3,965 1,983 1,322 991 793 660
(kg/s)
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Figure 28. Comparison map of RM62 with one meter contours of the difference between surveys conducted
on 4/5/93 and 4/13/94. The largest amounts of sediment were removed from the downstream portion of the
eddy near the debris fan, the return current channel, and the scour hole immediately downstream from the

debris fan constriction on river right.
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Main channel transport and storage. The mainstem Colorado continually transports sediment
downstream, even during the lower sediment transport capacities that exist during Interim Flows.
Cumulatively the three floods delivered an estimated 4,600,000 tons of sand into the Colorado
River (Jansen et al., 1995). Two months after the flood events a bathymetric survey at RM68
showed at least a 5 m change in channel bed elevation (Figure 25). Surveys at this site prior to
the flood events showed little change in channel bed elevation (Appendix A: RM68). The
elevation change at this site was likely sand deposited by the floods on the channel floor
(Figures 25 and 29). Similar aggradation was apparent as far downstream as RM93 (Figure 29;
Appendix A: RM93). Burkham (1987) reported that bed elevation in the pool at the USGS
gauging station near Phantom Ranch changed as much as 2.5 m annually before the construction
of GCD and subsequent flow regulation. Just upstream from this gauge at 87 Mile, cross-
channel profiles show that up to 2 m of sand was still present on the bed 9 months after the LCR
flood events (Figure 28; Appendix A: 87L). Sites farther downstream (Appendix A: 119R and
on), however, showed little change or a slight decrease in channel sand elevation. These
observations imply that sediment input from the LCR was transported up to 49km (3 Omi)
downstream of the LCR-Colorado River confluence by the relatively short duration floods.
Downstream of the 49km (30mi) zone below the LCR, sand was deposited from the
redistribution of sediment that had accumulated in recirculation zones or on the channel bottom.

Cross-channel profiles constructed from subsequent bathymetric surveying (April, 1994;
November/December, 1994) show a slight to moderate increase in bed elevation (1-2 m) adjacent
to recirculation zones at several study sites downstream of RM93 (Figure 29; Appendix A: RM
123; RM137; RM139; RM194; RM220). The increase in bed elevation had decreased somewhat
by the November 1994 survey but the quantity of sand stored downstream of RM93 appears to be
greater than that measured shortly after or before the floods (Figure 29). This is not surprising as
progressively more sediment accumulates in the channel in the downstream direction (Randle et
al., 1993). These observations and similar cross-section monitoring by the USGS (Graf, et al.,
1993: Jansen, et al., 1995) indicate that even during the reduced flows of the Interim period, main
channel sediment transport is occurring and sediments are being stored on the river bed as well as
in eddy zones. '

Smaller Tributary Impacts

Other geomorphically significant drainages besides the Paria River and LCR can have
significant impacts to Grand Canyon sand bars. These are typically ephemeral streams that
deliver sediment to the river by debris flows and flash floods (Webb et al., 1989). Debris flows
create and maintain the rapids that are the hydraulic controls of the Colorado River (Kieffer,
1985; Webb et al., 1989). The size and extent of resulting debris fans control the size and
locations of eddies (Webb et al., 1991; Melis and Webb, 1993). Side canyon flash floods,
including debris flows, can erode sand bars that reside in these areas or change the geometry of
the debris fans and flow patterns within the eddy. Although the potential for sediment delivery
to the Colorado River is highly variable throughout Grand Canyon, there are, nonetheless, about
525 tributaries that periodically have had flash floods or debris flows (Melis and Webb, 1993).
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Figure 29. Cross-channel profiles from selected sites that show channel bed elevation change, some of which

we attribute to sediment input from the LCR.
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During the Interim Flow period debris flows occurred in Jackass and Tanner canyons,
affecting sand bars under study by changing the eddy hydraulics in which the bars reside. A
small debris flow in Jackass Creek in August 1994 modified the debris fan at the Colorado River.
Historical photographs show that no debris flows have occurred at Badger Rapid after 1890
(Webb et al., 1991). The RM8 separation bar that mantles the downstream portion of the debris
fan was surveyed in November 1994, less than 3 months after the event. It is important to note
that the biggest change in 25 surveys dating back to June 1990 had been 19% in area and 8% in
volume within the HAZ boundary (Appendix A: RM8 volume plots) and thus the site was
considered relatively stable during and prior to Interim Flows. However, the November 1994
survey showed a 49% decrease in area and a 58% decrease in HAZ volume (Appendix A: RMB8).
We hypothesize that changes to the constricting debris flow at this site caused significant
changes to the sand bar.

The Tanner debris flow in August, 1993 altered Tanner rapid (RM68.5) and modified the
constricting debris fan. The pool configuration above the rapid was significantly changed and a
different local stage discharge relationship developed (Figure 30). Hypsometric data from the
upper pool reattachment bar at the RM68 study site show a shift in the area distribution at this
site (Figure 31). Profiles show a progressive building of a reattachment bar downstream of the
area in which the reattachment bar typically resided prior to the upper pool change (Appendix A:
RM68; profile 8). The reworked debris fan at this site has affected both the location of sand bar
deposition and shape of the flow separation zone that exists in the upper pool.
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Figure 30. Stage discharge relationships for the RM68 study site showing the change in specific stage
elevations before and after the debris flow induced changes in the channel constriction (Tanner Rapid).
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Figure 31. Hypsometric curves from the RM68 study site showing the increase in sediment volume at higher
elevations.

Flash floods that have eroded bars or covered them with gravel have occurred at RM-6,
RM45, and RM123. At RM123 a flash flood from Forster Canyon eroded the downstream
portion of the sandbar (Figure 32a and 33a). Fluctuating flows then enlarged this area (Figure
32a and 33a). However, at this site deposition from the LCR winter floods was successful in
rebuilding this bar (Figure 32¢ and 33c). Tributary impacts will become more important because
Interim Flows are no longer high enough to aggrade damaged areas or flush out rapids that have
had post-dam debris flows. Kearsley (1995) documented the destruction of two campsites (RM
157.7R and 160.9R) by localized debris flows and flooding from one storm event on August 20,
1993. In addition to tributary flash floods, direct surface runoff can channelize through the
exposed areas of sand bars and cause extensive erosion. Surficial erosion of the exposed sand
bars is an ubiquitous process that can only be offset by rebuilding sand bars through planned
dam-release floods.
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Figure 32. Photographs from RM123 showing A) the August 1990 flash flood that scoured the downstream
portion of the bar, B) enlargement of the area by fluctuating flows, and C) deposition of sand in the degraded
area after the LCR floods.
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SUMMARY
Sand Bar and Recirculation Zone Adjustment to Interim Flows

Grand Canyon sand bars have adjusted significantly to changes in the local eddy geometry
and restricted flow fluctuations during Interim Flow monitoring. Changes in eddy geometry
occur due to a combination of varying mainstem flow regimes, sand accumulation within the
eddy, and changes in the local geomorphic control. Previous investigations have shown that, due
to the variability in local geomorphology and local reach sediment budget, sand bars respond
differently to varying flow regimes (Schmidt and Graf, 1990; Webb et al., 1991; Andrews,
1991b; Schmidt, 1992; 1995). Our results indicate that a consistent, measurable pattern of sand
bar change has occurred during Interim Flows and that our measurements are indicative of
system-wide behavior of alluvial deposits along the Colorado River.

Interim Flows were implemented to reduce daily flow fluctuations and minimize impacts to
downstream resources, while allowing limited flexibility for power operations (Bureau of
Reclamation, 1994). Many of the adjustments to Interim Flows, such as subaerial sand bar
erosion, deposition at lower bar elevations, sediment storage within smaller eddies, and
encroachment of vegetation were anticipated by research conducted during GCES Phase II. Our
results confirm that the pattern of change has been as predicted. The exposed areas of both
reattachment and separation bars have been eroded (Figure 34). Sediment was transferred from
high (emergent) to low elevations (submergent or daily inundated). Sediment eroded from high-
elevation locations was deposited either in the main channel and transported downstream or
within smaller recirculation zones along the lower portion of the bars below the water level of the
maximum fluctuation (Figure 34b). Seasonal variations in daily minimum and maximum flows
(Figure 3) creates cutbank terraces across the bar platform (Figure 34c). The downstream areas
of reattachment bars became exposed to main-current erosion due to contraction of the
recirculation zones (Figure 34c). Return-current channels associated with reattachment bars that
occupied the area inundated by 566-793 m?/s (20,000-28,000 ft*/s) flows have aggraded with
sand and silt and are no longer connected to the river (Figure 35b). Return channels that are still
open to the river are narrower and shallower because of bankward migration of bar platforms
(Figure 34b). This limits the size and extent of possible native fish backwater habitat since the
bar platform is daily inundated and the return channel has little chance for warming.

Cutbank development was typically observed at the maximum stage of the Interim Flow
fluctuation range. Numerical models of seepage erosion by Budhu (1992) and Budhu and Gobin
(1994) predict that the minimum stage determines the zone between stable and unstable
sediments. It is likely that the Interim criteria of lessened down-ramp rates and restricted flow
fluctuations successfully minimized seepage erosion and that tractive forces were the dominant
erosional mechanism during the Interim Flow period.

Interim Flows have stored sand in recirculation zones, but the smaller size of the eddies
prohibits a system-wide increase in the overall volume of eddy-stored sediment. The depletion
of eddy-stored sand will continue during Interim Flows or similiar flow alternatives, especia.ly in
the sediment-starved reaches above the LCR.
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Figure 34. Schematic diagram of a reattachment bar at low discharge. A) bar morphology prior to Interim
Flows. B) Erosion of bar platform by cutbank migration at lower Interim Flow stage elevations. C) Typical
bar morphology after three years of Interim Flows.
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The process of sand bar adjustment and redistribution of sediments involves the entire eddy
and much of the sand in storage, especially during Interim Flows, is subaqueous. An important
question to consider is whether sand eroded from sand bars during Interim Flows remains within
the recirculation zone and fuels changes within that eddy, as proposed by Budhu and Gobin
(1994), or do these processes strip large quantities of sand from the eddy and result in
downstream transport (Dexter et al., 1994). Although the scope of our study does not allow a
definitive answer to this question, at several sites we have observed that a large percentage of the
sediments eroded from the sand bars are not transported out of the recirculation zone (Figure 21).
This sediment becomes available to rebuild the bar that resides in the same recirculation zone

(Schmidt, 1990).

In the simulations used in the GCD-EIS sediment transport model developed by Bennett
(1993), the amount of sand stored in the eddies is relatively small, seldom exceeding more than
30% of the total in the reach. Our results indicate that the smaller Interim Flow recirculation
zones have accumulated sediments and that deposition has been primarily from redistribution of
sediments eroded upstream from the reattachment point. If sediment storage has been primarily
in recirculation zones then the duration of proposed bar-building and habitat maintenance flows
that are included in the GCD-EIS must be carefully planned so that sustained sediment transport
rates do not result in net erosion of recirculation zones, particularly in upstream sediment
deficient reaches such as the lower Glen Canyon and Marble Canyon reaches (Schmidt et al.,

1993).

Evaluation of Interim Flows and Alternatives

In the GCD-EIS the active width and height of sand bars is used as an indicator of the effects
of flow alternatives (Bureau of Reclamation, 1994). The GCD-EIS impact analysis is based on
the sand bar slope stability model developed by Budhu (1992) and Budhu and Gobin (1994).
According to this model, sand bars are initially deposited at a slope angle between 30 and 32
degrees. As the river stage recedes slope failure occurs due to seepage, high velocities, or wave
action and will progress until an equilibrium profile of about 11 degrees is reached. Reach-
averaged stage discharge relationship and an assumed slope angle of 11 degrees were used to
define the active width and height of a hypothetical bar. In the GCD-EIS evaluation of the
various alternatives, reduced ranges of fluctuations reduce the active width of the sandbars
(Figure 35b). We determined the active width at our study sites by measuring the width of the
sand bar slope between the zone inundated by the range of daily and annual flow fluctuations
(Figure 35 and Table 6). The measured active width and height of the sand bars monitored
during this study are shown in Table 6 to compare with the hypothetical impacts of the Interim
Low and Modified Low Fluctuating Flow Alternatives summarized in Table IV-6 of the GCD-
EIS (Bureau of Reclamation, 1994) to changes measured at individual sand bars during Interim
Flows.

Our measurements show that the active width of sand bars was not reduced during Interim
Flows. Restrictions in flow fluctuation will result in a smaller active width of the sand bar only
immediately following a change to lower flows, such as Interim Flows (Figure 35b). We
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observed that, in as little as 2 months, cut bank retreat had progressively widened the active
width of the sand bars (Figure 35c¢). For these alternatives the annual discharge range is 142
m?/s to 566 m’/s (5,000 ft¥/s to 20,000 ft*/s) and reach averaged active sand bar width was
calculated to range between 7 and 13 m (24 and 41ft). Our measurements (Table 6) show that
although the potential sand bar heights fall within the estimated range in Table IV-6 (GCD-EIS),
the active width as of April 1994 averaged nearly 21 m (68 ft), approximately 7 to 14 m (23 to 46
ft) wider than suggested in the GCD-EIS. These values are similiar (slightly greater than 1 m) to
those measured just prior to the start of Interim Flows (Table 6). Because the active sand bar
width did not decrease during Interim Flows as predicted, some uncertainty exists in the use of
this analysis as an indicator of alternative flow impacts. Analyses based on seepage-driven
erosion models may not be appropriate for evaluating low fluctuatin flow alternatives because
during Interim Flows seepage-driven erosion was minimized and tractive force erosion appeared
to be the dominant erosional mechanism. Future evaluation of flow effects should be based on
results from the long-term monitoring of sand bars.
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Figure 35. Schematic cross sections of the active width and height of a typical sand bar used in the GCD-EIS
for impact analysis of the A) No Action Alternative, and B) Restricted Fluctuating and Steady Flow
Alternatives. Modified from Bureau of Reclamation (1994). The GCD-EIS implies that as the fluctuating
zone is reduced, so too is the zone of unstable sediment and sandbar heights. However, our results C) show
that the Interim Low Fluctuating Flow Alternative leads to a progressively wider active width as cutbanks
migrate across the bar and sand is transferred to low-elevation locations.
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Table 6. Average study site sand bar height and active width

Active Width | Active Width

Site? Height m(ft)® m(ft)° m(ft)°

07/91 04/94
-6R 1.63 (5.35) 23.60 (77.43) 24.40  (80.05)
3L 2.18  (7.15) 27.9 (91.54) 33.80 (110.89)
8L 1.67 _ (5.48) 1540  (50.52) 1560 (51.18)
161 227 (7.45) 20.75 (68.08) 23.33 (76.55)
22R 3.66 (12.01) 22.50  (73.82) 30.67 (100.61)
30R 3.13 (1027 18.80  (61.68) 2340  (76.77)
31R 1.85 (6.07) 24.00  (78.74) 25.00  (82.02)
431, 219 (719 11.40 __ (37.40) 10.08  (32.43)
451, 244  (8.01) 14.40  (47.24) 15.40  (50.52)
47R 1.76 _ (5.77) 3840 (125.98) 32.40 (106.30)
50R 224 (7.35) 12.80  (41.99) 17.00  (55.77)
S1L 1.95  (6.33) 23.83 (78.19) 21.33 (69.99)
81L 2.69 (8.83) 10.30  (33.79) 820 (26.90)
871 2.65 (8.69) 5.63 (18.45) 7.5 (25.43)
91R 251 (8.23) 10.50 (3445 8.50  (27.89)
931, 1.59 _(5.22) 7.60  (24.93) 980 (32.15)
104R 2.76 _ (9.06) 1230  (40.35) 1040  (34.12)
119R 2.64 _ (8.66) 19.80  (64.96) 15.40  (50.52)
122R 269 (8.83) 38.40 (12598 20.00  (65.62)
1231 220 (7.22) 13.63 (44.70) 14.00  (45.93)
1371 261  (8.56) 30.50  (100.07) 31.00 (101.71)
139R 245  (8.04) 11.17 (36.64) 12.83 (42.10)
145L 3.01 (9.88) 8.88 (29.12) 9.75 (31.99)
172L 2.04  (6.69) 33.25 (109.09) 34.50 (113.19)
183R 240 (7.87) 37.00  (i21.39) 27.40 _ (89.90)
194L .86 (6.10) 62.00 (203.41) 13.67  (44.84)
202R 2.03  (6.66) 15.10  (49.54) 12.80 (41.99)
213L 1.86  (6.10Q) 9.80 (32.15) 11.00  (36.09)
220R 1.96  (6.43) 820 (26.90) 10.00  (32.81)
225R 213  (6.99) 4.13 (13.53) 6.75 (22.15)
Average 229 (7.52) | 1973  (64.74) | 20.83  (68.35)
Std. Dev. 47 (1.56) 12.48 (40.94) 12.77 (41.91)

2RM68 excluded from this analysis because of the upper pool change upstream of Tanner Rapid.

®Sand bar height derived from difference in water-surface elevations between 142 m’/s and 566 m?/s in the stage-
discharge relationship developed for each site in Appendix A.

°Active sand bar widths derived from the profiles in Appendix A for each site and are calculated from the
differences in river stage corresponding to the 142 m*/s and 566 m*/s discharge elevations.
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Management Implications

The system wide changes we have described in this report indicate that Interim Flows did little
to decrease erosion of sand bars and we conclude that Interim Flow objectives are only partially
being met. Sediment accumulated in smaller recirculation zones but erosion of sediment at
higher bar elevations was not being replaced (Figure 36). Sand bars should be considered the
preferred location for storing sediment because sediment stored in bars is removed from
downstream mainstem transport and becomes available for riparian habitat development and
recreational camping area. Removing sediment from mainstem transport maximizes the
residence time of sediment at a particular site and minimizes the eventual transport of sediment

A. Interim Flows

Bank Retreat Results in Transfer of i
Sediment from High to Low Elevation l - 892 m3/s
b River Stage
¢ Fluctuation
t ------- -4 28 m3/s
| Active Width -
B. Beach/Habitat-Buildirg Flow
: — Profile after Flood Flow -
. Bank Retreat
/_ -+ 892 m3ss
: i.:‘Potentiéily Unst‘ab'le'fSedimght" L
! v : : L s RN T e e _ 281’113/5

| ——— Active Width ==

C. Modified Low Fluctuating Flow with Habitat Maintenance Flows
Bar Rebuilt AboveNormal Peak Stage Profile after Habitat ]

— / / Maintenance Flow

892 m3/s

|

Bar Profile Prior to ‘ .
Habitat Maintenance Flow:

28 m3/s

1

|4 Active Width =]

Figure 36. Schematic cross sections of the active width and height of a hypothetical sand bar. In A) Interim
Flows, B) after a Beach Habitat-Building Flow, and C) after a Habitat Maintenance Flow. Both B and C are
shown following the return to the Modified Low Fluctuating Flow Alternative.
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downstream. Erosion is a ubiquitous process that continually decreases the size of sand bars.
We have observed a trend of decreasing sediment volume within recirculation zones during
Interim Flows (Figure 37). Sediment stored as sand bars can be maintained by raising mainstem
flows and depositing sand at higher elevations (Figures 36 and 37).
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Figure 37. Schematic diagram of volume changes within recirculation zones over time with and without dam-
release floods

If return channels are a desirable feature to resource managers, floods are needed to restructure
return channels and increase the number of backwaters. Floods supposedly increase the number
of backwaters by scouring the return-current channels and removing vegetation (Bureau of
Reclamation, 1994). Our observations of natural, sediment-rich, short duration floods from the
LCR reveal that return channels actually aggraded with sediment. A clear-water, dam-release
flood needs to be of sufficient duration to achieve the desired return-channel restructuring
without degrading the deposit. High flow releases are included in both the Moderate and
Modified Low Fluctuating Flow Alternatives. Habitat Maintenance Flows are high, steady
releases within powerplant capacity that would occur nearly every year in the spring.
Beach/Habitat-Building Floods might be as high as 1,274 m?/s to 1,472 m*/s (45,000 to 52,000
ft°/s) but the optimum duration has not been decided (Bureau of Reclamation, 1994).
Maintenance of sand bars depends on determining the duration and discharge which will build
bars and restructure habitats without causing a net depletion of sand (Andrews, 1991b)

Based on existing data, we support the EIS Preferred Alternative, which combines periodic
dam-release flood flows from GCD, the reduced sediment transport rates of Interim Flows, and
the opportunity to determine the effects of seasonally adjusted steady flows. Although the
reduction in the daily fluctuations of discharge represented by Interim Flows did not eliminate or
even possibly reduce the erosion of sand bars, this type of flow restriction does, however,
decrease the frequency and duration of bar submergence (Rubin, et al., 1995) and increases the
net sediment budget in the canyon (Smith et al., 1993; Randle et al., 1993; Bennet, 1993). The
Modified Low Fluctating Flow Alternative may be preferable as it will result in bars that are
emergent for longer time periods during the year. This will increase camping area, riparian
habitat, and backwaters. The most critical aspect of this and other alternatives is a yearly high-
water release from GCD to replace sediment eroded during the remainder of the year. Continued
monitoring and research is needed to determine the effects of this, and future dam management
strategies.
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CONCLUSIONS
Interim Flows have significantly eroded Colorado River sand bars.
Interim Flow operations from GCD have resulted in deposition within smaller recirculation
zones below the maximum Interim Flow stage elevation along the lower portions of many sand
bars
Sand bars were eroded by tractive forces (cutbank erosion and/or rapid erosion events).

Seepage erosion was minimized during Interim Flows.

Interim Flows have led to a trend of decreasing sediment volume contained within
recirculation zones.

Occasional "bar-building flows" near, or in excess of GCD power-plant capacity are necessary to
redistribute sediment from river-storage to bar elevations not reached by GCD Interim Flows and

maintain sand bar volume.

"Bar-building flows" at or near powerplant capacity do redistribute sediment to higher
elevations.

Natural, short-duration floods from the LCR aggraded sand bars and in-filled return current
channels.

Smaller return current channels developed during Interim Flows and higher discharge return
channel areas were stranded above Interim Flow levels and/or filled with sediment.

Biannual sand bar surveys can detect system-wide changes in sedment storage.
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RUNID

3 Mile

SURYEY FLOW JULIAN HAZ HAZ % VOL. ABS. Ve A
DATE EVALUATED DAYS AREA VOLUME AREA CH. VOL CH. AREA CH. VOL CH.
NORM
NORM
G
F
NORM
200914 NORM 257 2487 2793
900928 E 271 2723 3109 236 3186 949 11.31
901012 A 285 2670 3155 -53 456 -1.95 1.48
90 10268 8000 CFS 299 2722 3181 52 8 1.95 0.19
901108 NORM 313 2754 3122 32 -39 1.18 -1.23
NORM
811228 11000 CFS 362 2897 3219 143 97 5.19 N
410111 C 376 2989 3444 82 225 3.18 6.99
910125 NORM 320 2861 3250 -128 -154 -4.28 -5.63
910208 B 404 2866 3200 5 -50 0.17 -1.54
910419 NORM 474 2769 3230 -87 30 -3.38 0.54
910503 NORM 488 2826 3195 57 -35 2.08 -1.08
910517 D 502 2874 3542 48 347 1.70 10.88
910531 15000 CFS 518 2835 3578 -39 36 -1.36 1.02
910628 NORM 544 2728 3591 -109 13 -3.84 0.36
910712 G 558 2850 3608 224 15 8.22 0.42
910726 F 572 3018 3564 66 -42 2.24 -1.16
911123 INT 682 2467 2640 -549 -924 -18.20 -25.93
921018 INT 1019 3601 4052 1134 1412 4597 53.48
930401 INT 1187 3448 3995 -183 -57 -4.25 -1.41
931007 INT 1378 2774 3249 674 ~746 -19.55 -18.87
ELERRN INT 1417 2401 3081 -373 -188 -13.45 -5.79
$40407 INT 1858 3130 3417 729 356 30.36 11.83
941021 INT 1755 2884 3100 -266 -317 -8.50 -9.28
sg 1990, 191 a9 1993 1994 0,
T i ' ! ! T
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T | g
s | | 13600 E
IR : P
/ » 13400 3
5 | \ : S
L | L >
15 L ! 13200 ;’\1:
1
)z + : z
T | 13000
1
35 ‘ : ! 1
45 o ‘/" ; : 12800
ti 3 1
+ Lo ] t
S5 e & 1 12600
150 300 450 60G 750 900 105012001350150016501800

Julian Days

f
\

S ;
| —m— %0 volume change e 1IAZ volume




3 Mile |
Hypsometric Curves I
1.0 .
: 1
08 —- err e - I
B
= e 7 ‘\
T 06 — \\\ T
: W |
£ e BRI NN i
2 04 — —@— 111793 1 \ \.\‘:\- A
| —A— 00784 | N\ s l
— | W
e 102184 | e
02 —  N— J T I
ﬂ i
+
0.0 ‘ , - l
i i i i ‘
l | ! i :
00 02 04 06 08 1.0
Relative Area (a/A) l
Stage Discharge
96.50 ——
- |
96.00 —
i /
i pd
95.50 e I
_ e
— . //
E 9500
‘S B /,/.
:‘-‘: /'/
2 0450 o
a hd l
94.00 yd
93.50 , l
L
93.00 l
4000 8000 12000 16000 20000 24000 28000
Discharge (ft'/s) l




Elevation (m)

Elevation (m)

3 MILE
Area Distribution Histograms
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8 Mile

SURVEY FLOW JULEIAN HAZ HAZ %% VOL. ABS. “a e
RUNID DATE EVALUATED DAYS AREA VOLUME AREA CH. VOL CHL. AREA CH. VOL CH.
A NORM
B NORM
c G
D 800725 F 206 1630 1416
3 NORM
F 800915 NORM 258 1559 1432 71 16 -4.36 1.13
G 900929 E 272 1573 1468 14 36 0.90 2.51
H 801013 A 286 1558 1360 -15 -108 -0.95 -7.36
| 901027 8000 CFS 300 1605 1401 47 41 3.02 3.01
J 901110 NORM 314 1585 1348 .20 -53 «1.25 -3.78
K 901215 NORM 349 1587 1342 2 ) 0.13 0.45
L 901229 11000 CFS 363 1574 1430 -13 88 .82 6.56
M 910112 [ 377 1611 1464 37 34 235 2.38
N 810126 NORM 391 1591 1381 -20 -83 -1.24 567
o} 910209 B 405 1511 1370 80 =11 -5.03 -0.80
P 910419 NORM 474 1502 1337 -9 -33 -0.60 -2.41
Q 910503 NORM 488 1506 1343 4 6 0.27 0.45
R 910518 D 503 1643 1411 137 68 8.10 5.06
S 810601 15000 CFS 517 1571 1360 72 -51 -4.38 361
T 910629 NORM 545 1534 1365 -37 5 -2.36 0.37
v 910713 G 559 1496 1387 -38 22 .2.48 161
Vv 910727 F 5§73 1482 1351 -14 -36 -0.54 -2.60
X 911122 INT 691 1524 1316 42 -35 2.83 -2.59
Y 921015 INT 1019 1729 1354 205 38 13.45 2.89
2 930401 INT 1187 1788 1408 59 54 341 3.89
BO4 931008 INT 1377 1440 1301 -348 -107 -19.46 -7.60
Co4 940408 INT 1559 1403 1286 37 -15 -2.57 -1.15
Do4 841120 INT 1785 720 541 -683 -745 -48.68 -57.93
60 190 1991 1992 1500
1400
1300
1200 °§
o 1100 b
£ =
s 1000 5
@) @]
© 900 ;
800 =
30 © | -
401 | | 700
50 | : 1600
H : ‘ ,
160 et .. E500

150 300 450 600 750 900 105012001350135001650 1800
Julian Days

P
" —m= % volume change e-- HAZ volume
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16 Mile

SURVEY FLOW JULIAN HAZ HAZ *% VOL. ABS. % Y
RUNID DATE EVALUATED DAYS AREA VOLUME AREA CH. YOL CH. AREA CH. VOL CH.
A NORM
B NORM
[ 500714 G 195 1047 1478
D 900728 F 209 1115 1555 &8 77 6.45 5.21
E 910517 NORM
F 900815 NORM 258 1207 1761 1207 1761 825 13.25
G 900929 E 272 1294 1880 87 113 7.21 6.76
H 901013 A 286 1288 1794 £ 86 -0.46 -4.57
| 901027 8000 CFS 300 1298 1838 10 44 0.78 2.45
J 901110 NORM 314 1292 1758 6 80 -0.46 435
K 801215 NORM 349 1328 1827 36 69 2.79 3.92
L 911229 11000 CFS 363 1338 1848 10 21 0.75 1.15
M 910112 [ 377 1368 1948 30 100 224 5.41
N 810126 NORM kish} 1343 1832 -25 -116 -1.83 -5.95
(o} 910209 8 405 1346 1820 3 -12 0.22 -0.66
P 910420 NORM 475 1379 1835 33 15 2.45 0.82
Q 810504 NORM 489 1362 1753 -17 82 -1.23 -4.47
R 910518 D 503 1083 1584 -279 -169 -20.48 -9.64
S 910601 15000 CFS 517 1110 1564 27 -20 2.49 -1.26
T 910629 NORM 545 1207 1631 97 67 8.74 4.28
u 910713 G £59 1248 1663 41 32 3.40 1.96
\" 910727 F 573 1280 1722 32 59 2.56 3.55
Y 921016 INT 1020 1549 2103 269 381 21.02 2213
BOS 931008 INT 1377 981 1316 -568 -787 -36.67 -37.42
Co05 940408 INT 1559 1122 1386 141 70 14.37 5.32
DOS 941120 INT 1786 864 1093 -258 -293 -22.99 -21.14
50 1990 ! 1991 : 1992 : 1993 | 1994 _;2200
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16 Mile I
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22 Mile

SURVEY FLOW JULIAN HAZ HAZ *% VOL., ABS, Y L
RUN ID DATE EVALUATED DAYS AREA YOLUME AREA CH. YOL CH. AREA CIL. VOL CH.
A NORM
8 NORM
C G
8] F
€ NORM
F NCRM
G 900930 E 273 1703 3534
H A
| 901028 8000 CFS 301 1660 3421 -43 -113 -2.52 -3.20
J 801111 NORM 218 1694 3430 34 ] 2.05 0.26
K 901216 NORM 350 1658 3363 -36 67 213 -1.95
L 901230 11000 CFS 364 1625 3438 -33 75 -1.99 223
M 910113 C 378 1685 3494 60 56 3.69 1.63
N 910127 NORM 392 1636 3409 -49 -85 -2.91 243
o] 910209 B 405 1624 3379 -12 -30 0.73 .88
P 8910420 NORM 475 1633 3451 9 72 0.55 2.13
Q 910504 NORM 489 1550 3306 83 -145 -5.08 4.20
R 910519 D 504 1908 3731 358 425 23.10 12.86
S 310601 15000 CFS 517 1787 3586 -121 -145 634 -3.89
T 910629 NORM 845 1866 3731 79 145 442 404
U 910713 G 559 1777 3680 -89 51 477 -1.37
Vv 910727 F 573 1727 3578 -50 -102 -2.81 2.77
X 911025 INT 663 1474 3197 <253 -381 -14.65 -10.65
Y 921016 INT 1020 1593 3276 119 79 8.07 247
z 930402 INT 1188 1819 3531 226 255 14.19 7.78
BO6 831008 INT 1377 2012 4008 193 477 10.61 13.51
[of0 ) 940408 INT 1560 1994 3930 -18 .78 -0.89 -1.95
D06 941121 iNT 1788 1843 3600 151 =330 -7.57 8.40
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30 Mile

SURMVEY FLOW JULIAN HAZ HAZ % VOL.. ABS L D
RUNID DATFE EVALUATED DAYS ARFA VOLUME AREACH VOO AREAN CHEL VOL CHL
A NORM N
2 NORM
ol G
c F
3 NORM
F NORM
G E
H <01014 A 287 3732 7336
i 301028 8000 CFS 301 3672 7314 -60 -22 -1.61 020
J 201111 NORM 315 3655 7216 -17 -23 46 -1 34
K 201216 NORM 350 3705 6889 50 2327 1.37 -4.53
t. 301230 11000 CFS 364 3686 7061 -19 172 -0.51 2.50
1 210113 [od 378 3813 7140 127 73 345 1.12
N 910125 NORM 390 3812 6953 -1 <187 -0.03 -2.62
0 910210 B 406 3762 6673 -50 -280 -1.31 403
P $10420 NORM 475 3741 6631 =21 22 -0.56 -0.63
Q 810506 NORM 491 3752 6525 11 Bact 0.29 -1.60
R $10519 D 504 3794 7352 42 €27 1.12 12.67
S 910602 15000 CFS 518 3765 7076 -29 -276 076 -3.75
T 310630 NORM 546 3444 7292 -321 223 853 3.15
[§] 910714 G 560 3569 7254 125 45 3.63 062
\") 910728 F 574 3656 7366 87 112 2.44 1.54
¥4 930402 INT 1188 3377 5662 =278 -1704 -7.63 -23.13
807 931008 INT 1378 2379 3708 -998 -1654 -29.55 -34.51
co7 840409 INT 1560 2822 3969 543 261 2282 7.04
po7 841121 INT 1786 2747 3967 -175 -2 -5.99 -0.05
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30 MILE
Area Distribution Diagrams

4/02/93

Elevation (m)
R
Elevation (m)

T T T

0 250 500 2750 1000
Area (m”)
102 4/09/94
100
98
96
94
92
90
88
86
84

Elevation (m)
Elevation (m)

IR
0 250 500 750 1000
Area(m”)

102 10/09/93
100 —
98 —
96

| - |
0 250 500 750
Area(m”)

102 4/21/94
100
98
96
94
92
90
88
86
84

T Tt
0 250 500 750 1000
Area (m”)







: { AW
SO jonua) Adang ! \
. [

_‘
OON T DS _

sery o N

suonrao ddweg

_
I
SaUrY QoI W
- w i

sydurdnengauawpoy | » _

NISILRTS IRHBITHS) ﬂ (@) _

SINDIY UL SUOLRA]

NP




H6/01/70 €6/60/01 = €6/01/40 — - TEILIOT - =~ 16/9T/01 ——— 16/STILO —= - |

(ur) aoue)sI(
ool 08L OLL 091 OSI Ovl 0Ocl OCI OIl 001 06 08

i
i
{
-
e
i
1
|
.

88

N L , 06

4
Iy

140

96

295/ H000°s
.ob.w\m. ENVN

(wr) uoneas[yq

w6z /6 36

001

[:§ =9'A

o — 2ol

7d [uueyo-ssoI1)

M T¢




Yo/0L/F0 - - £6/60/01 - = £6/01/40 -~ — - CTO/LL/OL - + - 16/9C/01 ——— 16/8C/LO —=

(ur) 2ouelsiq
oSl  svl Okl <S¢ ogl <S¢l ocl SiI Ot SOl 00L S6 06

26
| €6
6

96
wW6zL6 L6

36
.Ez\w %chm‘ - RN N wpl66 | 66

298/ W99G /
" 001

[:9 ="2°A

23S/, H000°s
025/ wzpl

(wr) uoneasryq

7d 210ys-1BaN



F6/01/+0)
00C 061 081
P

A H000's
.Vk,,.\m. :NNW\

[:6="9A

(w) 9ouelsig

£6/60/01 = €6/01/VO - - - TO/LT/OL - v - 16/9T/01 - — 16/8T/LO - -

¢d [ouUBYD-SSOI1D)

M 1€

091 0OSt Ovl 0¢l 0Oc¢l OIT 001 06
T s B e o T e e fe -
/A/Ho //f;ﬂ/lJ/h.«u.r, e WETLE

08

88

06

6

Y6

96

86

001

(wr) uoneA9drq




+6/01/10

0os1 syl Ovl Sl
[ -

v
-t
v
o
-
® N .
- ™ ~ N
/izwl N .
N /(/
-
SN
. l/ - ey mm
N\ AN -
AN
h -
/.,//«// v V.
208/ Ho0o°‘s R

.E,,.\m e d

208/, 100002
.ia\« HQyg

[:9 ="0°A

€6/60/01 = €6/01/¥0

™~

¢6/LT/01 -~ - 16/9T/01 - 16/8°/LO0 = |

) ‘ o/

(w) QdueISI(J

0cT 6¢t ocl SI1 oIt sor 001 ¢S6 06

e e L s e e S B |

i
i

WGT'L6

|
P

e 0PI

%

¢d 210Ys-1BaN

16
6

148
S6
96
L6
36
66
001
101

(wr) uoneasry




vo/01/v0

£6/60/01 - = €6/01/¥0 - — -~ TO/LLOL - - 16/9T/01 —— 16/8T/ILO - =

(ur) doueysi(q

00c 061 081 0l  O¥L  0¢tl

0L1T 091

0c1

011

0as/_H000°S
.E,,.\m mepr

[:6 ="9°A

yd [oUURYD-SSOID)

M I€

001 06

!
i
/

08

06

6

148

96

() uoneAd[yq

o0
@)

001

0l




FO/01/10 £o/60/01 = £6/01/10 ¢o/L1/0L v 16/9C/01 16/8C/LO0 =

~

s

() douessI(q
oSl syl ovl <s¢€1 0¢l STl Ocl S1L OIl SOl 001  S6 06

T P _ S S , — __ } i|;4_ L:v||._.iii;llx ,;_lix._l.!., _ U ];*

16
6

. €6
B STl 6
.//,0///“%,/,,, l////l/-r mo

- //ﬂq — - . } @ @
228/_H000° T e I 16

_— R W6ET'L6 |

(wr) uonea9ryq

g8/ wzEr e 44_.!&4!”,/.//./#9 o
: R T 30

000" Save
Ve doooor o B 1
298/ QY o w66 BN

| 001

R - - 101

[:9 ="9'A

yd 2I0YS-TBON




CPO/O1F0 - - €6/60/01 --=- - €6/0L/H0 - — - TO/LI/OT -~ - 16/9C/01 ——— 16/STULO —= -

———— \

(wr) Qoueysi(]
Olc 00C 06l 08I OLL 091 OSL Ovl 0O¢T OcCl OIT 00T 06 08

e B B e S e e 98
B 88
_ ....\ " 06
. - m ]
- " - 6 o
- -J A
. T e
E)
. 96 —
298/ H000°S
o8/ Wzpl . o 36
[:§ =9A 001

9d [QUURYD-SSOI)

M T€




+6/01/¥0 €6/60/01 = - €6/01/40 - — -~ CTO/LT/OL - v - 16/9T/01 ——— 16/8°/LO - =- \4

(ur) QouelsIq
orl <S¢l ogl  <sZ@ Oocl Sil OIf SO0l 00 S6 06 ¢8 03

] - i - - - ) | N@
v , - J/ ,
‘ l//ﬂ< h - mm
/ /./‘/4,/ v = = ~
lu///,”,/ N - - .vm
,/”,/.,,/4/ S - H
N\ T Pd
/IM//// = III ma ﬂAd
/l/ - o
// 1.
Ne T. %0 W
) ¥ /// . N
205/_1000°S . ST T wez L6 LO £}
27 Urs . R 2 <<MWHMV...VMW. , - 36 ~
ay oo ", MPI66| 66
238/ W99 //w/_ao,

ﬂ./// 001
[:0="0A S~

A | S ot

9d 2I0US-IBIN




32 Mile

SURVFEY F1LOW AULTAN HAZ HAZ o VOLL. ABS. Y Y
RUNID DALE FVALUATED DAY ARE A VOLUME V=Nt AREA CIE VOL CH. ARFACHI VOL O
A NORM
8 NORM
Cc G
D F
€ 900829 NORM 241 1924 1941 945
F 900916 NCRM 259 1972 1933 94 1 -8 -0.3892944039 -0 41 B
G 900930 € 273 1957 2039 99.2 106 5.1581508516 5.48 £43
H 801015 A 288 2032 1919 93.4 -14  -0.6812652068 -0.72 L£72
1 901029 8000 CFS 202 2083 2009 978 90  4.3795620438 489 459
J 901112 NCRM 316 2048 1997 97.2 .12 -0.5839416058 -0.60
K 901217 NORM 3351 20686 2072 100.8 75  3.6496350365 378
L 801231 11000 CFS 365 2054 2032 989 -40 -1.9464720195 -1.83 -183
M 910114 c 378 2111 1989 96.8 -43  -2.0924574209 -2.12 -2.12
N 910128 NORM 393 2048 1920 834 -69 -3.3576642336 -3.47 -2.47
(o] 910210 B8 406 2035 1818 885§ -102 -4.9635036496 -5.31 -5.31
P 910421 NORM 476 2084 1878 91.4 60 2.9197080292 3.30 3.30
Q 910505 NORM 430 2071 1909 92.9 31 15085158151 1.65 185
R 910519 D 504 2173 1960 95.4 §1 24817518248 2.87 287
S 910602 15000 CFS 518 2185 1905 827 -55 -2.6763990268 -2.81 -2.81
T 910630 NORM 546 2289 2020 383 115 5596107056 6.04 8.04
U 910714 G 560 2343 2026 98.6 6 0.2919708029 0.30 0.30
A 910728 F 574 2407 2055 100.0 29 14111922141 1.43 1.43
w 910925 INT 633 2400 2013 98.0 -42 -2.0437956204 -2.04 -2.04
X 911026 INT 664 2298 1936 94.2 <77 -3.7469586375 -3.83 -3.83
Y 921017 INT 1021 2884 2033 98.9 97  4.7201946472 5.01 5.01
Z 930403 INT 1189 3333 2124 103.4 91  4.4282238443 4.48 4.48
BO8 931009 INT 1378 2130 1740 847 -384 -18.686131387 -18.08 -18.08
cos 940410 INT 1561 231§ 1806 879 66 3.2116788321 3.79 379
oo8 841121 INT 1788 2299 1701 502 -105 -37.676600109 -5.81 -42.87
1990 1991 1992 | 1993 1994
50 | | : 2200
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o 10 2000 =
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43 Mile

SURVEY FL.OW JULIAN 1HAZ HAZ % VOL.. ABS. “n Yo
RUNID DATE EVALUATED DAYS AREA VOLUME AREA CH. VOL CIE AREA CH. VOL CH.
A NGRM
8 NCaM
C G
5] =
E NCEM
F 902314 NCEM 287 1736 3347
G 90C328 E 271 1849 3507 113 160 651 478
H Q01012 A 285 1908 3496 170 149 9.7% 445
1 901028 8000 CFS 299 1882 3424 -24 <72 -128 -2.C8
J 901109 NCRM 313 1858 3424 -24 4] -1.28 0.00
K 801244 NORM 348 1967 3492 109 68 587 1.69
L 11000 CFS
M 910111 c 376 1934 3386 -33 -1068 -1.68 -3.04
N 910125 NCRM 330 1955 3460 21 74 1.09 2.19
(o} 910208 8 404 1872 3401 -83 -59 -4.25 -1.71
P 910419 NCRM 474 2069 3504 197 103 10.52 3c3
Q 910505 NORM 490 2003 3484 £6 -20 -3.19 057
R 910520 o} 505 2038 3519 33 35 1.65 1.00
S 910602 15000 CFS 518 2069 3517 33 -2 1.62 -0.06
T 910628 NCRM 544 2118 3668 49 151 237 429
U 910712 G 558 2100 3635 -18 -33 -0.85 -0.90
v 910726 F 572 2107 3681 7 26 0.33 072
w 910926 INT 834 1903 3629 -204 -32 -9.68 -0.87
X 911028 INT 664 1959 3610 56 -19 2.94 -0.52
Y 921019 INT 1023 1844 3453 -115 -157 -5.87 -4.35
b4 930403 INT 1189 1723 3285 -121 -168 £56 -4.27
B10 931010 INT 1380 1744 3380 21 95 122 2.89
c10 940410 INT 1561 1974 3616 230 236 13.18 8.98
D10 941122 INT 1787 1794 3295 -180 -321 -9.12 -8.88
o 1990, 9T oae2 1993 1994 4500
T | ! | ]
+ I 1
40 - : : 7 !
i ' ' 1 |
- 1 1 t I P
30 ! | : 13600
. ] t
20 i i —_
T ) ! ©
L | ; £
g 10 - | | 13500
g - : /L g
2 0 : : =
! ! +
< -10 - 4 / 3400 Z,
20 + o ; : : =
4 T ! | :
230 - : : ! 3300
] I
l \
-40 — , : :
50 e ‘*"!'!Eft';‘:"‘!!*!‘*:1}!:&1H'+.3200
150 300 450 600 730 900 105012001350150016501800
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43 MILE
Area Distribution Histograms
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45 Mile

SURVEY HLOW JULIAN HAZ HAZ e VOL. ABS. e e
RUNID DATE EVALUATED DAYS AREA VOLUME AREA CH. VOL CH. AREA CH. VOL CH.
A NORM
8 NCRM
C G
o] F
3 NCRM
F NORM
G E
H 901012 A 285 2578 3801
| 901026 8000 CFS 299 2417 3107 -161 694 -8.25 -18.26
J 901109 NORM 313 2551 3618 134 g1 5.54 16.45
K 901214 NORM 348 2611 3802 &0 184 235 5.09
L 901228 11000 CFS 362 2722 3663 111 -139 4,25 -3.66
M 910111 o] 376 2688 3642 -34 <21 -1.25 0.57
N 810125 NORM 380 2577 3502 -111 -14C -4.13 -3.84
o} 910208 B 404 2604 3663 27 161 1.05 460
P 910419 NORM 474 2623 3478 19 -185 073 -5.05
Q 910502 NORM 487 2633 3776 10 298 0.38 8.57
R 910517 D 502 2632 3481 -1 -295 -0.04 -7.81
S 910603 15000 CFS 519 2674 3536 42 55 1.60 1.58
T 910628 NORM 544 2646 3552 -28 16 -1.05 0.45
[¥] 910712 G 558 2675 3586 29 34 1.10 0.96
\' 810726 F 572 2585 3456 -90 -130 -3.36 -3.63
w 910926 INT 634 2656 3549 71 93 275 269
Y 921019 INT 1023 2479 3119 -177 430 £.66 -12.12
B11 931010 INT 1379 2498 3121 19 2 077 .06
ci 940411 INT 1562 2550 3133 52 12 2.08 0.38
D11 941122 INT 1787 2485 3062 65 7 -2.55 227
50 1990 | 1991 , 1992 ' 1993 , 1994 3900
+ ! | i 1
1 | ! 1
40 + o ; | | +3800
0L |y | : | I
T | | | | £3700
ee ) ' i +
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| i : 5 i %3600 =
9 10 L | | : | =
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o . | %3400 2
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|
50 L : 3200
+ ' T
40 L e ; | 13100
T . X , , +
i ' ' : ' t
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Elevation (m)
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Hypsometric Curves
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Elevation (m)
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45 MILE
Area Distribution Histograms
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47 Mile

SURVEY FLOW SJULIAN HAZ HAZ % VOL. ABS. % 4
RUN ID DATE EVALUATED DAYS AREA VOLUME AREA CH. VOL CH. AREA CH. VOL CH.
A NORM
8 NORM
c 907014 G 195 6575 6708
D 900728 F 209 6914 6989 339 281 56 413
£ NORM
F 500915 NORM 258 7555 8141 641 1152 927 16,48
G 900929 E 272 7829 9090 274 949 363 116
H 901013 A 286 7693 8077 138 54 1.83 079
] 901027 8000 CFS 300 7728 8173 35 9% 0.45 119
J 901110 NORM 314 7615 8421 113 248 -1.46 303
K 901215 NORM 349 7628 8507 13 86 .17 102
L 11000 CFS
M 910112 o arr 7298 8200 -330 -307 433 -351
N 910126 NORM 391 7216 8144 -82 -56 -1.12 068
o} 910209 B 405 7083 7915 133 229 -1.84 -2.81
P 910420 NORM 475 6796 7393 287 522 405 £.60
Q 910503 NORM 488
R 910518 D 503 6801 7366 5 27 0.07 037
s 900601 15000 CFS 517 6643 7428 -158 62 2.32 0.84
T 910629 NORM 545 6951 7653 308 225 464 303
u 910713 G 559 7105 7781 154 128 222 167
v 910727 F 573 7180 7647 75 134 1.06 1.72
Y 921020 INT 1026 5923 5790 -1257 -1857 -17.51 2428
B12 931011 INT 1388 6078 5761 155 29 262 0.50
c12 940411 INT 1562 5273 5313 -805 448 -13.24 -7.78
D12 941123 INT 1788 5028 5248 -245 65 465 .22
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50 Mile

SLRVEY FLOW JULIAN HAZ HAZ “a VOL. ABS. 4 kA
RUN ID DATE EVALUATED DAYS AREA VOLUME AREA CHL VOL CH. AREA CIL VOLCHL
A NORM
B NORM
c G
D F
€ NORM
F 900915 NORM 258 2417 3068
G E
H 901013 A 286 2301 3862 -26 -106 -1.08 257
I 901029 8000 CFS 302 2377 3881 -14 19 0.59 0.49
J 901110 NORM 314 2331 3867 -46 14 -1.94 £36
K 901215 NORM 348 2351 3828 20 -39 0.86 -1.01
L 901229 11000 CFS 363 2359 2880 8 52 0.34 136
M 910113 c 378 2369 a7es 10 -115 0.42 2.9
N 910127 NORM 392 2350 3698 -19 57 -0.80 -1.78
o} 910209 B 405 2363 3739 13 41 0.55 1.11
P 910420 NORM 475 2340 3484 23 -255 097 £.82
Q 910504 NORM 489 2341 3462 1 22 0.04 063
R 910518 D 503 2385 3584 44 122 1.88 352
S 910601 15000 CFS 517 2369 3529 -16 -85 -0.67 -1.53
T 910629 NORM 545 2500 3981 131 452 553 12.81
U 910713 G 559 2507 4069 7 88 0.28 221
v 910730 F 576 2452 3921 55 -148 219 364
Y 921020 INT 1024 1952 2390 -500 -1531 2039 -39.05
z 930404 INT 1189 2099 2394 147 4 7.53 017
B13 931011 INT 1381 2475 2782 376 388 17.91 16.21
c13 940411 INT 1562 2547 2732 72 50 2.91 -1.80
D13 941123 INT 1788 1648 2101 -899 531 -35.30 23.10
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