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Water Body Connectivity and the Clean Water Act
Can a new Clean Water Act rule improve the physical,
chemical and biological integrity of the Nation’s waters?
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Environmental Flows in a Time of Drought
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when water is in short supply?
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“The West Without Water”
Conference attendees are invited to submit abstracts
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High Flow Experiments in the
Colorado River Ecosystem
downstream from Glen
Canyon Dam - insights from
sediment transport data

= USGS

science for a changing world

Grand Canyon Monitoring and Research Center Department of Watershed Sciences
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Downstream from Glen

The HFE Protocol defines two seasons of accumulation and
two seasons when controlled floods (called High Flow
Experiments — HFES) can occuir.
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1) When fine sediment enters the
river from tributaries ...

Conceptual model of how
Colorado River flows interact
with the available fine
sediment supply.

2) ... this sand and mud is quickly
transported downstream.

Time to export half of a hypotheti

500,000 ton input of Paria River

RM87 (Rubin et al., 2002).
3) Controlled floods mobilize the sand
on the bed, thereby transporting sand
downstream and depositing a
proportion along the channel margin.
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The essential paradigm - sand cannot
be accumulated for multi-year periods.



GCMRC Sediment Transport Research

Group (Topping et al.)

Arizona Water Science Center

Utah Water Science Center
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“Long-term records of Paria River sand inputs ... suggest an average sand supply during the
summer/fall accounting period ... of about 900,000 metric tons with about 300,000 metric
tons on average during the winter/spring ... accounting period.” (Wright and Kennedy, 2011)

I MEDIAN ANNUAL SAND INPUT
: (WITH 20% UNCERTAINTY)

MILLION METRIC TONS

Annual sand delivery from the Paria River to the Colorado River
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MEDIAN ANNUAL SAND INPUT
(WITH 20% UNCERTAINTY)

2013 and 2014
exceeded the long-
term median inputs

2012 - 750,000 mt (total); 690,000 mt (fall accounting period)
2013 - 1,900,000 mt (total and fall accounting period)

2014 - 1,200,000 mt (fall accounting period)




10000000 Paria River

: mud and sand - annual total(median = 2,300,000 mt)
8000000 k sand - annual total (median = 830,000 mt)
[ sand - monsoon (median = 810,000 mt)

Since 2006, ~60% of the annual input has
been mud; ~40% has been sand

Since 2006, virtually all of the annual sand delivery has occurred during the fall
accounting period: ~94% of the total annual sand supply and ~90% of the total
annual mud supply was delivered during the fall accounting period.




mud and sand - annual total (median = 2,300,000 mt) I Little Colorado River

sand - annual total (median = 830,000 mt)
sand - monsoon (median = 810,000 mt)

Little Colorado River delivered
much more mud than sand and
delivers less sand to the Colorado
River than does the Paria River.
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“During the period 2002-09 ..., the
average sand-export rate from
Marble Canyon was about
250,000-300,000 metric tons for

each accounting period.” (wright and
Kennedy, 2011)

' 700000

Sand export rate from Marble Canyon
during fall accounting period has been
less than anticipated.

2012 - 110,000 mt (RM30); 51,000 (RM60)

2013 - 200,000 mt (RM30); 120,000 (RM60)
2014 — 240,000 mt (RM30); 70,000 (RM60)
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“Thus, if 2002-09 can be considered representative of future conditions ..., the
summer/fall accounting period would be expected to have substantial sand
accumulation (inputs of about 900,000 and export of about 300,000 metric
tons ... (Wright and Kennedy, 2011)
2000000 — T

| Paria River sand inputs

River Mile 30
1500000 River Mile 60
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Monsoon season sand storage primarily occurs in upper Marble Canyon

~1,900,000 mt (sand); ~2,100,000
mt (silt/clay)

® Mainstem flow
® Mainstem flow and sediment

® Tributary flow and sediment -

4 —» Sediment budget reach

RM 0-30 — upper Marble Canyon

RM 30-61 — lower Marble Canyon

RM 61-87 — eastern Grand Canyon

RM 87-166 — central Grand Canyon &

RM 166-225 — western Grand Canyon =
%

~440,000 mt accumulated in

east-central Grand Canyon

-

Between 1,500,000 and
2,100,000 mt
accumulated in upper

Marble Canyon

0510 20 30 40
Filometers

~120,000 mt accumulated in
lower Marble Canyon

uncertainty in west-

central Grand Canyon =
2] ~370,000 mt
,:'p accumulated
N in eastern 590,000 mt (sand); 5,400,000 mt
: (I) Gl (silt/clay)
~420,000 mt delivered Canyon

to Lake Mead delta;
8,600,000 mt (silt/clay)
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In contrast to sand,
mud is not conserved
within Marble Canyon
during the fall
accounting season.
Mud is primarily
transported directly to
Lake Mead.




Using average sand delivery and sand export data, Wright and Kennedy
(2011) projected that annual accumulation of sand during the fall accounting
period would be ~600,000 metric tons.

“The smallest HFE that would be conducted ... would likely export 200,000
metric tons of sand or less ...These approximate numbers suggest that fall HFEs
would be triggered frequently, nearly every year ... but that spring HFEs would
be triggered much less frequently.” (wright and Kennedy, 2011)

1 = 1 = 1
. upper Marble Canyon
L |

lower Marble Canyon




In 2012 ...

sand accumulation in Marble Canyon during the fall accounting
period approximated “average” conditions anticipated by Wright
and Kennedy (2011).

In 2013 and 2014 ...
sand accumulation exceeded anticipated “average” conditions

1 L) 1 ' |
' Sand mass
E upper Marble Canyon o
B lower Marble Canyon account

i
|
1l




Although Glen Canyon Power Plant Provisional Unit Outage Schedule for Water Year 2015
regulatory - BEE T

compliance exists
for HFEs to have a
peak magnitude of
45,000 ft3/s,
ongoing
maintenance of
turbines in the Glen

Canyon power .
Units
. : 7
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Peak magnitude of HFEs measured at Le

2012 - 44,800 ft3/s
2013 - 37,400 ft3/s
2014 - 38,300 ft3/s
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The rate of rise of the flood wave
steepens downstream.
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The rate of recession of the flood
wave decreases downstream.
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(Wright and Kaplinski, 2010)

Higher mainstem suspended
sand concentrations lead to
larger eddy sand bars.




River Mile 30 gage

Discharge (cfs)

Suspended Sand Concentration (mg/L)

Suspended-Sand Median Grain Size (mm)
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River Mile 60 gage

Suspended Sand Concentration (mg/L) Discharge (cfs)

Suspended-Sand Median Grain Size (mm)
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K. Stout
Preliminary data

Do not cite

Marble Canyon Sand Mass, ktons
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The objective of HFE planning is to evacuate from
Marble Canyon slightly less sand during each flood
than was delivered into Marble Canyon in the

11/27/2014
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Each HFE evacuated less sand from upper Marble Canyon than had been
delivered there in the immediately preceding fall accounting season. Each
HFE delivered sand into lower Marble Canyon.
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Discharge (cfs)

Taking the long
view ...
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There have been | |
normal operations with controlle
three (2012-2013, 2013-2014)
characteristic flow
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2006-2007

2010-2011

2013-2014

There have been years of large sand inputs

from the Paria and years of small or moderate
inputs, resulting in 6 hydrology/sediment
supply scenarios.

normal operations without controlled flc
large inputs (2006-2007)

normal operations without controlle
small inputs (2008-2009; 2009-201C(

10% duration
50% duration

normal operations




2013-2014

There have been years of large sand inputs

[ - Z from the Paria and years of small or moderate
T 20102011 _ inputs, resulting in 6 hydrology/sediment
' supply scenarios.

normal operations without controlled floc
large inputs (2006-2007)

:/ normal operations without controllec
: small inputs (2008-2009; 2009-2010C

peak
10% duratiop
50% dur
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2013-2014

There have been years of large sand inputs
. from the Paria and years of small or moderate
20102011 inputs, resulting in 6 hydrology/sediment
supply scenarios.

normal operations without controlled flc
large inputs (2006-2007)

normal operations without controlle
small inputs (2008-2009; 2009-201C(
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50% duration
I . mal operat| NS




Upper Marble Canyon
Upper Marble Canyon
B 2006-2007
B 2007-2008 | ) )
E 50062010 1 | Sand accumulation in years of large or
2010-2011 o .
W 2011-2012 1 | moderate inputs and normal operations.
B e -

Sand evacuation whenever small inputs;
evacuation when large inputs but
equalization

1,500,000

2006-2007

2007-2008
2008-2009
2009-2010
2010-2011
2011-2012
2012-2013
2013-2014

1,000,000 |-

Lower Marble Canyon

Sand accumulation with
normal operations and
small, moderate, large
inputs

Sand evacuation with
small inputs or
equalization (regardless
of inputs)



Upper Marble Canyon

Upper Marble Canyon

2006-2007
2007-2008
2008-2009
2009-2010
2010-2011
2011-2012

Sand accumulation in years of large or
moderate inputs and normal operations.

2012-2013
2013-2014

Sand evacuation whenever small inputs;
evacuation when large inputs but
equalization

Lower Marble Cany
1,500,000

2006-2007

2007-2008
2008-2009
2009-2010
2010-2011
2011-2012
2012-2013
2013-2014

1,000,000

i

Lower Marble Canyon S D

Sand accumulation with
normal operations and
small, moderate, large
inputs

Sand evacuation with
small inputs or
equalization (regardless
of inputs)



Upper Marble Canyon
Upper Marble Canyon
B 2006-2007
B 2007-2008 | ) )
E 50062010 1 | Sand accumulation in years of large or
2010-2011 o .
W 2011-2012 1 | moderate inputs and normal operations.
B e -

Sand evacuation whenever small inputs;
evacuation when large inputs but
equalization

Lower Marble
1,500,000 =

2006-2007

2007-2008
2008-2009
2009-2010
2010-2011
2011-2012
2012-2013
2013-2014

1,000,000 |-

Lower Marble Canyon

Sand accumulation with
normal operations and
small, moderate, large
inputs

Sand evacuation with
small inputs or
equalization (regardless
of inputs)



1, 2006 —
2 30, 2014

Discharge (cfs)

~7,100,000 mt (sand); ,
® Main ~11,000,000 mt (silt/clay) '
® Main .
@ Tributal§

4 -» Sediment budgetTeee

RM 0-30 — upper Marble Canyon
RM 30-61 — lower Marble Canyon

e
RM 61-87 — eastern Grand Canyon Y E
RM 87-166 — central Grand Canyon o .
RM 166-225 — western Grand Canyon < . Over the entire ca nyon
B * :
. N and over 8 years, the
bty ¥ Q g
- YIRS | Colorado River
/?_/"’87.,6 . j’ o510 20 x| behaved like a pipe —
~ 6 [ . — | .
: what came in went
out.

14,000,000 — 15,000,000
mt delivered to Lake

Mead delta; 53,000,000 | 5,500,000 mt (sand);
mt silt/clay 39,000,000 mt (silt/clay)




For the first two years of the HFE Protocol, sand accumulated in most

ly1,2012 - of Grand Canyon
ne 30, 2014

® Mainstem flow
® Mainstem flow and sediment

@ Tributary flow and sediment
4 —» Sediment budget reach

RM 0-30 — upper Marble Canyon

RM 30-61 — lower Marble Canyon
RM 61-87 — eastern Gr
RM 87-166 — central Gr
RM 166-225 — western

610,000 - 1,600,000 metric tons
accumulated in upper Marble
Canyon

320,000 — 700,000 mt
accumulated in lower
Marble Canyon

a3

90,000 — 1,500,000 mt
accumulated in east-
central Grand Canyon

uncertainty in west-
central Grand
Canyon

uncertainty in eastern

2,900,000 - 3,200,000 Grand Canyon

mt of delivered to Lake
Mead delta; 17,000,000
mt of silt/clay

~1,400,000 mt (sand);
~12,000,000 mt (silt/clay)

b
)
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In the years of equalization flows, there was large-scale evacuation

of sand

ne 30, 2012

® Mainstem flow

@ Tributary flow and sediment
4 —» Sediment budget reach

RM 0-30 — upper Marble Canyon
RM 30-61 — lower Marble Canyon
RM 61-87 — eastern Grand Canyon
RM 87-166 — central Grgac-aanuan

® Mainstem flow and sediment

h
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"1,600,000 mt (sand); ~2,300,000 mt (silt/clay)

“

RM 166-225 — western

uncertainty in east-central
Grand Canyon

uncertainty in west-
central Grand
Canyon

5,400,000 - 5,900,000
mt delivered to Lake
Mead delta; 10,000,000
mt of silt-clay

990,000 — 290,000 metric tons
evacuated from upper Marble
Canyon

780,000 — 240,000 mt evacuated
from lower Marble Canyon

2,700,000 - 1,700,000
mt evacuated from
eastern Grand Canyon

610,,000 mt (sand); 6,200,000 mt
(silt/clay)

=
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Thus, the mass balance for the past four years is the
result of the effects of the equalization flows and the
effects of more recent large tributary inputs

Discharge (cfs)

ly 1, 2010 -
ne 30, 2014 ~4,200,000 mt (sand); _ | - !
~5, 800, 000 mt (SI/t/C/Gy) 2011-01-01 20124:‘14.11 20130101 2014-01-01

® Mainstem flow
® Mainstem flow and sediment

@ Tributary flow and sediment
4 —» Sediment budget reach

RM 0-30 — upper Marble Canyon

RM 30-61 — lower Marble Canyon
RM 61-87 — eastern Grand Canyon H
RM 87-166 — central Grand Canyon m\f

RM 166-225 — western Grand Canvon =

h
L3
u

uncertainty in upper Marble
L a‘l- Ca nyo n

uncertainty in east-central :
uncertainty in west- Grand Canyon ‘
central Grand
Canyon . - uncertainty in lower Marble

Canyon

2,600,000 — 830,000 mt i«
evacuated from eastern
Grand Canyon

8,300,000 -9,100,000

mt sand delivered to ~2,200,000 mt (sand); ~18,000,000
Lake Mead delta; A mt (silt/clay)

22,000,000 mt silt/clay

=
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Sand can accumulate for multi-year
periods and is not necessarily entirely
evacuated to Lake Mead each year. The
river system may be in approximate
equilibrium at a decadal time scale, but
this results from the balance between
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Sand Load Index since 2006 and in Relation to Total Annual Sand Transport
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