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NOTE

Turbid releases fromGlen Canyon Dam, Arizona, following rainfall-runoff events of
September 
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ABSTRACT
Wildman RA Jr, Vernieu WS. 2017. Turbid releases from Glen Canyon Dam, Arizona, following rainfall-
runoff events of September 2013. Lake Reserv Manage. 33:211–216.

Glen Canyon Dam is a large dam on the Colorado River in Arizona. In September 2013, it released
turbid water following intense thunderstorms in the surrounding area. Turbidity was >15 nephelo-
metric turbidity units (NTU) for multiple days and >30 NTU at its peak. These unprecedented tur-
bid releases impaired downstream fishing activity and motivated a rapid-response field excursion.
At 5 locations upstream from the dam, temperature, specific conductance, dissolved oxygen, chloro-
phyll a, and turbidity were measured in vertical profiles. Local streamflow and rainfall records were
retrieved, and turbidity and specific conductance data in dam releases were evaluated. Profiling was
conducted todeterminepossible sources of turbidity from3 tributaries nearest thedam,Navajo, Ante-
lope, and Wahweap creeks, which entered Lake Powell as interflows during this study. We discuss 4
key conditions thatmust have beenmet for tributaries to influence turbidity of dam releases: tributary
flows must have reached the dam, tributary flows must have been laden with sediment, inflow cur-
rents must have been near the depth of dam withdrawals, and the settling velocity of particles must
have been slow. We isolate 2 key uncertainties that reservoir managers should resolve in future simi-
lar studies: the reach of tributary water into the reservoir thalweg and the distribution of particle size
of suspended sediment. These uncertainties leave the source of the turbidity ambiguous, although
an important role for Wahweap Creek is possible. The unique combination of limnological factors we
describe implies that turbid releases at Glen Canyon Damwill continue to be rare.

The introduction of an abundance of suspended inor-
ganic particles in an otherwise clear river impairs
aquatic habitat (Kirk 1994,Henley et al. 2000). Particles
also impair recreational anglingwhen fish are less likely
to strike at flies (Vinyard and O’Brien 1976, Barrett
et al. 1992, Betz 2013). In undevelopedwatersheds, sus-
pended sediment can enter rivers following heavy rain,
a condition exacerbated when watersheds are naturally
erosive (NYC DEP 2013). Conversely, large reservoirs
generally decrease suspended sediment and turbidity
in river reaches downstream (Asmal et al. 2000, Gelda
et al. 2012, Yang et al. 2006).

Glen Canyon Dam (GCD), which forms Lake Pow-
ell on the Colorado River in Arizona and Utah, has
sequestered suspended sediment completely during
virtually all of its operation (Wright et al. 2005). The
consistently cold, clear water below the dam supports
a world-class recreational fishery; however, the depri-
vation of 94% of the historic sediment load to Grand
Canyon (the remaining 6% enters from tributaries

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ulrm.
Supplemental materials for this note can be accessed on the publisher’s website. The supplement contains  figures: an image of turbid releases from Glen

Canyon Dam and the profiling data from the  locations measured during this study.

below GCD or from erosion by the Colorado River)
has led to substantial loss of habitat and recreational
resources in the downstream ecosystem (Vernieu et al.
2005, Wright et al. 2005). Water released from GCD
is so consistently devoid of suspended sediment that
rivermanagers have examined dredging sediment from
Lake Powell and transporting it around GCD at a cost
of more than $100million to augment sediment supply
below the dam (Randle et al. 2007).

After heavy precipitation in the GCD region in
September 2013, GCD released noticeably turbid water
for the first time since turbidity monitoring of dam
releases began in March 2001 (Betz 2013; Supple-
mental Fig. S1). This turbidity caused cancellation of
numerous guided fishing expeditions in the river reach
below the dam, thus impairing the local recreational
resource and economy (T. Gunn, Lees Ferry Anglers,
pers. comm.). The large and remote geographical area
upstream of GCD precluded an impromptu sediment
source-tracking study. Consequently, lake managers
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mobilized a rapid-response field excursion to charac-
terize the water column of the downstream portion of
Lake Powell. The purpose of this note is to use these
data and associated monitoring data to build under-
standing of an unexpected water quality event and to
guide reservoir managers’ responses to future similar
events by isolating key uncertainties yielded from our
approach.

Study area

Completed in 1963, GCD impounds ∼290 km of the
Colorado River to form Lake Powell. This dam gener-
ally releases water via the penstocks of its power plant
(Vernieu et al. 2005). During the episode of high tur-
bidity (described later), the penstock withdrawal struc-
ture was 36.5 m below the water surface (1094.5 m
a.s.l.). It released a mean discharge of 285 m3/s, and
maximum depth near GCD was 121 m.

The 3 creeks that enter Lake Powell nearest to GCD
were considered potential sources of turbid releases fol-
lowing flash floods that resulted from intense thunder-
storms (Fig. 1; see also Online Supplement). Wahweap
Creek, which was 19.8 km from GCD in this study,
enters Lake Powell in Wahweap Bay, which meets the
Colorado River thalweg 2.2 km from GCD. Wahweap
Creek drains a region to the northwest of the reservoir
composed mainly of rock formations like the Tropic
Shale, which is fine grained (Doelling et al. 2003).
Antelope Creek flows into a side bay named Antelope
Canyon, which meets the thalweg 7.0 km from GCD
for a total distance of 10.1 km from its inflow to GCD.
Navajo Creek flows into Navajo Canyon, which meets
the thalweg 16 km from GCD for a total distance of
40 km from its inflow toGCD. These creeks drain small
and large areas, respectively, east of Glen Canyon Dam
composedmainly of Navajo Sandstone, which is coarse
grained (Doelling et al. 2003).Wahweap, Antelope, and
Navajo creeks drain watershed areas of 1170, 550, and
1020 km2, respectively.

Methods

There are nometeorological or stream gauging stations
on Wahweap, Antelope, or Navajo creeks. To charac-
terize the hydrological setting for this study, rainfall
records for the Page, Arizona, airport (2.5 km from
GCD) were downloaded from Weather Underground
(2015). Daily average and 15 minute flow data were

downloaded for a US Geological Survey (USGS) gaug-
ing station on the Paria River (USGS site identifier:
09381800), whose watershed is immediately west of the
Wahweap Creek watershed.

Specific conductance (SC) and turbidity were mea-
sured in dam releases as they passed through the dam.
Measurements were made every 20 minutes with a YSI
6920 V2 sonde. The measurement of turbidity, a surro-
gate for suspended sediment, allows continuous, real-
time monitoring of the water clarity of dam releases.
The rapid-response nature of our field sampling pre-
vented measuring suspended sediment in water sam-
ples. The turbidity of clear water is, by definition, 0
nephelometric turbidity units (NTU). The drinking
water standard for conventional filtered water utili-
ties in the United States is 1 NTU; in no location is
it >5 NTU (USEPA 2016). When waters have a lim-
ited range of particle characteristics, turbidity corre-
lates well with the concentration of suspended sedi-
ment (Davies-Colley and Smith 2001). Lake Powell,
which is oligotrophic and surrounded by desert and
therefore low in algae and chromophoric dissolved
organic matter, has a limited range of particle charac-
teristics. In other reservoirs, turbidity has been used in
previous studies as representative of suspended sedi-
ment (e.g., Gelda et al. 2009, 2012). Turbidity measure-
ments were easily below the maximum range of our
instrumentation (see results; upper turbidity detection
limit of the YSI sonde is 1000 NTU). Consequently,
qualitative trends in turbidity can be expected to imply
similar trends in suspended sediment.

Depth profiles of water temperature, SC, and tur-
bidity were collected at 4 locations along the Col-
orado River thalweg (0.4, 2.4, 5.0, and 7.5 km upstream
of the dam, denoted km-0.4, etc.) and at one loca-
tion in Wahweap Bay (8.5 km upstream from GCD,
Fig. 1). Measurements were made on 16 September
2013, shortly after stakeholder inquiries and while tur-
bid releases were decreasing from their peak. These
measurements followed the protocols used by the long-
term USGS Lake Powell water quality monitoring
program (Vernieu 2015). Profiling used a Sea-Bird
Electronics 19plusV2 sonde that measured turbidity to
a maximum of 25 NTU.

Results

Rainfall was 12 and 13 mm/d on 8 and 10
September 2013, respectively, in Page, AZ (Fig. 2).
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Figure . Study area, including reservoir sampling sites (�), Glen Canyon Dam, Wahweap Bay, Antelope Canyon, and Navajo Canyon.
Shading indicates the areal extent of Lake Powell, and darkness of shading represents approximate bathymetry such that the thalwegs
of the main stem of Lake Powell and Wahweap Bay can be identified. Direction of flow of water through the reservoir is from northeast
to southwest and south out of the dam. The Page airport is off the map,  km south-southeast of site km-.. Glen Canyon Dam Overlook
is on the east side of the Colorado River, . km downstream from the dam, just off the map. The Paria River gauging station used in this
study is  km upstream of the point where the Paria River intersects the western border of the inset map.

When compared to the previous 16 years (i.e., 1997,
the earliest year for which precipitation data are avail-
able at Page, through 2012), these values are the 99.3rd

and 99.4th percentiles. The 5-day total of rainfall from
7 through 11 September was 31mm,which is the 99.6th

percentile when compared to all 5-day periods from
1997 through 2012. At the Paria River near Kanab,
45 km northwest from Page, flow from 7 through 11
September exceeded 5 m3/s, which was the 99th per-
centile of the 15minute flow record from 2002 through
2013. Moreover, Paria River flow exceeded 30 m3/s

Figure . Flow in the Paria River near Kanab, Utah (USGS site iden-
tifier: ; black line, inner left vertical axis), turbidity in
releases from Glen Canyon Dam (gray line, outer left vertical axis),
and daily total rainfall at Page, Arizona, airport (gray columns, right
vertical axis) during August and September . The black star
indicates the date and time or water column measurements and
bears no relationship to the vertical axes.

on 2 of those days (Fig. 2). High flows in Wahweap
Creek were observed qualitatively at this time (Rankin
2013).

In the 6 weeks preceding 8 September 2013, the 99th

percentile of turbidity in GCD releases was 1.0 NTU.
Dam managers had not measured a value >2 NTU
since turbidity monitoring began in March 2001 (W.S.
Vernieu, US Geological Survey, unpubl. data). On 11
September, turbidity in GCD releases exceeded 2 NTU,
reaching peaks of 19, 33, and 22 NTU on 12, 13, and
15 September, respectively, before declining below 2
NTU on 21 September (Fig. 2). During profiling, tur-
bidity in dam releases was between 6 and 8 NTU and
decreasing.

In addition to unprecedented turbid dam releases,
the turbidity observed in the downstream portion of
the reservoir is also rare. Location km-2.4 is part of the
long-term monitoring program at Lake Powell. There,
the 95th percentile of turbidity measurements collected
in 27 profiles from 2009 through 2012 (Vernieu 2015)
was 1.7NTUwhen the deepest 5mwere excluded from
each profile. Turbidity exceeded 5NTU at depths>5m
from the bottom in only one of these profiles (Fig. 3
shows a typical profile).

Upstream of the dam at km-7.5, turbidity increased
with depth from 1 NTU at depths <40 m to >6 NTU
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Figure . Profiles of turbidity in Lake Powell on  September 
at km-. (gray dots), km-. (black dots), km-. (black dashes),
km-. (solid black), and inWahweap Bay (solid gray). For compar-
ison, a profile from  August  is included (gray dashes).

at 60 m. Below 60 m, it varied minimally except for
higher turbidity in the bottom 5 m (Fig. 3). Each thal-
weg profile downstreamofAntelopeCanyon shared the
elevated deep-water turbidity of km-7.5, but each also
had an additional turbidity peak of 10–15 NTU near
60 m. InWahweap Bay, below a region of minimal tur-
bidity extending to 21 m, turbidity increased to peaks
of 5 NTU at 36 m and 13 NTU at 74.5 m (Fig. 3).

At all profiling locations, temperature was 25–26 C
in a 9 m thick surface mixed layer. It decreased in a
27 m thick metalimnion to ∼9 C at the 36 m with-
drawal depth. Below that, variation was minimal (Sup-
plemental Fig. S2–S6). In the surface mixed layer in the
thalweg, SC values near 720 µS/cmwere punctuated by
peaks to 780 µS/cm at 25m depth. InWahweap Bay, SC
peaked at 880 µS/cm at 27.5 m depth (see Supplemen-
tal text and Fig. S7). In all profiles, SC increased across
the thermocline. Variation of SC in bottom water was
minimal; values were 1000 µS/cm in the thalweg and
960 µS/cm in Wahweap Bay.

Discussion

Large storms of September 2013 affected the turbid-
ity of GCD releases following a lag of 4–8 days. This
finding matches approximate estimates of travel times
given withdrawals from the dam, distances from the
tributaries to the dam, and characteristics of inflow
plumes (see Supplemental text). To be entrained in
dam releases, suspended sediment must have traveled
from a tributary input source and remained in suspen-
sion at or above the 36 m withdrawal depth during its
travel to the dam. Depending on the input source, the
suspended sediment that left the dam would have

traveled 10 km fromAntelopeCreek, 20 km fromWah-
weap Creek, or 40 km Navajo Creek through Lake
Powell.

For suspended sediment to travel these distances,
several conditions must have been met. First, the vol-
ume and momentum of an inflow current from at least
one tributary must have been sufficient to either reach
the dam independently or combine with a withdrawal
current in the thalweg. If we assumeminor spatial vari-
ability in total precipitation over the 5-day storm event,
the inflow volume from each tributarywould have been
approximately proportional to its watershed area.

Second, heavy rainfall would have induced high,
bed-moving flows in all tributaries. Sediments charac-
teristic of the geology of the watersheds would have
been carried into the reservoir in amounts depending
on the carrying capacity of inflows and the duration of
the event. Enough fine sediment must have been intro-
duced by a tributary to remain in suspension as the
inflow traveled to the dam.

Third, fine sediment must have remained in sus-
pension with the inflow current at a depth such that
it arrived at the dam at the withdrawal elevation. The
depth at which the inflow current entered thewater col-
umn of the reservoir depends on its density relative to
that of the reservoir. The density of a current entering
the reservoir depends on temperature, dissolved min-
eral content, and suspended sediment concentration
(Akiyama and Stefan 1985,Meiburg and Kneller 2009).

Fourth, the particle size and settling velocity of sed-
iments carried by the inflow current must be con-
sidered. Upon entering the reservoir, the majority of
coarse sediment settles rapidly and can form a dense
slurry layer along the bottom of the thalweg (Pratson
et al. 2008). We observed this in all profiles except for
km-5.0, in which profiling may not have extended into
the dense bottom layer (Supplemental Fig. S3). As the
inflow traveled through the reservoir, the fraction of
suspended particles made up by fine sediment must
have increased as coarse particles settled. The turbid-
ity peak at 36 m in theWahweap profile (Supplemental
Fig. S3) may indicate fine sediment that had settled out
of the inflow plume centered at 27.5 m, as identified
by the SC peak of 880 µS/cm (see Supplement). This
process could also explain the turbidity peaks observed
between 55 m and 65 m in the thalweg profiles.

For clay and silt particles, settling velocity is propor-
tional to the square of the particle diameter (Prothero
and Schwab 2004). In quiescent water, a 10 µm silt
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particle with a nominal settling velocity of 0.0064 cm/s
would take 6.5 days to settle through 36 m of the water
column. Between the rainfall event and the release of
turbid water from GCD, 4–8 days passed. Because par-
ticles could therefore have settled past the withdrawal
depth before reaching the dam, this implies that either
interflows were sufficiently turbulent to overcome this
small settling velocity or that particles were smaller
than 10µm.Given the flow rates observed in the nearby
Paria River and previous particle size measurements of
Lake Powell sediment (Wildman et al. 2011), both of
these interpretations are plausible.

All 3 tributaries may have contributed some amount
of suspended sediment toGCD releases, possibly at dif-
ferent times during the release event. Navajo Canyon
has the largest watershed, andAntelope Canyon is clos-
est to the dam. The plumes of elevated SC between
15 and 25 m in thalweg profiles immediately down-
stream of them (km-7.5 and km-5.0, respectively) sug-
gest flood inflows; however, neither profile had appre-
ciable turbidity at or above the withdrawal level at the
time of sampling. The turbidity peak at 60 m at km-5.0
may indicate settling of the bulk of fine sediment from
Antelope Canyon. The Wahweap Bay profile demon-
strated a strong advective inflow plume centered at
26.5 m. Turbidity peaks at 36 m and 74.5 m deep could
represent fine sediment fractions settling at different
rates. The elevated turbidity below 20 m in Wahweap
Bay could account for the increased turbidity in dam
releases at the time of sampling. The elevated turbid-
ity inWahweapBay corresponds to regional lithologies:
shales of the Wahweap watershed should introduce a
larger portion of fine sediments than sandstones of the
other creeks’ watersheds (Doelling et al. 2003), which
would account for the chalky appearance of turbid dam
releases (Supplemental Fig. S1).

This study isolated 2 key uncertainties that reser-
voir managers should seek to resolve when respond-
ing rapidly to unexpected events at reservoirs. First,
our data do not conclusively show whether the flow
of Wahweap Creek passed through Wahweap Bay and
reached the dam. If it did not, then Antelope Creek
is the only likely source of turbidity to the dam. If it
did, which may be suggested by SC data (Supplemen-
tal Fig. S7), then, given spatially uniform rainfall, the
larger watershed ofWahweap Creek would suggest that
its flow was larger than that of Antelope Creek and
that it contributed a substantial fraction of the turbid
dam releases. Second, we did not collect water samples
to measure the particle size distributions that would

allow us to constrain settling rates. If the particles from
Antelope Canyon were large, as would be consistent
with the sandstone in its watershed, then those particles
would have been likely to settle and Antelope Canyon
would have been an unlikely source of the turbid dam
releases. If its particles stayed suspended, then SC data
indicate they almost certainly reached the dam. Thus,
the reach of tributary water into the thalweg and parti-
cle size distributions should be foci of field excursions
that seek to understand storm inputs to reservoirs.

When a sediment source-tracking study (Collins
et al. 2012 and references therein) is not possible and
reservoirmanagersmust rely on hydrographic and lim-
nologicmeasurements, consideration of the factors dis-
cussed earlier may improve understanding and man-
agement of future turbidity releases from GCD. To
more accurately characterize the input of each tribu-
tary, gauging stations should be equipped with tem-
perature and SCmonitoring capabilities. An automated
collection device would aid in the collection of sus-
pended sediment samples to characterize sediment
concentration and particle size. A rapid-response field
expedition should include reservoir profiling at appro-
priate distances near the mouths of tributaries.

These data suggest that turbid releases from GCD
resulted from voluminous and powerful inflows that
became coherent interflow currents above the with-
drawal depth such that fine sediment could settle slowly
through the withdrawal zone after reaching the dam.
This unique combination of limnological and hydro-
logical factors suggests that turbid releases from GCD
will continue to be rare.
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