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ABSTRACT

DETERMINING THE TRIBUTARY SEDIMENT CONTRIBUTION TO EXPERIMENTAL
FLOOD DEPOSITS ON THE COLORADO RIVER IN MARBLE CANYON, GRAND
CANYON, ARIZONA

KATHERINE A. CHAPMAN

A multivariate sediment fingerprint was used in a Bayesian mixing model to determine
the source contribution to experimental flood deposits along the Colorado River in the Marble
Canyon reach of Grand Canyon, AZ. This study provides an independent evaluation,
complementary to previous sediment mass balance and morphological studies, of the degree to
which sand from the Paria River, the primary source of sand in Marble Canyon, has
supplemented total sand storage since upstream dam closure in 1963. Samples of endmember
and downstream mixed populations of sand were analyzed using portable XRF to measure the
concentration of eleven major and trace elements, from which 55 elemental ratios were
calculated. A principal components analysis consolidated those ratios eligible for use in the

fingerprint into a multivariate signature used in the mixing model, MixSIAR.

Twenty flood deposits from 14 sites in Marble Canyon from the 2013 and 2014
controlled floods were sampled. Six individual mixing models, using sediment fingerprints
unique to each of six half-phi grain size fractions returned the percentage of sand, in each size
fraction of each deposit, that was sourced from the Paria River. Paria contribution averaged 33.8
+ 4.1% in deposits from the 2013 flood, and 54.7 + 4.3% in deposits from the 2014 flood.
Individual grain size samples ranged 4.9 — 73.1% in 2013 and 9.1 — 90.2% in 2014. In general,
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the four median grain size fractions (90 — 355 um) in both years have the highest Paria
contribution; low Paria contribution in the finest 63 — 90 um) fraction suggests significant
contribution by an unaccounted-for third endmember, likely minor tributaries. The coarsest
fraction, 355 — 500 pum, is the only grain size to show a trend in Paria contribution with distance
traveled downstream, suggesting a transport-related fractionation effect. Overall scatter in the
results speaks to the spatial heterogeneity of intra-rapid storage pools throughout the reach and
their capacity, as well as the effects of local hydraulic variability between eddy deposition zones
where sandbars form. Mass balance calculations determine that under conditions of constant or
decreasing total storage since 1963, approximately 20-30% of the annual Paria flux would need
to be retained within Marble Canyon each year to reach the observed concentration of Paria sand.
From these results, we conclude that HFEs are conditionally sustainable given frequent enough

occurrence to maintain sandbar deposit storage.
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PREFACE

This thesis is presented in three chapters: 1) an extended introduction explaining the
broad scope of Grand Canyon studies within which the project fits, 2) a detailed methods section
from which the exact techniques used in this study can be replicated, and 3) a standalone
manuscript intended for publication. There is repetition between the three chapters. Each
document has its own Works Cited, formatted under the guidelines of the Geological Society of
America. There is no fourth chapter containing an overall discussion of results and conclusions,
this is contained within the manuscript chapter. Comprehensive mixing model diagnostics are

available as a supplementary file.
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CHAPTER 1: INTRODUCTION

Geomorphic Impacts of Dams

While often providing crucial support for human infrastructure through hydropower
production, water storage, and flood control, dams are also widely recognized for their disruption
of fluvial systems across the world. Impacts of these structures can be both spatially and
temporally extensive, with sustained geomorphic responses often seen far downstream (Petts,
1980; Williams and Wolman, 1984). The root cause of these near-permanent adjustments of the
downstream fluvial geomorphology is intrinsic to the design of large dams especially and their
ability to disrupt the supply of sediment from above to below the dam and exert a high degree of
control over the natural flow regime (Lane, 1955; Petts, 1980; Petts and Gurnell, 2005). A wide
range of geomorphic adjustments can occur as a result of this control, determined primarily by
the relative degrees to which the sediment supply for and transport capacity of the river change,
also described as the sediment mass balance (Williams and Wolman, 1984; Graf, 2006, Schmidt

and Wilcock, 2008).

Patterns are evident in the direct effects of dams on the hydrologic and sediment regimes
of rivers, however the consequently affected channel geomorphology of impacted reaches tend to
have more varied responses and can be difficult to predict (Petts, 1980). In a comprehensive
study of 36 very large dams throughout many different climates and regions in the US, Graf
(2006) found that, among other statistics, peak annual flows on impounded rivers are
significantly decreased (reduced by 67%), the magnitude of minimum flows increase by 52%,
and the number of flow reversals increase by 34%. Additionally, the timing of these minimum
and maximum flows shifted by up to six months from their typical pre-dam seasonal occurrence.

Significant dam-induced changes such as these are not unique to large dams and rivers: in a



study of 21 dams of varying size and contributing watershed area, Magilligan and Nislow (2005)
found that dams consistently affected all Indicators of Hydrologic Alteration as described by
Richter and others (1996). Dams such as these also trap effectively all sediment delivered from
upstream of the dam, typically leaving the downstream reach sediment starved (Williams and
Wolman, 1984; Syvitski et al., 2005). Geomorphic responses to these changes vary greatly, with
channels often either widening or narrowing as a function of many drivers, including altered
sediment transport processes and channel size and functionality, often reinforced by the response

of vegetation and its consequent influence on sediment transport (Graf, 2006).

Impacts on Colorado River below Glen Canyon Dam

In close alignment with these general trends, the 1963 completion of Glen Canyon Dam
on the Colorado River (Fig. 1) significantly altered the hydrologic and sediment regimes of the
downstream river, causing demonstrable channel adjustment throughout the length of Glen and
Grand Canyons. Dolan and others (1974) first documented the extent of these changes,
describing them as both “rapid and significant”, posing questions about the nature of these
changes and how quickly the river was adjusting. Since then, many studies have investigated the
details of these changes and channel responses; summarized below are the results which pertain
to the Marble Canyon reach of Grand Canyon (Fig. 1), the reach closest to the dam and the focus

of this study.

Changes to the Hydrologic Regime

The natural hydrologic regime of the Colorado River in Grand Canyon was highly
variable, with flows fluctuating by several orders of magnitude over the course of a typical year.

In general, spring snowmelt floods originating in the high elevations of the upper basin drove the
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river to its maximum discharge each year around May and June (Dolan et al., 1974). Snowmelt
floods with a two-year recurrence interval 85,000 cfs (2350 m’/s), floods of approximately
120,000 cfs (3,400 m’/s) occurred about every 6 years, and the two largest observed floods were
210,000 cfs (5947 m*/s) in June 1884 and 170,000 cfs (4814 m?/s) in June 1921 (Topping et al.,
2003; Schmidt and Grams, 2011a). Flash floods in the late summer and fall were of a much
shorter duration and smaller magnitude than spring snowmelt floods, though these floods carried
a much higher sediment flux than spring snowmelt floods (Dolan, 1974; Topping et al., 2000a).
Between these seasonal floods, however, the river was consistently characterized by flows less

than 3,000 cfs (Topping et al., 2000a).

These patterns of seasonal variation, the range of flows, and the time period over which
those flows fluctuated, were significantly altered by Glen Canyon Dam. On the newly regulated
river, daily releases were dictated by power needs and varied dramatically throughout the day.
From 1963 to 1991, releases ranged from less than 5,000 cfs to about 31,000 cfs (140-880 m3/s),
which is near the maximum power plant capacity (Webb et al., 2005). These releases were
different from the natural flow in two main ways, concerning daily fluctuations and average flow
magnitude. Compared to the low pre-dam daily flows, the post-dam daily flows were of a much
greater magnitude, with a 58% increase in median flow (Topping et al., 2003; Schmidt and
Grams, 2011a). Additionally, spring flood magnitude decreased to about 63% of the average pre-
dam peak discharges. Large daily variations in power demands led to a median daily range in
discharges around 8,580 cfs (243 m?/s) which was not only much greater than the pre-dam range
of approximately 524 cfs (15 m’/s), but also greater than the annual pre-dam median discharge

(Topping et al., 2003, Webb et al., 2005). The post-dam daily range in discharge was greater than
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10,000 cfs (283 m’/s) on 43% of the days, whereas the pre-dam river had a range this large only

1% of the time (Topping et al., 2003).

There were some interruptions to the post-dam power-generating releases: in 1965 a
series of short burst “pulse” flows, six of which were over 50,000 cfs (1416 m’/s), were released
with the intent of equalizing the volume of water stored in Lakes Powell and Mead (Grams et al.,
2007). Then, in 1983 to 1986, a series of exceptionally large snowmelt floods in the upper basin
led to large releases over power plant capacity used to manage reservoir volume in Lake Powell.
The largest of these, in 1983, had a maximum release discharge of 91,300 cfs (2585 m*/s ) and a
total duration over one month (U.S. Department of the Interior, 1996; Schmidt and Grams,
2011). The first environmentally-driven flow experiments occurred over a 13-month period in
1990-91, where bar topography was measured following 2-week long blocks of varied
hydrograph shapes (Schmidt and Grams, 2011). The goal of these flows was to investigate the
potential utility of manipulating dam releases for the sake of downstream restoration and were
followed in 1996 by a protocol known as Modified Low Fluctuating Flows (MLFFs). MLFFs
restricted the range of flows released over a 24-hour period to 5,000-8,000 cfs (142-227 m’/s),
depending on the current power release schedule (Schmit et al., 2005, Wright et al., 2005). These
guidelines currently dictate daily flows which are now punctuated by management-driven

“floods” discussed in detail in a later section.

Sediment Supply and Transport: Pre- vs. Post-Dam

Prior to the completion of Glen Canyon Dam, sediment originating from within the entire
upper Colorado River basin was delivered through Glen Canyon, past Lee’s Ferry, and
downstream into the Marble Canyon Reach of Grand Canyon (Fig. 1). Based on the years 1949-

1962, estimates of the annual upper basin sediment flux are around 57 million Mega grams (Mg,
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equivalent to 1 metric ton) per year. The Paria River, with its confluence just downstream of
Lee’s Ferry, supplies an additional average of 1.5 million Mg of sediment annually to Marble
Canyon (Topping et al., 2000a). Further downstream, the Little Colorado River supplies, on
average, 1.9 million Mg of sediment per year. Its confluence with the main stem Colorado River
marks the downstream end of the Marble Canyon reach of Grand Canyon, thus Marble Canyon

does not benefit from this sediment flux (Wright et al., 2005, Topping et al., 2000a).

Patterns of pre-dam aggradation and scour were largely controlled by seasonal variability
in discharge when relatively low flows of late summer, fall, and winter limited the transport
capacity of the river (Dolan et al., 1974, Topping et al., 2000a). Monsoon floods in the summer
introduced large influxes of sediment, which accumulated in the channel until the higher spring
flows. Spring snowmelt floods mobilized this sediment and transported it downstream (Topping
et al., 2000a; Webb et al., 2000; Wright et al., 2005). The misalignment of these periods of high
transport capacity and high sediment flux meant that the pre-dam river was fine sediment supply
limited within time frames less than one year. Evidence for this pre-dam sediment supply
limitation is further supported by the extensive analysis by Topping and others (2000a, b) of
historical hydrographs, suspended sediment concentrations, bed elevation data, and pre-dam
flood deposits. The pre-dam river showed a coupled hysteresis with discharge in spring
snowmelt floods by both grain size and sediment concentration, indicating that these floods were
fine sediment supply limited. Additionally, pre-dam flood deposits were often inversely graded
and there were consistent lags between the minimum and maximum bed elevations compared to
the flood peaks, both of which suggest fine sediment supply limitation (Rubin et al., 1998;

Topping et al., 2000a).
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Though the pre-dam river showed signs of fine sediment supply limitation, the same
effects were far more prevalent and extreme in the post-dam river. Glen Canyon Dam effectively
blocks all sediment delivery from the upper basin, cutting off over 93% of the pre-dam sediment
supply to Marble Canyon. Now, the relatively small volume of sediment supplied by the Paria
River comprises over 90% of the total available sediment to Marble Canyon, making it more
severely fine sediment supply limited (Topping et al., 2000a). This reduction in sediment supply
is quantified by measured sediment flux data through Lee’s Ferry: in 1963, 20 million Mg of
sediment passed the Lee’s Ferry gage (upstream of the Paria confluence), followed by 4.0 and
5.0 million in 1964 and 1965, respectively. The average annual sediment load passing through
Lee’s ferry in the years 1966-1970 was 0.24 +/= 0.01 million Mg, which is a >99% reduction
from pre-dam levels. This sediment flux through Lee’s Ferry in the few years after the dam was
completed is associated with observed bed-armoring in the remaining stretch of Glen Canyon
below the dam (Dolan et al., 1974, Topping et al., 2000a; Grams et al., 2007). The current

sediment flux past the Lee’s Ferry gage is negligible (Grams et al., 2007).

Resulting Morphologies: Pre- vs Post-Dam:

In Marble Canyon, flows less than 9,000 cfs are required to accumulate sand, as flows
greater than that result in large scale sediment transport (Topping et al., 2000a). The pre-dam
river exceeded this threshold only 44.3% of the time, whereas the post-dam river exceeded this
threshold 52.7% of the time in the late 1960s, increasing to 88.2% of the time in the 1990s
(Topping et al., 2000b). This change in conditions is largely to blame for the large differences

seen in the pre- versus post-dam channel morphologies in Marble Canyon.

Prior to the dam, the channel was lined with a series of terraces and bars corresponding to

the pre-dam annual and two-year floods (Dolan et al., 1974). These deposits were located at the
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mouth of tributary canyons mainly as debris fan eddy sandbars, but also as point bars and
marginal deposits along straight stretches of the river (Dolan et al, 1974). Snowmelt floods
would typically cause channel scouring of the sand that had aggraded during monsoon season,
with the minimum bed stage at Lee’s Ferry fluctuating approximately 2 m annually (Topping et
al., 2000a). Overall, aggradation generally balanced scouring, resulting in a dynamic morphology
that responded to the seasonal variations in discharge, the corresponding transport capacity, and

sediment supply.

Following the completion of Glen Canyon Dam, the altered hydrologic regime and
sediment supply led to the degradation of downstream channel deposits. Both the areal extent
and overall elevation of these deposits decreased, some sandbars all but disappeared, and
vegetation began taking hold in areas no longer inundated during annual floods (Dolan et al.,
1974). Engineers had successfully predicted the channel erosion that took place immediately
below the dam, though the downstream extent to which this erosion would ultimately reach was
unclear at the time. Results of post-dam investigations varied widely, predicting overall channel
aggradation (Howard and Dolan, 1981), an approximate equilibrium of sand export and supply
(Andrews, 1990), and overall channel erosion (Laursen et al., 1976). The variation in these
predictions was due largely to differences in estimated tributary sediment supply from the Paria
River (Laursen et al., 1976; Randle and Pemberton, 1987) and the river’s transport capacity, thus
underlining the need for a greater understanding of the sediment supply, storage, and transport

processes taking place in the post-dam Colorado River.

Evolution of Current Research and Management

Beginning in 1990 scientific research began to take its place within the management and

restoration framework in which it exists today. In 1990 and 1991, the first experimental flows
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with the goals of learning more about physical processes and restoration potential in Grand
Canyon took place as part of the Glen Canyon Environmental Studies in efforts to create the
Environmental Impact Statement (EIS) for Glen Canyon Dam. A series of thirteen 2-week long
test flows with varying hydrograph shapes were released, followed by interim low flows where
the responding channel geomorphology was documented. In these studies, Beus and others
(1992) observed that the antecedent sand supply and its interaction with transport capacity to
affect suspended sediment concentration had a much stronger control on bar behavior than
discharge alone. Recognizing the benefits of a formal organization through which scientific
research could continue and be used to inform dam operations, the Grand Canyon Monitoring
and Research Center (GCMRC) was established as part of the Glen Canyon Dam Adaptive
Management Program (GCDAMP) in the 1996 Record of Decision for the Operation of Glen
Canyon Dam. The GCDAMP outlines how scientific findings by GCMRC should be used to
determine ways in which Glen Canyon Dam should be operated in to achieve specific goals for

downstream resource restoration.

The Record of Decision implemented two major changes to the previous release patterns
from Glen Canyon Dam: introduction of Modified Low Fluctuating Flow (MLFF) regulations,
and periodic Beach Habitat Building Flows, or BHBFs. MLFFs described restrictions on the
daily minimum and maximum, flux, and maximum up-/down-ramp rates for flows released from
the dam (U.S. Department of the Interior, 1996). The first BHBF did not technically meet the
definition of a post-dam “flood”, where power plant capacity must be exceeded for a period of
one month or greater, but was the largest controlled release since the floods of the early-mid
1980s (Fig. 2). Lasting for seven days with a constant release of 45,000 cfs, the flood was meant

to 1) investigate the viability of dam release floods as a viable option for restoring downstream
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resources, and 2) give scientists an opportunity to learn about the physical processes taking place
within the post-dam river and use that knowledge to amend future releases. These goals were
considered “achieved”, at least partially, in that the channel morphology had significantly
changed and a great deal of knowledge about flood- and sediment-related processes had been
acquired. Topographic surveys by Hazel and others (1999) reported that high elevation areas of
the bars had increased in volume and area by 164% and 67%, respectively. In contrast, the lower
elevation volume and area of the bars increased by only 37% and 5%, respectively. Schmidt and
others (1999) attributed this to the tendency of bars to scour out sand from lower elevations and
redeposit it in higher elevations during the flood, only to have it quickly eroded through mass
wasting events shortly after the flood. The increased sandbar volumes and areas were short-lived
as well, as mass-wasting events eroded bars back to near their pre-flood sizes relatively quickly
following the flood (Schmidt, 1999). Despite the temporary lifespan of the rebuilt sandbars, the
studies still yielded information about sediment transport processes integral to sandbar
management and led to revision of some fundamental theories on which the dam-release flood

was designed.

Fluvial systems are inherently complex, and as suggested by Magilligan and Nislow
(2005), the success of management efforts is dependent on customizing flood releases to mimic
the unique pre-dam conditions necessary for restoring pre-dam channel morphology. In light of
this complexity, the adaptive nature of GCDAMP was created specifically to allow scientific
findings to continually optimize management actions. Studies following the 1996 BHBF helped
determine what optimal management would look like in Grand Canyon and were used as guides
for the first adjustments to the flood protocol. Schmidt (1999) focused on one component of the

theory behind the 1996 Record of Decision that was inaccurate, citing incorrect assumptions

20



about sediment transport and supply that had led to the false conclusion that tributary-supplied
sediment would aggrade in the channel over the course of multiple years. In truth, sand
ultimately scoured from upstream reaches was deposited in downstream reaches and, supporting
his reasoning with the conclusion by Wiele and others (1999) that bar topography is related to
suspended sediment concentration, Schmidt (1999) proposed a shorter flood duration as a better
fit for the time-dependent, reduced sediment supply. Rubin and others (2002) built on this
proposal, elaborating on the inaccuracies of the assumption that sediment accumulates over the
course of multiple years and emphasizing that changes to the original flood protocol must be

made in order to achieve the management objectives of the GCDAMP.

The 2004 and 2008 floods

The next two major flood events, called High Flow Experiments (HFEs), occurred in
2004 and 2008 and were designed to utilize lessons learned during the 1996 BHBF. Fully
embracing the concept of antecedent sand enrichment (ASE), scientists aimed to maximize eddy-
sandbar storage and minimize the volume of sand pushed through towards Lake Mead by
ensuring that the flood duration did not outlast the ASE (Schmidt and Grams, 2011b). The
channel in Grand Canyon contains an unknown amount of preserved pre-dam sand, though
Topping and others (2000a) consider it unlikely that the total storage increased between 1963
and the 1996 BHBF. In consideration of this, the ASE supplied by the Paria River to Marble
Canyon was the primary factor determining the hydrographs for the 2004 and 2008 HFEs. The
minimum sediment supply during HFEs is the Paria-derived ASE, as the Little Colorado River
cannot supplement main channel sediment until the end of Marble Canyon about 100 km

downstream. In effect, this approach acknowledges the sediment supply limitation that was
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observed and affected sediment transport patterns during the 1996 BHBF, but was also present in

the pre-dam river (Rubin et al., 1998; Topping et al., 2000a).

The bar-building results from these two floods improved upon those from the 1996
BHBEF, and additional insight into sediment related processes was gained as well. According to
Hazel and others (2010), bar responses fell into one of four categories of spatial patterns in
deposition and erosion, and each successive flood had increasingly large percentages of
favorable bar responses. Favorable bar responses are defined here as those characterized by
deposition above the 8,000 cfs reference stage, which are two of the four possible responses. The
underlying lessons learned from the 2004 and 2008 HFEs include: 1) it is possible to consistently
aggrade eddy-sandbar deposits though they consistently erode within one year or less of interim
flows, and 2) sandbar deposition levels correlate to suspended sediment concentration during the
flood, which is a function of ASE volume, the channel area covered, and the grain size
distribution of that sand (Topping et al., 2010). In the long term, whether bar size will increase or
decrease depends on the magnitude of deposition during HFEs, the frequency of high flows, and

the rate of erosion between high flows (Schmidt and Grams, 2011Db).

These findings helped guide a new HFE protocol, to be tested out during the ten-year
period of 2011 through 2020 (Department of the Interior, 2011). Thus far, HFEs have occurred in
November of 2012, 2013, 2014, and 2016, each one shortly after Paria sediment is introduced
during the late summer monsoon season of each year (Figure 3). Timing the floods like this
maximizes the total ASE available for use by avoiding non-flood downstream transport as much
as possible. Results from topographic surveys after each of the floods confirm the prediction that
repeated flood events will continue to maintain sandbar size and volume, though the individual

sandbar response remains varied. Grams and others (2013) attribute this variance largely to local
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hydraulic effects, and stress the shortcomings of extrapolating data from individual sites to entire
reaches for morphological sediment budgets. Nevertheless, a sediment budget based on
morphological data from a compilation of short reaches showed the same trends as a reach-long
flux based sediment budget that used continuously collected suspended sediment data. Neither
budget showed a decreasing trend in Marble Canyon sediment storage, though the authors do
note that the magnitude of the trend could not be determined without large uncertainties (Grams
et al., 2013). These results do, however, suggest that at least for the years 2002-2009 which had
slightly lower than average releases, it may be possible to reverse the long-term erosional trend
that began when Glen Canyon Dam was completed in 1963. The only way the trend could
actually be reversed, as opposed to halted, is to actively incorporate tributary-supplied sand into
the active channel sediment. Thus the sustainability of current flood practices can be evaluated
based on the effectiveness with which tributary-derived sediment is used to rebuild sandbars as
recorded in the composition of HFE deposits, which is the objective of this study. As “sand”,
defined as grains with diameter 0.063-2mm, is the dominant size material with which sandbars
are built (Rubin et al., 1998), discussion henceforth will exclude the finer silt and clay grain sizes

(<0.063mm).

Study Setting:

As previously discussed, the only major sediment supplying-tributary for Marble Canyon
is the Paria River (Fig. 1). Topping and others (2000a) estimate that in the pre-dam era,
approximately 22.8 £+ 1.2 million Mega grams (Mg) of sand were delivered to Marble Canyon
from the Upper Colorado River basin through Glen Canyon; approximately 1.5 + 0.3 million Mg
sand were delivered by the tributary Paria River which joins the Colorado River at RM 0.9

(Lee’s Ferry is RM 0). Since the dam’s closure, the only sources of sediment to Marble Canyon
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are the Paria River, delivering an estimated 712,000 Mg sand (based on the years 2001-2013)
and minor tributary canyons supplying an estimated 72,000 t sand for the same years (Griffiths
and Topping, 2015). This means that while the Paria River supplied only ~6.2% of the pre-dam
sand supply to Marble Canyon, it now supplies over 90% of the total available sand. This Paria-
derived sediment is typically delivered to the main stem Colorado River during the monsoon
season of late summer, during flash floods triggered by intense rainfall. A sediment budget
model designed by Wright and others (2010) determines the magnitude and duration of a
potential HFE, aiming to maximize sand storage in Marble Canyon and minimize excessive
transport out of Grand Canyon. As sand from the Paria River is the only major, reliable sediment
source for Marble Canyon, the effectiveness with which it is utilized during floods via
incorporation into the active sediment layer and deposited into sandbars ultimately determines
the plausibility of reversing the decades long erosional patterns and thus describes the

sustainability of current management practices.

Study Objectives and Hypothesis:

Assuming that the initial composition of Paria and Upper Basin sand in pre-dam sandbars
was proportional to the amount of sand each source supplied, Marble Canyon sandbars likely
relied on Paria-supplied sand for only about 6% of their total mass. Now, as the Paria supplies
the only reliable, major sediment delivery to Marble Canyon, it is crucial that HFEs use this sand
specifically to build sandbars, rather than reworking the finite supply of relict pre-dam sand only.
Sediment budgets and analyses of sediment storage suggest an overall (multi-year) increase in
sediment supply in Marble Canyon, requiring retention of tributary-supplied to some degree,
though total storage in Marble Canyon does decrease during floods (Grams et al., 2013; Mueller

et al., 2014). Sustaining this overall increase in sediment supply requires incorporation of
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tributary-supplied sediment, a process that can be evaluated by determining the relative

concentration of Paria-derived sediment to relict, pre-dam sand in Marble Canyon HFE deposits.

This study uses a geochemically-based sediment fingerprint approach to quantitatively
determine the proportion of Paria-derived and pre-dam sand in Marble Canyon HFE deposits.
Takesue and others (2004) conducted a related study, investigating minor tributary inputs to
sandbars. Similar to their approach, we use elemental composition to distinguish sand from each
source population (Paria River and a proxy for pre-dam sediment, see Methods for details).
These end member compositions are compared to data for Marble Canyon HFE deposits to

determine the relative source contribution (Paria versus relict Colorado River) to the sandbars.

A geochemically-based fingerprint takes advantage of the difference in watershed
lithologies for the two source basins. While the Paria River watershed primarily drains Mesozoic
sedimentary rocks, many tributaries to the Upper Colorado River have their headwaters in Pre-
Cambrian igneous and metamorphic rocks characteristic of Rocky Mountain uplifts (Fig. 4). The
varying mineralogic assemblages of sediment derived from these different lithologies is reflected
in their elemental composition and is measurable by x-ray fluorescence (XRF) (Klages and
Hsieh, 1975; Gingele and Dekker, 2005). We hypothesize that this fingerprint can 1) be used as
the basis for a multivariate signal capable of differentiating source populations of sand, which
can 2) determine the relative source contribution to Marble Canyon HFE deposits in a sediment

mixing model.

Furthermore, differential weathering rates and styles between minerals will result in
variable mineralogic compositions for each source that are unique as a function of grainsize.
Thus individual fingerprints, unique to each of the six half-phi grain size fractions used in this

study, should be evident and can be used to create a more robust analysis than bulk-sand
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compositions would yield. The results of this mixing model contribute to the current knowledge
and theories determined by GCMRC studies about sediment mixing and transport within Marble
Canyon, and will additionally give insight into the overall sustainability of HFEs as a sandbar

maintenance practice.
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CHAPTER 2: METHODS

Sediment Mixing Models

Sediment fingerprinting is a tool for understanding sediment dynamics in fluvial systems.
It works on the assumptions that 1) sediment from various locations or source types within a
watershed can be distinguished from one another with chemical and/or physical properties, and
2) that those properties can be used to determine, either qualitatively or quantitatively, the
sources of sediment to a downstream reach (Walling et al., 1999, Koiter, et al., 2013). Since the
1970s, sediment fingerprint studies have grown both in popularity and complexity, evolving with
technological advances in methods for identifying and measuring different types of properties,
but also mixing model computing capabilities (Walling, 2005, 2013; Krishnappan, 2009; Gellis

and Walling, 2011; Mukundan et al., 2012; Owens et al., 2016).

As one of the most fundamental ways of describing sediment composition, tracers based
in mineralogy or a mix of mineralogy and corresponding elemental data were the basis of the
earliest fingerprinting studies (Klages and Hseih, 1975; Wall and Wilding, 1976) and are still
used in modern studies (Caitcheon et al., 2006). Today, tracer options have expanded greatly to
include magnetism, radionuclides, biological indicators such as pollen and enzymes, stable
isotopes and trace elements, and even color based and spectral properties (Wasson et al., 2002;
Gellis et al, 2009; Brown et al., 2008; Nosrati et al., 2011; Papanicolaou et al., 2003; Collins et

al., 2013a; Hewson et al., 2012; Poulenard et al., 2009).

With such an increased number of fingerprint property options, it is important and can be
difficult to choose the most appropriate and effective tracers for the application at hand (Laceby

et al., 2015). In studies where multiple tracer options were tested and compared, there was no
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single tracer type that consistently emerged as superior to the others (Motha et al, 2002; Nosrati
etal., 2011; Evrard et al., 2013). The variability between study areas, types, and applications
both necessitates and resists a standardized procedure on fingerprint property selection, which
several researchers have begun to develop (Collins and Walling, 2002; Collins et al., 2013;
Krishnappan, 2009). Ultimately, tracer selection is dependent on the study goals, geologic

setting, and analysis resources (Walling, 2013).

Aside from expanded choices for tracer properties, the methods by which sediment
fingerprinting mixing models are calculated have evolved and become far more complex with
technological advancement. The incorporation of linear mixing models into sediment
fingerprinting studies allowed results to go beyond simply confirming sediment sources, and
instead estimating the relative proportion of various sources within the mixed sediment
population (Walling, 2013). As each linear mixing model could only utilize data from one tracer,
fingerprinting studies with multiple tracers utilized optimization functions that simultaneously
solved multiple individual linear mixing models individual each tracer (Yu and Oldfield, 1989;
Walling et al., 1993). Issues with uncertainty eventually led to the incorporation of Monte Carlo
methods where many iterations of these optimization functions generated a distribution of values
from which relative sediment contributions and confidence limits could be determined (Krause et
al., 2003; Collins et al., 2010; Devereux et al., 2010). In these Monte Carlo approaches, data
were typically represented in normal distributions, though some researchers explored and
advocated the use of non-normal distributions where appropriate (Devereux, 2010; Krause et al.,
2003; Olley et al., 2013). Bayesian methods have since become increasingly popular, in part due

to a relatively new ease of computation but also to recognition of their strengths and advantages
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over non-Bayesian models (O’Hagan and Luce, 2003; Parnell et al., 2013; Butman et al., 2014;

Blake et al., 2016; Owens et al., 2016).

As these methods evolve and the utility of fingerprinting studies increases, the
applications of such projects are shifting from pure research incentives to supplementing and
informing management practices (Gellis and Walling, 2011; Mukundan et al., 2012; Owens et
al., 2016). Many studies occur in settings where undesirably high upstream sediment fluxes act
as pollutants in fluvial systems, contribute to habitat degradation via high turbidity, or reduce
reservoir storage capacity (Collins et al., 2011; Larsen et al., 2010). Managers often use
fingerprinting studies to identify sediment sources with high erosion and sediment contribution
rates when determining where restoration or prevention measures should be focused, though they
can also be used to evaluate the effectiveness of such actions (Walling, 2005; Minella et al.,
2008, 2009; Brown et al., 2009; Davis and Fox, 2009; Koiter et al., 2013; Olley et al., 2013).
Fingerprinting studies can be used to constrain more than just the influx terms of sediment
budgets as well, and many authors have advocated its use in understanding sediment storage,
transport dynamics, and residence times (Wethered et al., 2015; Gellis and Walling, 2011; Smith
etal., 2011; Guzman et al., 2013), in addition to a much wider range of other applications
(Owens et al., 2016). This study documents a relatively novel application of sediment
fingerprinting: while, similar to other studies, it evaluates restorative management efforts, these
efforts are focused on increasing downstream aggradation rather than preventing upstream
erosion, and the results are used to ultimately determine the overall sustainability of the
management practices. The most closely related study to date evaluated sediment sources
responsible for restorative aggradation in coastal salt marshes with a fingerprinting study based

in environmental magnetism (Rotman et al., 2008).
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The objective of this project is to determine the contribution of Paria-derived sediment to
restored Marble Canyon sandbars through use of sediment fingerprinting, using the effectiveness
with which the only renewable source of sand is utilized in HFE deposits to evaluate the overall
sustainability of current sandbar maintenance practices. Principal components of elemental data
measured by x-ray fluorescence (XRF) are used in a Bayesian mixing model to determine the
source contribution to HFE deposits at fourteen sites deposited during two flood events. The
primary advantages of Bayesian methods that apply to this project are: ability to recognize
source properties as random variables due to incomplete knowledge, include and propagate
property uncertainty for all sand populations throughout the model, and the ability utilize raw
data instead of loading a generalized distribution (Caitcheon et al., 2006; Davis and Fox, 2009;
Barthod et al., 2015; Owens et al., 2016; Stock and Semmens, 2016). The mixing model used in
this study was developed and implemented in MixSIAR (Stock and Semmens, 2013), which runs
in R (R Core Team, 2016) using JAGS for Markov Chain Monte Carlo (MCMC) simulation
(Plummer, 2016). MixSIAR also provides a series of diagnostic tests that allow the user to
evaluate how successful the mixing model was, largely determined by chain convergence (Stock
and Semmens, 2016). MCMC is discussed in greater detail below, and a summary of diagnostics

is available by request.

Endmember Characterization:

The mixing model in this study aims to determine the relative contributions of Paria and
relict, pre-dam sand stored in the channel to Marble Canyon HFE deposits. While Paria-derived
sand is readily available, is impossible to confidently sample from relict pre-dam sand in the
main-stem Colorado River in Marble Canyon. For this reason, terraces in the lower Glen Canyon

reach of the Colorado River below Glen Canyon Dam but above the Paria River Confluence
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were used as a proxy for pre-dam sediment previously delivered from the Upper Colorado River
Basin to Marble Canyon. All of the sampled terraces were above the first significant gully in
Glen Canyon in order to preserve the original composition of upper basin sediment and not over-
represent sediment from the Navajo Sandstone which forms the canyon walls of Glen Canyon.
The terraces themselves typically rose 3-5m above and were stratigraphically continuous down
to the current river level. Trenches dug into the basal sections of these terrace deposits revealed
the internal stratigraphic organization which served as guideline for sample locations; the same
methods are described in more detail, below, for Marble Canyon HFE deposits. Samples were
not taken from above the typical post-dam high water line to avoid the influence of diagenetic
processes (Koiter et al., 2013), as the terraces were often very well consolidated and cemented to

a higher degree than active fluvial sandbars.

Suspended sediment concentration (SSC) and discharge on the Paria River is monitored
at USGS station 9382000 (Fig. 3a, b) with suspended sediment samples collected by an
automatic sampler at various times throughout the duration of monsoon season flash floods. As
the source of sediment transported during floods can shift over the duration of the storm,
multiple samples were taken during each flood on the Paria River (Fig. 3a, b; Slattery et al.,
2000; Wilson et al., 2008). The sampler is also near the confluence of the Paria and Colorado
Rivers, below the input of all major tributary streams, making samples from this location
representative of the entire watershed. Collins and others (1998) and Walling and others (1999)
document the importance of seasonal variance in suspended sediment and the importance of
sampling throughout the year to accurately represent the sediment population. Because the Paria
River delivers sediment almost solely during monsoon season (Fig. 3¢), samples from mid-

summer through fall are considered be representative of the annual Paria load. Concerns over
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discrepancies between the tracer properties of non-eroded sediment sources and those of the
suspended sediment they generate do not apply here, as not only the Paria-derived sediment but
all sediment used in this study was either currently or recently suspended at the time of sampling
(Walling et al., 2005; Collins et al., 2010). A total of 44 suspended sediment samples were
chosen to characterize Paria River sediment, delivered by monsoon floods before both the 2013
and 2014 HFEs. Samples used in this study were selected from those available based on the
behavior of both discharge and SSC, choosing samples taken during the rising limb, peak, and
falling limb of both floods and sediment pulses (Fig. 3 a, b). Multi-day floods often had several

intermediate peaks within them and were included in the sampling scheme.

A total of 20 Marble Canyon HFE deposits were sampled at 14 sandbars, twelve of which
are long-term study sites for Northern Arizona University Sandbar Studies, with repeat sets of
samples from both the 2013 and 2014 HFE deposits at six locations (Fig. 5a). At each bar, a
trench was dug to reveal the internal stratigraphy of the deposit, as sedimentary structures within
the deposits responded to changing hydrologic and suspended sediment conditions throughout
the duration of deposition. Typical bar deposits were similar to those reported by Rubin et al.,
1998 and exhibited some of the signs of suspended sediment limitation addressed by Topping
and others (2000a): coarsening upwards with clay-rich basal layer, main body of (typically)
climbing ripples, and uppermost section of planar bedding (Fig. 5b). Deposit stratigraphy was
also used to interpret the year of deposition, only taking samples the most recent HFE deposits.
Table 2 contains the year of deposition, location, deposit height, and number of samples per

deposit for all HFE deposits used in this study.
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Sample Processing

Standard pre-processing prior to testing consisted of sieving into half-phi grain size
fractions, washing in deionized water, and then drying in an oven prior to testing with XRF. In
contrast to the previously mentioned study by Takesue (2014) where the 0.063-0.250 mm
fraction of sand was analyzed in bulk via total decomposition with ICP-MS and ICP-AES, sand
in this study was sieved into half-phi grain size fractions prior to testing. Taking advantage of the
differential breakdown of different families of minerals served as the motivation for this step,
intending to utilize any subtle, grain size-dependent differences in mineralogic composition
between the two endmember sand sources that would otherwise be buried in a bulk-
decomposition analysis. Additionally, sieving prevented the need for grain size correction
factors, which have been shown to produce erroneous results or bias (Smith and Blake, 2015;
Kraushaar et al., 2015). Following sieving, the samples were washed in deionized water: stirred
vigorously to dislodge and break up any clay aggregates or grain coatings, and decanted while
still in suspension. Dispersion agents were foregone to avoid leaving a chemical trace capable of
skewing XRF readings. Samples were then dried in an oven at approximately 250° F, and re-
packaged into 1.5 x 1.5 inch, 2 mil, polyethylene film bags for testing. Samples were tested
directly through these bags; each bag contained sand from one grain size fraction of one sample
of either Paria suspended sediment, pre-dam terrace from Glen Canyon, or Marble Canyon HFE
deposit. Grain size fractions tested were those described by Rubin (1998) as the primary bar-
building sizes (0.063-0.250 mm), as well as additional, coarser, sizes for which there was a

sufficient n for both endmembers (0.063 — 0.500 mm, Table 3).
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X-ray Florescence (XRF)

X-ray florescence, or XRF, is a technique used to measure the elemental composition of a
material. High-energy x-rays are directed at the sample, where electrons within the sample
material are excited to an elevated shell within the atom. As the electrons fall back to their
original shell, they emit energy in the form of an x-ray whose frequency is characteristic of the
element; these frequencies are dependent on which shells the electron fall from/to. The XRF
detector measures the abundance of each unique x-ray to determine the concentration of that
element within the sample. The Niton XLT3 portable XRF used in this study emits a 50 kV x-
ray, and can detect x-rays characteristic to over thirty-five major and trace elements. It is
important to note that the elemental composition data measured by the XRF and reported here is
non-standardized: for each run, all reported elemental concentrations are proportionally correct
relative to each other but cannot be substituted for absolute values due to factors such as grain
orientation, sample density and the resulting matrix effects and spectral interference (Sherman,
1955; Castro et al., 2008; Yalcin et al., 2008). Other studies that have employed the use of XRF
include: Gingele and Dekker (2005), Melquiades and others (2013), Hughes and others (2010),

and Caitcheon and others (2006).

Several factors were considered when designing the XRF test protocol for this study,
including: which elements to test for, test duration, sample heterogeneity, and sample mass. Of
the four filters with which the XRF is equipped (each specialized to detect a certain suite of
elements), the Main (Magnesium through Molybdenum), Low (Titanium through Chromium),
and Light (Carbon through Chlorine) filters were used to measure the concentration of over 35
elements in the samples. Each filter was employed for 30 seconds in each run. The 30 second

duration was long enough such that measured elemental concentrations displayed in real time
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during the tests had stabilized by the time each filter was finished detecting. Each individual bag
was tested for a total of three 90-second runs, accounting for sample heterogeneity by
repositioning the bag or disturbing the sand between each run. This was especially important for
the coarser grain sizes, where the ratio of spot size to grain size was much smaller than for the
finest grain sizes. The final consideration when testing the samples with XRF was sample mass,
and consequently, thickness. The effects of sample thickness on XRF results was tested by
repeatedly measuring individual samples with incrementally decreasing mass. Readings
remained relatively constant for samples greater than approximately 0.5 g, and tended to increase
dramatically with sample mass <0.5 g; individual grain size fraction samples with mass <0.5 g

were thus excluded from this study.

Data Preprocessing

Of the 35+ elements reported by the XRF, eleven had measured concentrations greater
than the minimum level of detection for all or nearly all samples from all three populations. (Fe,
Ca, Al, Si, P, S, Cl, Ti, Rb, Sr, and Zr). Given the non-standardized nature of the data, ratios of
reported element concentration must be used to compare values between samples. Thus, all
possible permutations of these twelve elements, a total of 55 ratios, were calculated for each
individual run (Fe/Ca, Fe/Al, etc.). Any elemental concentrations initially reported as below the
level of detection were replaced with the minimum reported value for that population prior to
calculating ratios. The average value of each ratio across the three runs was calculated and

considered representative of that sample.

Data used in mixing models must pass two general criteria: 1) “conservativeness”,
requiring that values for the mixed population are intermediate to the endmembers, and 2) the

difference in values for the endmember populations must be statistically significant (Collins et
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al., 1996). Following the methods outlined by Collins and others (1996) that are generally
regarded as a standard statistical test for property selection, conservativeness is tested by
comparing the mean values of a ratio from each of the three populations, ensuring that the value
for the mixed population falls between the two endmembers. The Kruskal-Wallis H-test, a non-
parametric assessment of variance (ANOVA), is then used to evaluate the difference between the
two endmember populations; this test was chosen over other ANOVA tests as it was most
appropriate for the non-normally distributed data in this study. This process determined the suite
of ratios unique to each grain size eligible for consolidation into a multivariate metric for use in
the mixing model, successfully exploiting any grain size-dependent differences in mineralogic

composition among the different size fractions.

Principal Components Analysis

Melquiades and others (2013) demonstrated the utility of Principal Components Analysis
(PCA) to create multivariate metrics capable of distinguishing different populations of sediment
based on XRF data. PCA works to consolidate the original input variables defining your
endmembers, variables that often have numerous and complex relationships with each other, into
composite independent variables with covariances of zero. Each principal component is a linear
combination of the original variables, and is described by an axis (PC1, PC2, etc.) throughout a
multi-dimensional cloud of the data; each axis is orthogonal to the previous one(s). The resulting
Principal Components (PCs) are ordered variables, with the first PC capable of explaining the
highest proportion of the total variance in the original data and each successive PC explaining
decreasingly less of the total variance (Melquiades et al., 2013). While PCA returns the same
number of PCs as original variables, the first two or three often explain a sufficient amount of the

original variance and are thus the only PCs used in analyses. The value of using PCs as the
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multivariate metric for a mixing model is their ability to represent the variability of all available
data in each of the three populations (two endmembers and mixed). This study ran individual PC
analyses on the Glen Canyon and Paria samples from each of the six grain size fractions. Each
PCA utilized a correlation matrix to determine the PC axes (and related linear transformations
for each original ratio to give the PC values), which essentially equalizes the ability of all
possible ratios to influence PC values. The alternative to using a correlation matrix is a
covariance matrix, which considers the covariance between the original variables (eligible ratios)
as opposed to the correlation. In this study, using the covariance matrix would allow the ratios
with a larger magnitude range to have a much higher influence over final PC values than those
with a small range. Using a correlation matrix to compute PCs avoids this undesired effect by
essentially normalizing the values for all eligible ratios before determining the loadings that

define the linear transformations used to calculate PC values.

Raw values for PC1 and PC2, which explained approximately 60-70% of the total
original endmember variance for all grain sizes (Table 4), were used in the mixing model. The
third PC was not utilized in the mixing model due to its inability to distinguish the two
endmember populations. For all grainsizes, PC1 has the stronger control on differentiating the
Glen Canyon and Paria sand, and is the primary axis along which Marble Canyon sand falls
intermediate to the two endmembers (Fig. 6a). Loadings plots (Fig. 6b) indicate which elemental
ratios influence PC1 and PC2 which gives insight into how different minerals present in the two
watersheds are used in the fingerprints. Additionally, the ratios with the heaviest loadings on
PC1 and PC2 vary for each grain size fraction, thus confirming the utility of analyzing each
fraction separately. In the 63-90 fraction, many of the ratios weighing most heavily on PC1

involve Ti, with Ti in the denominator and elements such as K and Si in the numerator on the
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positive side of the x-axis. This means that as these ratios increase, as Ti levels decrease and Si
and K levels increase, PC1 values are become more positive which is characteristic of Paria-
derived sand; this trend likely reflects differences in the abundance of biotite and amphiboles
(more likely to occur in Glen Canyon sand) versus K-feldspar and quartz (more abundant in
Paria sand). In a similar fashion, ratios in the 90-125 um such as Fe/S, Rb/Sr, K/Sr, and Ca/Ti
suggest that different abundances of iron oxides and biotite vs. feldspars are likely responsible
for the distinction of Glen Canyon and Paria sand along PC1. The 125-180 um fraction appears
to be largely influenced by the presence of zircons in the Glen Canyon sand, as shown by the
ratios with Zr in the denominator on the Paria side: as Zr levels increase, the value for those
ratios decreases thus becoming more like Glen Canyon sand. PC1 in the three coarsest fractions
is consistently influenced by ratios with Rb and Sr, and Fe has a strong influence on PC1 in the
two coarsest fractions. These ratios likely reflect higher abundances of biotite and iron oxides in

the Glen Canyon sand, and more quartz and feldspars in the Paria sand for these fractions.

MixSIAR

The mixing model used in this study is ‘MixSIAR’, a package for the R environment that
designs Bayesian mixing models based on the given data and user options, and is run using the
‘JAGS’ R package (Stock and Semmens, 2013; Plummer, 2016). Though originally developed
for diet analyses in ecological applications, the authors explicitly state its potential for other
applications and has been used to analyze suspended sediment mixing before (Nakayama, 2014).
Strengths of MixSIAR included its ability to represent non-normal and complex data, the ability
to tailor the model design to the data used and model purpose, and providing thorough
diagnostics concerning the model’s accuracy. The options for model customization used in this

study are: 1) choosing to use any number of tracers, 2) choosing a “residual only” or “residual
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and process” error structure, and 3) the ability to use a non-informative, or generalist, prior. As
previously mentioned, PC1 and PC2 were used to describe the source and mixed populations in
this study; a separate mixing model was run for each grain size fraction. For each of the six grain
size fractions, all available PC1 and 2data were used to characterize the three populations in the
model. The n for each population in each grain size fraction is summarized in Table 3; Marble
Canyon HFE deposits are subdivided by site. A “residual only” error structure was chosen, as
process-based error structures are appropriate for diet based data but not geologic composition
data (Stock and Semmens, 2016). Given the absence of any definitive prior knowledge on the
contribution of Paria-derived sediment to Marble Canyon HFEs, an uninformative prior was

used.

When running the model, JAGS uses a technique called MCMC, or Markov Chain Monte
Carlo, to determine the most likely proportion of the two source populations in the mixed Marble
Canyon populations, based on their composition as described by PC1 and PC2. This process
takes place in a multi-dimensional parameter space where the values in that space represent the
possible proportions of Glen Canyon and Paria contributions to each of the sampled Marble
Canyon HFE deposits. In MCMC, an individual “chain” will wander through the parameter
sampling parameter values that have a high likelihood of producing the observed tracer data for
Marble Canyon samples. The ability of PC1 and PC2 to distinguish the two sources is
incorporated into the model via their respective representation of variability in the source and
mixture tracer data; value weightings describing these abilities are unnecessary, thus avoiding
any inaccuracies or bias they might introduce (Laceby and Olley, 2015). Most models, this one
included, employ multiple chains that start at different positions n parameter space and must all

converge on the same final distribution of parameter values. Test designs must comprise a
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sufficiently large number of MCMC iterations to reach chain convergence, though additional
iterations do not increase posterior accuracy. Trace plots to evaluate the convergence of all
chains are one of the many diagnostics available with MixSIAR that evaluate the generality and
accuracy of the test. MCMC also makes use of the full distribution of values for all three
populations, and provides the means for incorporating and propagating uncertainty throughout
the entire model (Davis and Fox, 2009; Fox and Papanicolaou, 2009; Cooper et al., 2015). The
initial steps of MCMC wandering have not had time to reach parameter combinations with high
likelihoods, and are thus discarded; these initial estimates are the “burn-in”. Additionally,
because each step of an MCMC chain is not independent from the previous step, “thinning” is
used to select a subset of samples taken at a regular interval along the chain. This study used the
“normal” test setting in MixSIAR, which uses a total of 100,000 MCMC iterations for three
chains, the first 50,000 of which are the burn-in, with a thinning interval of 50: using 1 in every
50 iterations from all three chains. These thinned samples from the converged chains then
collectively represent the posterior distribution for each estimated parameter, which in this case
is the proportion of sediment originating from each source estimated for each Marble Canyon
HFE deposit. The reported Apparent Paria Percentage (APP) and uncertainty are derived from
the mean and standard deviation of these posterior distributions. Please see the supplementary

document, available online, for complete mixing model diagnostics.
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CHAPTER 3: MANUSCRIPT
INTRODUCTION

Large dams commonly disrupt the balance of sediment supply and transport capacity of
downstream fluvial systems, resulting in spatially and temporally extensive geomorphic changes
to the affected channel (Williams and Wolman, 1984; Poff et al., 1997; Syvitski et al., 2005;
Magilligan and Nislow, 2005, Graf et al., 2006). Depending on the magnitude and direction of
changes to sediment supply and transport capacity, the sediment mass balance of downstream
reaches will be pushed into either surplus or deficit, resulting in aggradation or erosion,
respectively (Lane et al, 1955; Petts and Gurnell, 2005; Schmidt and Wilcock, 2008). Altering
dam releases in restoration and management practices can help mitigate these effects by aiming
to imitate critical components of the pre-dam flow regime such as floods. System complexity and
economic or resource-related complications can make it difficult to design and implement an
effective management protocol as each solution is unique to the selected system (Poff et al.,

1997; Magilligan and Nislow, 2005).

One such example is in the Southwestern United States, where the 1963 completion of
Glen Canyon Dam (Fig. 1) quickly induced significant geomorphic change to the downstream
reaches of the Colorado River through Grand Canyon (Dolan et al., 1974). More than 20 years of
management practices centered around dam-release floods address and aim to reverse a primary
component of this change: the depletion of eddy sandbar deposits. This study assesses the
effectiveness and sustainability of Colorado River sandbar restoration under current management
practices (Department of the Interior, 1995, 1996, 2011), using quantitative sedimentological

tools to understand post-dam sediment mixing and depositional processes.
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The pre-dam Colorado River in Grand Canyon experienced alternating, seasonally
driven, periods of sediment surplus and deficit (Topping et al., 2000). Late-summer monsoon
season flash floods delivered sediment to the main channel which was then reworked during the
much larger annual spring snowmelt floods. Deposits from these pre-dam spring floods coarsen
upwards indicating that the fine sediment supply became limited during floods (Leopold and
Maddock, 1953; Rubin et al., 1998, Topping et al., 2000). A higher degree of fine sediment
supply limitation exists on the post-dam Colorado River, due to dam-induced changes to the
hydrologic and sediment regimes (Topping et al., 2000). Glen Canyon Dam effectively
eliminated spring snowmelt floods of the Colorado River downstream in Grand Canyon and
severely dampened the magnitude of annual seasonal variability: the magnitude two-year
recurrence floods was reduced by 62% whereas median flows were increased by 58% (Fig. 2,
Topping et al., 2003). Sediment delivery from the upper Colorado River Basin, the primary pre-
dam source of sand in the downstream Grand Canyon, is now effectively zero, and the relatively
small supply of sediment previously stored in Lower Glen Canyon was depleted during a series
of pulse flows in 1965 (Topping et al., 2000, Grams et al., 2007; Mueller et al., 2014). Because
this incoming sediment was critical to maintaining emergent sandbars within the downstream
debris fan-eddy complexes and channel margins in Marble Canyon, considerable sandbar erosion
occurred in response to the greatly reduced sediment supply (Dolan et al., 1974; Schmidt and

Rubin, 1995, Grams et al., 2007).

The ecological and recreational value of these sandbars placed their restoration among
the top priorities of federal resource managers (Kearsely et al., 1994; Schmit et al., 2005;
Schmidt and Grams, 2011a; Department of the Interior, 2011). Today, controlled floods referred

to as High Flow Experiments (HFEs) are used in attempts to rebuild sandbars in the reaches of
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the Colorado River downstream of Glen Canyon Dam throughout Grand Canyon (Schmit et al.,
2005; U.S. Department of the Interior, 1995). To date, a total of seven HFEs (summarized in
Table 1) have occurred. As part of the greater Glen Canyon Dam Adaptive Management
Program (GCDAMP), scientific monitoring during and between floods is used to continually
improve upon flood design and optimize the degree to which sand storage in Grand Canyon
increases (U.S. Department of the Interior, 1996; Webb et al., 1999; Hazel et al., 2006, 2010;
Topping et al., 2010, Melis, 2011,). The extent of eddy-sandbar deposition is ultimately a
function of the suspended sediment concentration during floods, which depends on the amount of
antecedent sand enrichment (ASE; tributary-supplied sediment stored in the channel prior to a
flood), the areal extent of that sediment, and its grain size distribution (Wiele et al., 1999;
Schmidt, 1999). In consideration of this, continuously monitored data about sediment inputs and
outputs is used in a sediment routing model designed by Wright and others (2010) to determine
the flood magnitude and duration necessary to maximize sediment storage during HFEs and
minimize excess downstream transport (U.S. Department of the Interior, 2011). Sandbar and
channel responses to the floods are variable and dependent on the pre-flood ASE, but in general
both sandbar size (measured by volume and areal extent) and total sand storage seems to be
increasing with HFEs (Hazel et al., 2010; Grams et al., 2013; Mueller et al., 2014). As the grain
sizes defined as “sand” (0.063-2mm) are those primarily responsible for building sand bars in
Grand Canyon (Rubin et al., 1998; Topping et al, 2005; Schmidt and Grams, 2011a), this paper
will focus solely on sand-sized sediment from here on, and the terms “sediment” and “sand” will

be used interchangeably unless otherwise stated.

Within Grand Canyon, Marble Canyon is defined as the reach of the Colorado River from

Lee’s Ferry to the Little Colorado River confluence approximately 100 km downstream (Fig. 1).
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Marble Canyon is considered a critical section of the Colorado River for sandbar restoration, as
the Paria River delivers the only significant, reliable sand available within that reach for
distribution to sandbars in HFEs (Fig. 3). In the pre-dam era, approximately 22.8 £+ 1.2 million
metric tons (t) of sand from the upper basin were delivered to Marble Canyon through Glen
Canyon, versus only about 1.5 £ 0.3 million t sand from the Paria River (Topping et al., 2000).
Now, using estimates from sediment years 2001-2013, Griffiths and Topping (2015) estimate
that annual Paria inputs average around 712,000 t sand, and minor tributaries to Marble Canyon
supply an average 72,000 t. While the Paria River supplied approximately 6% of the total pre-
dam sediment supply to Marble Canyon, the current annual Paria sediment load now supplies
over 90% of the total sand available within Marble Canyon for utilization by HFEs; all additional
sand is supplied by minor tributaries. As the primary supply of new sediment for Marble
Canyon, it is critical that HFEs function as designed and utilize this sand from the Paria River

specifically to rebuild sandbars.

This study offers an evaluation of the efficacy with which Paria-derived sand is utilized
and retained within Marble Canyon during HFEs. The overarching goal of HFEs is to
accumulate sand in Marble Canyon through increased eddy and channel margin storage (U.S.
Department of the Interior, 2011). Due to the geometry of the reach, the primary sources of this
sand are limited to relict, pre-dam sand and the Paria River; sand from minor tributaries likely
represents a much smaller proportion. Within eddy deposition zones, sandbars are assumed to
undergo some degree of reworking, evidenced by the increased channel relief moving
perpendicular to the flow from sandbar to main channel (Mueller et al., 2014). This reworking
process, in addition to executing HFEs such that total Paria-derived sand imports are greater than

total exports out of Marble Canyon, suggests an overall accumulation of Paria sand within
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Marble Canyon. Sediment mass balances evaluate the magnitude of this accumulation, though
compounding uncertainty over multi-year timescales renders necessary an independent
assessment of Paria-derived sand retention (Grams et al., 2013). As such, this study investigates
the accumulation of Paria-derived sand in Marble Canyon, determining the ratio of Paria-derived

to relict, pre-dam sand within HFE deposits throughout the reach.

A geochemically based sediment fingerprint exploiting the different bedrock lithologies
from which Upper Colorado River (pre-dam) and Paria River sediments are sourced allows for a
quantitative assessment of sediment mixing in sandbars deposited by controlled floods in Marble
Canyon. While the Paria River watershed primarily drains Mesozoic terrestrially-sourced
sedimentary rocks, many tributaries to the Upper Colorado River have their headwaters in pre-
Cambrian igneous and metamorphic rocks (Fig. 4). In some locations, Upper Basin sediments are
additionally derived from Tertiary volcanic units. The varying mineralogic assemblages of
sediment derived from these different lithologies is reflected in their elemental composition and
1s measurable by x-ray fluorescence (XRF). In this study, we 1) establish sediment fingerprints
based on elemental composition that differentiate the source populations of sand in Marble
Canyon, and 2) use those fingerprints in sediment mixing models to determine the relative source

contribution to Marble Canyon HFE deposits.

METHODS

Sediment Fingerprinting

This study employs a multi-variate sediment fingerprint based on the bulk elemental
composition of the source (relict, pre-dam and Paria River-derived) and mixed (Marble Canyon
HFE deposit) sand populations. Elemental composition is one of many physical and chemical
characteristics available for use in sediment fingerprints, chosen in this case for its ability to
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reflect the mineralogic differences of the source sand populations (Klages and Hseih, 1974,
Collins et al., 1996; Collins and Walling, 2002; Gingele and Dekker, 2005; Caitcheon et al.,
2006; Collins et al., 2013; Haddadchi et al., 2013, Owens et al., 2016). Additionally, whereas
many sediment fingerprinting studies focus on the <63 micron (um) grain size fraction (Gellis
and Walling, 2011; Mukundan et al., 2012; Collins et al., 2013), which often functions as a
pollutant in waters with undesirably high turbidity levels, this study focuses on sand sized 63-
500 um. This is also the most prevalent size fraction of sediment in Marble Canyon HFE
deposits, therefore the most appropriate for this study (Rubin et al., 1998). To avoid grain size-
dependent effects on elemental concentrations (Russel et al, 2001; Koiter et al., 2013;, Smith et
al., 2014;, Kraushaar et al., 2015; Smith et al., 2015; Haddadchi et al., 2015; Owens et al., 2016),
all sand is separated into six smaller grain size fractions: 63-90, 90-125, 125-180, 180-250, 250-
355, and 355-500 um. Furthermore, this grain size-specific approach allows us to utilize variable
mineral compositions unique to each grain size fraction which result from differential weathering
rates and styles between minerals. A total of six individual fingerprints based on the bulk
elemental compositions of each size fraction from the two source sand populations are the
metrics with which six independent mixing models determine the Paria contribution to each size

fraction in Marble Canyon HFE deposits.

Sampling Protocol

The sampling protocol in this study was designed to fully characterize the variability in
both sand sources for Marble Canyon and the downstream mixed population. Due to the inability
to confidently identify and sample pre-dam sand from Marble Canyon downstream of the Paria
River confluence, terraces of Upper Basin-derived sediment from pre-dam floods preserved in

Lower Glen Canyon are used as a proxy for pre-dam sediment remaining in Marble Canyon. A
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total of fourteen samples were taken from three locations in Lower Glen Canyon, all of which
were upstream of the first significant gully, Honey Draw. This negates the potential for skewing
the composition of pre-dam sand with sediment from the quartz-rich Navajo Sandstone, which
forms the canyon walls of Lower Glen Canyon. The sampled terraces are vertically continuous,
typically rising 3-5 m above the mean post-dam water level. All samples were taken from below
the post-dam high water level to avoid the influence of diagenetic processes (Koiter et al., 2013),
as the terraces were often very well consolidated, cemented to a higher degree than the active
fluvial sandbars, and had a statistically significant difference in elemental composition from
samples taken below the post-dam high water level. The Paria River, draining a 3730 km?” basin
in southern Utah and northern Arizona (Fig. 4), has a relatively low base flow of approximately
5-10 cfs and experiences higher flows primarily due to intense monsoon-driven precipitation in
the late summer and early fall (Topping, 1997; Fig. 3a). USGS gauge 09382000 (Fig. 1) records
S-minute data on Paria River discharge and suspended sediment concentration and collects
repeated instantaneous suspended sediment samples during such flood events (Fig. 3b). A total
of 48 suspended sediment samples from flood events in the 2013 and 2014 monsoon seasons
were chosen to represent the Paria River sand population. The composition of sediment delivered
during these floods changes as the storm physically moves across the watershed and mobilizes
sediment from different lithologic units. To fully account for the variability within Paria-derived
sand, a subset of all available suspended sediment samples was chosen based on the rising limbs,
peaks, and falling limbs of both discharge and suspended sediment concentration (Fig. 3 a, b;
Phillips et al., 2000; Russel et al., 2000) as an alternative to integrated time sampling (Gray and

Gartner, 2009; Olley et al., 2016).

55



A total of 19 Marble Canyon HFE deposits were sampled at fourteen sandbars, twelve of
which are long-term monitoring sites where sandbar volume and areal extent is repeatedly
measured (Hazel et al., 1999; 2006; 2013); samples of deposits from both the 2013 and 2014
HFEs were collected at six locations (Fig. 5a). At each bar, a trench revealed the internal
stratigraphy of the deposit with sedimentary structures that reflect the changing hydrologic and
suspended sediment conditions throughout the duration of flood deposition. Typical bar deposits
are similar to those reported by Rubin and others (1998) and exhibited some of the signs of
suspended sediment supply limitation addressed by Topping and others (2000): coarsening
upwards with clay-rich basal layer, main body of (typically) climbing ripples, and uppermost
section of planar bedding (Fig. 5b). This stratigraphy was used to ensure that samples were taken
solely from the most recent flood deposits following the 2013 and 2014 HFEs. Table 2 contains
the year of deposition, location, deposit height, and number of samples per deposit for all HFE

deposits used in this study.

Sample Preparation and XRF Testing

Each sample from all three sand populations underwent identical preparation prior to
determining their elemental composition. First, samples were sieved into half-phi grain size
fractions; the number of samples in each size fraction are summarized in Table 3, and only the
size fractions with » = > 10 were included in further analysis. Following sieving, samples were
washed using deionized water and stirred vigorously to break up any clay aggregates and remove
coatings on the grains. Dispersion agents were foregone to avoid leaving a chemical trace on the
sand grains. Washed samples consisting of one grain size fraction from a single original sample
were dried at approximately 250° F (120° C) and transferred to 1.5 x 1.5-inch polyethylene zip-

closure bags for testing.
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The elemental composition of all samples of the six grain size fractions from each sample
of Glen Canyon terraces, Paria River suspended sediment and Marble Canyon HFE deposits
were tested using a Niton XLT3-P handheld XRF (Small et al., 2002; Caitcheon et al, 2006;
Melquiades et al., 2013; Owens et al., 2016). Each sample was tested three times, measuring 35
major and trace elements during 90-second tests, agitating the sample bag between tests to
account for sample heterogeneity. A total of eleven elements were consistently reported for all
samples (Table 4): Iron (Fe), Calcium (Ca), Silicon (S1), Phosphorus (P), Sulfur (S), Potassium
(K), Chlorine (Cl) , Titanium (Ti), Rubidium (Rb), Strontium (Sr), and Zirconium (Zr). These
elemental concentration data serve as the basis for the sediment fingerprint used in the mixing
model (Gingele and Deckker et al., 2005; Caitcheon et al., 2006; Hughes et al., 2010). The
concentrations of these elements reported by the XRF are not standardized: their proportions
relative to each other are consistent but absolute values may be affected by sample thickness,
grain orientation, and matrix effects while calculating concentrations from detected x-ray peaks
(Sherman, 1955; Castro et al., 2008; Yalcin et al., 2008). Therefore, data were normalized by
calculating a total of 55 elemental ratios from the reported concentrations of all combinations of
the eleven elements in each individual test. The average value for each ratio across all three tests
per grain size sample was then calculated. All six grain size fractions were analyzed
independently, determining unique multivariate fingerprints based on these elemental ratios for
each fraction, to be used in six independent mixing models. This approach identifies and utilizes
the subtle mineralogical differences between each grain size fraction, reflected in elemental
compositions measured with XRF, thus creating a more robust analysis than if all size fractions

were analyzed in bulk.

57



Data Preprocessing:

Of the 55 total ratios describing the composition of each sample across all six grain sizes,
only a subset passed the standardized test of eligibility for use in the final fingerprints and
mixing models (Collins et al., 1996). First, all potential ratios were tested with the Kruskal-
Wallis H-test, a non-parametric analysis of variance used to ensure that values between the two
and within each of the endmember populations are sufficiently distinct (Collins et al., 1996).
Additionally, ratios not eliminated by this requirement must exhibit conservative behavior,
maintaining constant values throughout the spatial and temporal timescales of the study (Walling
et al., 1993; Small et al., 2002). Given linear additive mixing between two sources,
conservativeness also requires that tracer values for the mixed population fall between those of

the endmember populations, typically tested with population means (Collins et al., 1996).

A Principal Components Analysis (PCA) consolidated the remaining ratios in each grain
size fraction, those eligible for use in the mixing model; the ratios are summarized in Table 5
(Collins et al., 2012; Melquiades et al., 013). PCA effectively combines the eligible ratios into
multivariate metrics that best utilize, preserve, and consolidate the variability present in the

original ratio data.

Mixing Model

The contribution of Paria-derived sand to Marble Canyon HFE deposits was calculated
using a Bayesian mixing model implemented in MixSIAR (Stock and Semmens, 2013), which
runs in R (R Core Team, 2016) using JAGS for Markov Chain Monte Carlo (MCMC) simulation
(Plummer, 2016). Bayesian models have been gaining traction in sediment fingerprinting studies,

partially due to their superior ability to incorporate and propagate uncertainty throughout the
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model (Moore and Semmens, 2008; Davis and Fox, 2009; Fox and Papanicolaou, 2009; Parnell
et al., 2013; Cooper et al., 2015). MixSIAR is especially valuable for working with a flexible
number of tracers as well as continuous or categorical covariates. Though the model was
originally developed for dietary analyses in ecological studies, the authors explicitly state its
potential for other applications and has previously been used to analyze suspended sediment

mixing (Nakayama, 2014).

We ran separate but identical mixing models for each of the six grain sizes, utilizing the
unique geochemical signatures for each size fraction. Raw values for the first and second
principal components (PC1 and PC2) represented the two sources in MixSIAR. Treating the river
mile that describes each site’s downstream location as a continuous covariate was considered,
though ultimately each site was treated independently due to high variability in the hydraulic
nature of eddy-deposition zones and its consequent control on sandbar deposition independent of
river mile (Grams et al., 2013). Instead, Marble Canyon data were divided subpopulations by
year and site, to calculate the Apparent Paria Percentage (APP) of each HFE deposit
individually. A “residual only” error structure was chosen, as the alternative process-based error
structures are not appropriate for geologic composition data (Stock and Semmens, 2016b). Given
the absence of any definitive prior knowledge on the contribution of Paria-derived sediment to
Marble Canyon HFE deposits, an uninformative prior was used. We ran the Markov Chain
Monte Carlo (MCMC) procedure in JAGS using three independent “chains”, each performing
100,000 MCMC iterations: the first 50,000 iterations were discarded as burn-in, and the sampled
results were thinned to 1 in every 50 iterations to remove autocorrelation. Model diagnostics
show that this was a sufficient number of iterations, evidenced by the convergence of all chains

on the same stationary distribution of parameter values. The reported APP estimate and
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uncertainty for each grainsize of all deposits (Figure 7), are the mean and standard deviation

values from the resulting posterior distributions.

RESULTS

Principal Components Analysis

The first and second principal components, which jointly explain approximately 60 -
76% of the original variability within the ratio data, were chosen to define each of the sand
populations in the fingerprints used by the mixing models (Table 6). We did not use additional
PCs as they were unable to distinguish the Glen Canyon and Paria populations, and explained
negligible additional variability. Figure 6a depicts how, for each grain size fraction, the values
for PC1 and PC2 in all three populations compare. Due to the nature of PCA, the first principal
component (PC1) best differentiates the Glen Canyon and Paria sand and thus serves as the

primary axis along which all three populations separate (Fig. 6a).

Loadings plots (Fig. 6b) indicate which elemental ratios influence PC1 and PC2, giving
insight into how different minerals present in sediment from the two source watersheds influence
the fingerprints. Additionally, the ratios with the heaviest loadings on PC1 and PC2 vary for each
grain size fraction, thus confirming the utility of analyzing each fraction separately and taking
advantage of subtle differences in mineralogic composition between grain size fractions. In the
63-90 fraction, many of the ratios weighing most heavily on PC1 involve Ti, with Ti in the
denominator and elements such as K and Si in the numerator on the positive side of the x-axis.
This means that as these ratios increase, due to decreasing Ti levels and/or increasing Si and K
levels, PC1 values become more positive and characteristic of Paria-derived sand. These ratios
and their alignment with PC1 likely reflect differences in the abundance of biotite (K(Mg,
Fe®);A418i30,9(0OH, F),) and amphiboles ( AX>Zs((Si, Al, Ti)sO1:)(OH, F, Cl, 0),) which are
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more likely to occur in Glen Canyon sand, versus K-feldspar (KA/[Si;Os) and quartz (SiO;) which
are more abundant in Paria sand. In a similar fashion, ratios in the 90-125 um fraction such as
Fe/S, Rb/Sr, K/Sr, and Ca/Ti suggest that different abundances of iron oxides (Fe,O,) and biotite
vs. feldspars are likely responsible for the distinction of Glen Canyon and Paria sand along PC1.
The 125-180 um fraction appears to be largely influenced by the presence of zircons (ZrQ;) in
the Glen Canyon sand, as shown by the ratios with Zr in the denominator on the Paria side: as Zr
levels increase, the value for those ratios decreases thus becoming more like Glen Canyon sand.
PC1 in the coarsest three fractions is consistently influenced by ratios with Rb and Sr, and Fe has
a strong influence on PC1 in the coarsest two fractions. These ratios likely reflect higher
abundances of biotite and iron oxides in the Glen Canyon sand, and more quartz and feldspars in

the Paria sand for these fractions.

Mixing Model

The average reported percentage of Paria sand (Apparent Paria Percentage, APP) value
for all Marble Canyon deposits from both the 2013 and 2014 HFEs is 44.5%. 2013 HFE deposits
have, on average, 33.8 = 4.1% Paria sand, and range 18.0 — 55.4 %. 2014 HFE deposits have an
average 54.7 £ 4.3% APP and range 31.9 — 72.5% APP. These values are derived from the
individual, grain-size specific APP measurements at each bar (Fig. 7), using the grain size
distribution of each sample and overall proportion of the whole deposit that sample represents to
calculate a weighted average. The year-specific estimates of APP are arithmetic averages of the

APP values for all sampled deposits in each year.

Absent any prominent trends across all size fractions and deposits, linear or otherwise,
grainsize affects APP of individual sandbars to some degree in both 2013 and 2014 (Fig. 7a). In

both years, APP in the finest sand fraction (63-90 um) is consistently lower than the other five
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fractions (90-500 pm) at 13 of 19 sampled deposits. Additionally, while the four median size
fractions (90-355 pum) show scatter when ordered by river mile, the 355-500 um fraction shows a

slight trend of decreasing APP moving downstream (Fig. 7a).

The average APP for each grain size and, separately for each deposit (using a grain-size
distribution weighted average), in each year are shown in Figures 8a and b, respectively.
Average APP per grainsize fraction provides an additional perspective on any systematic change
in APP with sediment size (Fig. 8a). In both 2013 and 2014, APP is clearly lowest in the finest
sand fraction, increasing significantly in the next one (in 2013) or two (in 2014) coarser
fractions, followed by a steady decline in APP with further coarsening. When sorted by river
mile (Fig. 8b), the data remain scattered and do not show a trend in APP dependent on distance

downstream from the Paria River confluence.

Finally, the range in APP for each of the size fractions across all deposits sampled for
each year (Fig. 8c.) potentially provides further insight into how different grain sizes of sand
behave in this system. Initially, the range in APP appears to increase with coarsening grain size
in both years, though a large part of this trend is due to relatively low ranges in the finest
fraction. Omitting the finest fraction, there is still a slight increasing trend in the range of
reported APP values with increasing grain size fraction, though less so in 2013 than 2014.
Looking at the deposit-specific APP values used to calculate these ranges, several sites often
have relatively high APP values (those at river mile 22.1 and 30.4) while others tend to have
lower APP values (river mile 29.3, 41.4, and 44.5, and 50.2). These patterns do not, however,

hold up across all grain sizes at these sites (Fig. 7b).
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DISCUSSION

Mixing Model Results

The average APP values in Marble Canyon deposits from the 2013 and 2014 HFEs of
33.8 +4.1% and 54.7 £ 4.3%, respectively, are lower than initially expected. HFEs are operated
under the assumption that the Paria sediment supplied to the mainstem Colorado River in the
months prior to a flood event is the primary supply of sediment available for deposition during
HFEs (Department of the Interior, 2011). Based on this assumption, and an assumption by the
authors that Marble Canyon HFE deposits comprise sand sourced mainly from the Paria River
ASE immediately preceding the flood, APP values for the 2013 and 2014 HFE deposits were
expected to approach 90% Paria, reflecting the current sand supply ratio for Marble Canyon.
While surprising, the lower observed APP values, and the apparent lack of correlation between
distance downstream and, less so, grain size can provide insight into sediment storage and
transport within Marble Canyon. The observed APP values suggest that a much higher degree of
mixing between the Paria ASE and pre-existing sand takes place in the post-dam Marble Canyon
than initially thought. Additionally, though repeat channel bathymetry and sub-areal sandbar
measurements provide an analysis of changes in sand storage in Marble Canyon (Hazel et al.,
2006, 2010, 2016; Mueller et al., 2014; Kaplinski et al., 2014, 2017), the absolute sand storage
volume within Marble Canyon remains unknown and these lower APP values could potentially

indicate a larger total sand supply than expected.

The consistently low observed APP values in the 63 — 90 size fraction suggest the
potential significance of additional sand sources on Marble Canyon HFE deposit composition.
The constraints of the mixing model used to generate these APP values limited the available

sources of sediment to relict, pre-dam sand persisting in Marble Canyon, and sand supplied by
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the Paria River. As such, these observed APP values suggest that this finest grain size fraction in
Marble Canyon HFE deposits comprises roughly 70-95% pre-dam sand. This is highly
improbable: very little pre-dam sand of this size likely remains in Marble Canyon, given the
winnowing that would occur during the documented export of sand out of Marble Canyon during
normal dam operations (Topping et al., 2010; Grams et al., 2013) and the conclusion by Topping
and others (2000) that flows over 200-300 m*/s (7,060-10,600 cfs) result in export from Marble
Canyon. The 63-90 um fraction of sand is thus likely influenced to a large degree by sand
delivered by minor tributaries not accounted for in the current mixing model. The extent to
which sand in coarser grain size fractions is affected by minor tributary inputs is unknown. A
primary implication of this shortfall in the model is that, assuming the direction of inaccuracy in
APP remains constant and consistently overestimates the proportion of pre-dam sand in Marble
Canyon HFE deposits, the observed APP values presented here can be considered minimum
estimates of the contribution of Paria-derived sand supplied in the post-dam era provides to

Marble Canyon HFE deposits.

Perhaps just as informative as trends in APP that depend on grain size or river mile is the
prominent scatter in the mixing model results. The source of this scatter could be method based,
originating from errors arising from a multitude of potential sources. Sampling the deposits in
one location, as opposed to several in different locations throughout the sandbar could affect how
representative those samples are of the entire deposit. Characterizing the source sand populations
is another plausible source of error. The terraces in Lower Glen Canyon do not necessarily
represent the entire sediment population originating in the upper Colorado River Basin and
previously supplied to Marble Canyon, but they are the best proxy currently available. A study

incorporating historic flows and sediment characterization of individual watersheds within the
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Upper Colorado Basin could potentially yield a more accurate characterization. Additionally,
only the Paria sediment supplied prior to the 2013 and 2014 HFEs was used to characterize the
Paria River sediment population, as they seemed most appropriate for studying deposits from the
2013 and 2014 HFEs. Additional samples from previous and following years may be necessary
to fully characterize the variability within Paria River sediment composition. While testing with
XREF, three individual tests accounted for heterogeneity within the sample contained within the
testing bag, though the degree to which this small sample represents that grain size throughout an
entire deposit is unknown and could be a further source of error. In the XRF data, the use of
elemental ratios reduced but potentially did not fully negate the error introduced by matrix

effects in the conversion of x-ray intensity curves to elemental concentrations (Sherman, 1955).

In contrast, the scatter among the mixing model APP results might accurately reflect
inherent spatial heterogeneity within the sediment stored in Marble Canyon. The distribution of
pools between rapids capable of storing large volumes of sand prior to and from which large
volumes of sand are also excavated during HFEs is not spatially consistent throughout Marble
Canyon. Certain eddy deposition zones where HFE deposit sandbars form have much larger sand
supplies immediately upstream than others (Kaplinski et al., 2014, 2017). This likely affects, on
a pool-eddy scale, the degree to which Paria-derived sand accumulates but also the relative
influence a given addition of Paria-derived sand would have on the overall composition of sand
available for deposition during HFEs. Evidence for significant recycling between eddy sandbar
deposits and the immediately adjacent channel (Mueller et al., 2014) incites questions of
sediment residence time and the degree to which new sediment is incorporated into these
deposits compared to storage in the main channel. A high degree of spatial heterogeneity also

exists within overall sandbar response to HFEs, as local hydraulic effects and channel geometry
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control the morphodynamic response of sandbars during HFEs more than pre-flood sediment

supply (Grams et al., 2013).

Despite the high degree of scatter within the mixing model results, the 2014 APP values
are generally higher than those for 2013 HFE deposits (Fig. 8a, b), a discrepancy which
potentially yields information about sediment storage and transport during HFEs. It is possible
that with each additional HFE, the overall concentration of Paria-derived sand within Marble
Canyon increases. APP levels could also be sensitive to additional variables unique to each flood
event. The 2013 and 2014 HFEs had identical durations but the maximum released discharges
were 34,100 cfs (965 m*/s) and 38,400 cfs (1090 m’/s), respectively; the larger release yielded
higher APP values. The timing of Paria sediment delivery to the main stem Colorado River and
the magnitude of water releases from Glen Canyon dam prior to a flood may influence
characteristics of the ASE such as grain size distribution, due to the winnowing of fines during
normal dam operations prior to a flood, that affect the resulting Paria contribution to flood
deposits. Figure 9 shows the cumulative sediment load delivered to the main stem Colorado by
the Paria River in both 2013 and 2014 (Fig. 9a and b, respectively) and the corresponding flows
on the Colorado River (Fig. 9¢c, d). In 2013, two smaller flood events preceded one large
sediment delivery on September 8-14 (Fig. 9a). Following this large flood event, the Colorado
River experience three distinct flow regimes in September, October, and November (Fig. 9¢)
prior to the 2013 HFE. In 2014, Paria sediment was supplied to the main stem in four more
evenly-sized deliveries, three of which took place in September (Fig. 9b), and was subjected to

two distinct flow regimes prior to the flood (Fig. 9d).
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In a larger perspective, the overall volume of available Paria-derived sand may have the
most influence on the composition of HFE deposits. The total Paria ASE volume was 1,918,000
tons in 2013, compared to 1,280,000 in 2014, a 33% reduction
(www.gemre.gov/discharge qw_sediment). Following the 2013 HFE, roughly 1,000,000 t sand
remained in upper Marble Canyon (approximately river miles 0 — 30) prior to the 2014 Paria
sand delivery. Lower Marble Canyon (river miles 30 — 62, appx.) experienced a net gain of
approximately 270,000 t sand during the 2013 flood and continued accumulating more than
300,000 t sand prior to the 2014 flood (www.gcmrc.gov/discharge qw_sediment). Thus the total

volume of available sand prior to the flood was greater in 2014 than in 2013.

Topping and others (2007) concluded that the grain size distribution of Paria ASE can
significantly influence the suspended sediment concentration and consequently deposition in
eddy sandbars during floods. The degree to which this affected the observed Paria contribution
levels in the 2013 and 2014 Marble Canyon HFE deposits is unclear, as the grain size
distributions of sand delivered by the Paria River prior to the two floods are nearly identical.
Interestingly, the modal grain size fraction in both years of Paria-derived sand at the time it was
delivered to the main stem Colorado River was the 90 — 125 pm fraction, compared to the 125 —
180 um fraction in HFE deposits from both years. Without additional years of APP data, it is not
possible to thoroughly evaluate how each of these variables influences the Paria contribution to
HFE deposits or how those APP levels will change without time, though such information would
likely help optimize HFE flood design and maximize the retention of Paria derived sediment in

Marble Canyon.
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Modeling Paria Sand Integration into Marble Canyon Storage

Though initially lower than expected the observed APP levels from the 2013 and 2014
HFE deposits are more reasonable when considering the sediment dynamic of storage and
transport that take place both during HFEs and in the preceding sediment enrichment period. The
incoming Paria sediment, when delivered, is subject to transport in the flows released during
normal dam operations. The finer silt and clay grainsizes often stay in suspension, and the
remaining sand is gradually winnowed out of the bed, getting progressively coarser, with normal
dam releases (Topping et al., 2010). This veneer of Paria-supplied sand is mobilized first during
floods, and at least partly exported from Marble Canyon; the amount and grain size distribution
of the wave of mobilized antecedent sand enrichment is measurable with acoustic-Doppler
profilers located downstream of Marble Canyon (Topping et al., 2010). Because this sand is so
readily mobilized during floods, it is unreasonable to assume that 100% of the antecedent sand
enrichment will be retained in Marble Canyon channel storage and is instead exported. Most
likely, some portion of the “new” sand is incorporated into the active mixing layer of sediment,
which experiences scour and fill during normal dam operations and floods, while the remaining
sand is flushed downstream. Thus, Paria sand is slowly incorporated into the active layer,

gradually replacing and supplementing the relict, pre-dam sand still in the channel.

In the five decades since Glen Canyon Dam was completed, the average Paria
contribution to Marble Canyon sandbars has increased from, presumably, 6% to an average of
44%. By assuming the composition of the sand in HFE deposits accurately represents the
composition of the active storage within the Marble Canyon channel, we can calculate the
proportion of each annual Paria influx that needs to be incorporated into the Marble Canyon

active storage to achieve the observed APP levels. This allows us to determine how effective
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HFEs are in capturing Paria sediment to use in sandbar restoration. The presented model (Fig.
10) calculates the continuous increase in Paria contribution to Marble Canyon storage using the
equation:

Fpuy = (Fpt)(Mm,) - (Fp,)((Mm,)(Rr) - AS) + (Mpm)(Rr) (1)
Mm, + AS

where Fp, is the fraction of Paria-derived sand in the total Marble Canyon storage in year
t after the dam’s completion; Fp; +  is the fraction of Paria-derived sand in the total Marble

Canyon storage the following year. The expression:

( Fp.)( Mm,) (2)

describes the mass of Paria-derived sand in Marble Canyon in year ¢; Mm,; is the mass of

sand stored in Marble Canyon in year ¢. The expression:

(Fp:)((Mm.)(Rr) - AS) (3)

describes the mass of Paria-derived sand exported from Marble Canyon between year ¢
and ¢+1. Mp;, is the mass of Paria sand delivered to the main stem Colorado year ¢, and Rr is the
proportion of that sand retained within Marble Canyon, integrated into the active sediment

storage. 4§ is the change in total Marble Canyon storage from year ¢ to year ¢+ /. The expression:

(Mpin)(Rr) (4)

describes the mass of Paria sand retained in Marble Canyon from year ¢ to year #+/. The

expression in the denominator describes the total storage in Marble Canyon in year ¢+1:

Mm, + AS (5)
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The initial fraction of Paria-derived sand within Marble Canyon when the dam closed in
1963, at time at =0, is assumed to match the pre-dam supply ratio of Upper Colorado River
Basin to Paria River sand of 6% (Griffiths and Topping, 2015; Topping et al., 2000). Though a
significant volume of sand was likely evacuated from Marble Canyon following the dam’s
completion, we first run a simplified model assuming constant storage of 26.2 million tons (t),
based on the estimates by Hazel and others (2006): total active storage within eddy deposition
zones was determined to be 13.1 million t and assumed to comprise half the total active storage
in Marble Canyon, including channel storage. Additionally, three scenarios test the sensitivity of
the required Paria sand retention rate necessary to achieve current observed APP levels to
changing total Marble Canyon storage. We consider a 10%, 30%, and 50% reduction in Marble
Canyon storage starting in 1963 to reach 26.2 million t in 1996, when high flow experiments
began. These scenarios reflect the sediment evacuation that likely occurred from Marble Canyon
during a series of 14 pulsed high flows in 1965 that caused intense scouring of Lower Glen

Canyon (Grams et al., 2007).

In all four conditions tested, the required retention rate of the annual Paria sand load in
Marble Canyon to reach an average APP of 44% by the year 2014 ranged from 20.2 — 29.7%
(Fig. 11). When Marble Canyon storage (Mm) was assumed to remain constant from 1963 —
2014, the fraction of Paria sand within Marble Canyon (Fp) increased at a constant rate (Fig. 11).
If Marble Canyon storage is assumed to have decreased by 10%, 30%, or 50%, Fp increases at
an increasing rate, until 1996 when it increases at a slower linear rate than with constant storage.
This effect is exaggerated as the amount by which Mm decreased from 1963-2014 increases from

10% to 50%. In all scenarios, Fp is approximately the same in the early 1990s, then Fp in the
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changing-storage scenarios diverges until 1996, and converges again to the average observed

APP of approximately 44% in 2014.

While it is unlikely that the retention rate of Paria-derived sand in the active Marble
Canyon storage has remained constant throughout each year since 1963, this retention rate model
provides a rough estimation. Higher percentages of Paria sand are likely integrated into Marble
Canyon storage during HFEs, though it is difficult to say how much higher retention rates would
be than predicted in this model. It seems plausible, however, that during HFEs, which are
designed specifically to incorporate Paria sand into Marble Canyon storage, Paria sand retention

rates would exceed the relatively low rates of 20-30% required in all seven tested scenarios.

Sediment transport occurs throughout the entire year in Marble Canyon, supporting the
idea that integration of Paria sand also occurs on a daily basis. Continuously monitored sediment
transport data within and leaving Marble Canyon (www.gcmrc.gov/discharge qw_sediment)
reveal temporal patterns of sediment enrichment and depletion in Marble Canyon. During
sediment enrichment periods, upper Marble Canyon (river miles 30-60) storage increases,
sometimes substantially, with sufficient Paria flux. Simultaneous, export out of upper Marble
Canyon can increase storage into lower Marble Canyon (river miles 30-60). During floods, upper
Marble Canyon experiences a negative sand mass balance characterized by sand export, and
LMC tends to have either a neutral or slightly negative sand mass balance (with exports roughly
equaling or slightly exceeding imports from upper Marble Canyon) (Mueller et al., 2014). This
pattern of mass transport suggests that a majority of mixing within the channel active layer likely
occurs during HFEs specifically. Transport between Upper and Lower Marble Canyon suggests
that there is some degree, though minor, of mixing during interim flows between floods.

Upwellings of water in the main channel that contain low concentrations of suspended sediment
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can be observed both while on the water or at higher elevation vantage points during interim
flows. The plumes are visible when the water is “green”, and relatively clear of the silt and mud
responsible for turning the water red-brown and thick with mud during monsoon season, which
further supports that the sediment being mixed is indeed sand. Because finer sand will be more
easily entrained in these plumes, it is possible that the finer sand fractions of Paria influxes are
more readily incorporated into the active sediment layer than coarser sizes. This would help
explain the trends in APP with grainsize shown in Figure 8. Fractionation effects such as this
also likely occur during floods themselves, and help explain the decrease in APP with river mile
in the 355-500 pm grain size fraction. Because the coarser grains are not entrained as readily as
finer grains, the “wave” of increased APP due to mixing could likely travel downstream more

slowly in this coarsest grain size.

CONCLUSIONS

This study presents a relatively novel application of sediment fingerprinting techniques,
evaluating the sustainability of fluvial restoration efforts focused on promoting downstream
aggradation, as opposed to preventing upstream erosion. In line with the continuing goals of the
Grand Canyon Adaptive Management Program, this study helped expand our knowledge of
sediment dynamics in the post-dam Colorado River in Grand Canyon. A multivariate fingerprint
for Glen Canyon (acting as a proxy for relict, pre-dam sand in Marble Canyon) and Paria River
sand was derived from elemental data that reflected the differences in mineralogy of their
respective watershed lithologies. Following the methods of other sediment fingerprinting studies,
these elemental data were measured using XRF (Gingele and Deckker, 2005; Caitcheon et al.,
2006; Hughes et al., 2010; and Melquiades et al., 2013), underwent standard statistical

procedures (Collins et al., 1996, Walling et al., 1999) to determine which data were eligible for
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use in a mixing model, and combined into a multivariate composite fingerprint using a principal
components analysis (Melquiades et al., 2013; Collins et al., 2012). This multivariate signal was
used in a Bayesian mixing model, MixSIAR (Semmens and Stock, 2016) to determine the

apparent contribution of Paria-derived sand in Marble Canyon HFE deposits.

In order for the current GCMRC sandbar management practices to be sustainable, the
long-term erosional trend that exists in the post-dam Colorado River through the Marble Canyon
reach of Grand Canyon needs to be reversed (Schmidt and Grams, 2011b). In a sense, the only
way to do this is to increase the mass of sand stored in Marble Canyon through the incorporation
of tributary-supplied sediment. The extent to which this incorporation has occurred in the last 20
years of controlled floods can be evaluated with the fraction of Paria-derived sand in Marble
Canyon HFE deposits calculated in this study. The results are variable among both different
grain size fractions and sandbar locations, though this is not surprising given the spatial
heterogeneity of channel sand storage and local hydraulic effects on sand deposition (Grams et
al., 2013; Kaplinski et al., 2014, 2017). Despite the inconsistent APP values, only two out of 112
samples (each representing one grain size fraction from one deposit), were below the initial
assumed APP of 6%, and the upper uncertainty bound for both samples exceeded 6%. In light of
this, and that the average APP for each year that far exceeds 6%, it is clear that sand delivered to

Marble Canyon is actively being incorporated into the active sediment layer.

Any number of variables can affect the percentage of Paria sand within an individual
deposit. Characteristics of the Paria sediment enrichment including the total sand mass delivered
to the Colorado River, when those delivery events occur, and the grain size distribution of the
delivered sediment all likely affect the APP of deposits created during an HFE. Characteristics of

HFEs such as flood magnitude and duration may systematically control APP, and spatial
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heterogeneity in the Marble Canyon channel upstream or adjacent to eddy deposition zones and
local hydraulic effects may ultimately cause scatter in APP to persist. More years of data are
necessary to confirm trends in APP either through time, by grain size, or by river mile, but also
to establish any correlations between APP and any number of potentially influential factors.
Further studies should aim to 1) better characterize the source populations with more robust
sampling approaches and/or larger data sets, and 2) include minor tributaries as a third sediment
source, to establish the minor tributary contribution to not only the finest sand fractions within

HFE deposits, but the coarser fractions as well.

Calculated, constant, retention rates of Paria-derived sand required to reach the observed
APP levels are reasonable, thus suggesting that Paria sand has been, and will continue to be,
integrated into Marble Canyon. The rates describing scenarios of constant integration are low
enough such that the expected, elevated integration rates of Paria sand during HFEs should be
attainable. Once the Paria-derived sand is incorporated into the active sediment in Marble
Canyon, HFEs are largely responsible for creating and maintaining the deposits in which sand is
stored, postponing and mitigating downstream transport out of Marble Canyon. Thus, provided
Marble Canyon exports during flood events do not exceed the antecedent sand enrichment that
persists prior to floods, and that floods are conducted at frequent enough intervals to maintain the
deposit in which sand is stored (Grams et al., 2013), HFEs can be considered conditionally

sustainable.
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Peak Discharge Duration at

Year Dates (cfs) Peak Discharge
1996 Mar. 26 - Apr. 7 45,000 7 days
2004 Nov.2 -4 41,700 60 hours
2008 Mar. 6 - 8 42,800 60 hours
2012 Nov. 18 -23 42,300 96 hours
2013 Nov. 11 -16 34,100 96 hours
2014 Nov. 10 - 16 38,400 96 hours
2016 Nov.7-12 36,800 96 hours

Table 1: Details of date, peak discharge, and duration at peak discharge for the 7 controlled flood events released
from Glen Canyon Dam.
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2013 HFE 2014 HFE
Deposit Number Deposit Number

Height of Height of
Lat. Long. RM Site Name (m) Samples (m) Samples

36.8556 -111.6043 1.4 Paria Beach 0.20 3 - -
36.8429 -111.6170 2.6 Cathedral - - 0.80 4
36.7716 -111.6563 8.1 Jackass - - 0.51 3
36.7715 -111.6563 8.9 9 Mile 1.00 7 1.30 5
36.6804 -111.7392 16.4 Hot Na Na - - 2.40 5
36.6128 -111.7600  22.1 22 Mile 1.30 5 0.70 4
36.5302 -111.8347  29.8 Silver Grotto 0.13 2 - -
36.5159 -111.8476  30.4 30 Mile 1.30 5 1.90 7
36.4020 -111.8823 414 Buckfarm 2.80 4 1.15 4
36.3868 -111.8494 445 Eminence 1.65 6 2.20 3
36.3678 -111.8887 475 Saddle - - 0.90 1
36.3375 -111.8611 50.2 Dinosaur 2.25 7 - -
36.2621 -111.8262 56.5 Kwagunt - - 0.90 4
36.2404 -111.8243 57.5 Malgosa 1.09 6 - -

Table 2: Details of Marble Canyon sampling sites for 2013 and 2014 HFE deposits including location (latitude and
longitude), river mile (RM), site name, deposit height in meters and number of samples taken from each deposit.
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Grain size fraction (um)

Population <63 63-90 90-125 125-180 180-250 250-355 355-500 >500
Glen 11 14 14 14 14 14 13 5
Paria 2 45 45 45 45 42 31 13

Marblel3 45 48 52 52 50 45 39 17
Marble14 0 37 37 37 37 33 28 4

Table 3: Total number of samples in each grain size fraction. Paria river suspended sediment samples obtained from
the USGS were the >63 fraction, thus did not include any sediment <63 um. The <63 pum fraction was excluded
from all processing in anticipation of excluding that grain size in analyses. The >500 pm fraction had insufficient n
in Glen Canyon to characterize the endmember, thus the fraction was excluded in the analyses.
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Mean reported concentration and standard error (ppm¥)
63 -90 pm

Population Fe Feo Ca Cao Si Sic P Po S So K Ko

Glen Canyon 13254.5 9743 15843.9 964.6 51071.8 1235.8 2611.8 1322 4918 184 906.8 17.5
Paria River 5747.1 68.2 18510.9 556.0 76073.0 2171.2 673.6 8.9 3573 69 1661.4  65.0
Marble 2013 6462.4 168.3 15333.0 479.9 20875.6 1316.0 843.9 56.5 371.7 95 7153 11.6
Marble 2014 6709.8 165.1 22856.7 740.3 65193.1 1789.6 1299.6 99.9 3529 115 712.4 20.9

90 - 125 pm

Glen Canyon 9739.7 854.3 11597.8 664.3 57603.8 1515.6 1502.8 166.8 3724 22.6 855.0 21.9
Paria River 4352.4 101.1 16100.4 454.2 60860.0 1380.2 605.9 7.8 3546 6.6 1637.3  65.4
Marble 2013 4641.8 289.5 10847.8 419.6 18719.4 1165.6 502.3 13.5 3694  11.0 682.6 9.8
Marble 2014 4169.0 95.8 15526.6 585.6 62553.3 1501.5 609.9 7.3 2745 5.8 707.8 15.5

125 -180 pm

Glen Canyon 4995.1 219.3 10478.5 772.2 57405.3 1442.3 615.1 11.9 2589 64 826.5 15.6
Paria River 4458.0 139.2 19276.2 674.7 65008.8 1598.7 620.4 7.1 3584 63 1579.0  62.8
Marble 2013 4320.3 144.5 10240.1 495.5 15666.0 718.0 484.1 4.6 3652 95 700.7 9.7
Marble 2014 3796.5 112.1 15073.9 427.4 70466.0 2000.6 617.9 9.1 3040 8.1 744.1 26.0

180 - 250 pm

Glen Canyon 4517.5 319.6 12033.0 855.3 58974.1 2087.1 647.5 13.9 2622 7.8 853.4 20.7
Paria River 4035.1 205.1 14379.8 587.8 65484.5 1486.4 623.2 9.3 3934 93 1649.5  63.5
Marble 2013 4199.8 113.7 9329.0 316.2 15957.3 781.9 4447 5.6 383.0 11.1 662.7 10.4
Marble 2014 4413.2 2144 15797.0 4733 64010.9 1677.4 615.9 9.0 449.6  50.7 779.3 36.1

250 - 355 pm

Glen Canyon 4955.7 329.1 12210.4 825.1 58583.6 2014.7 639.1 12.1 299.3 155 823.5 16.6
Paria River 2969.9 168.6 12157.4 1177.3 66394.1 1509.6 638.5 13.7 4283 184 16857 79.8
Marble 2013 4138.5 129.0 10650.1 330.8 17529.1 1059.5 464.9 6.3 389.6 122 644.0 11.5
Marble 2014 4135.7 139.1 14069.0 427.1 73598.7 2051.5 622.2 9.7 456.6  46.7 727.1 39.9

355-500 pm

Glen Canyon 6174.2 854.3 14966.9 1501.0 66564.7 3082.9 667.8 14.1 3884  26.7 868.1 26.0
Paria River 2171.8 130.2 12310.9 1210.3 66346.9 1404.8 637.0 11.2 4238 14.1 1658.6  96.0
Marble 2013 3581.3 115.0 11327.1 321.8 22933.1 1558.8 461.4 7.7 4127 172 614.8 10.4
Marble 2014 4935.3 262.6 16969.2 631.5 694717.5 1867.9 615.9 11.8 5004 42.0 762.9 27.1

Table 4: Mean and standard error of all elements from which sample-specific ratios were calculated, averaged, and
utilized in the fingerprints. Marble Canyon sand divided into samples specific to the 2013 and 2014 deposits.
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Mean reported concentration and standard error (ppm¥)
63 -90 pm

Population Cl Clo Ti Tio Rb Rb ¢ Sr Sro Zr Zr o

Glen Canyon 11290.7 1345 1940.0 127.3 42.1 0.3 99.3 1.0 2971.6 474.5

Paria River 13604.1 139.8 920.7 11.7 47.0 0.3 77.3 0.5 1343 6.7
Marble 2013 9249.6 84.5 1039.6 27.9 422 0.2 77.5 0.8 543.8 50.4
Marble 2014 11638.5 134.2 1160.4 29.6 424 0.3 79.9 0.8 538.1 52.6
90 - 125 pm
Glen Canyon 8807.2 2232 1290.4 107.9 339 0.7 79.9 1.3 694.5 109.8
Paria River 11293.2 152.5 685.7 15.0 40.6 0.4 59.7 0.7 57.7 2.0
Marble 2013 7897.2 95.8 680.7 30.1 37.3 0.4 54.8 0.9 124.9 19.1
Marble 2014 10289.0 151.5 660.4 14.8 38.6 0.5 58.3 1.0 109.9 6.0
125 - 180 pm
Glen Canyon 7226.5 2479 726.3 32.7 28.9 0.8 71.8 1.9 83.8 7.2
Paria River 9848.4 169.6 631.3 19.8 35.8 0.5 58.1 0.9 413 1.0
Marble 2013 6563.1 117.2 605.6 21.4 31.5 0.6 49.8 1.1 55.2 2.0
Marble 2014 9226.1 169.3 563.9 17.7 33.6 0.6 51.5 0.9 523 1.8
180 - 250 pm
Glen Canyon 7103.6 299.9 578.6 40.3 29.5 1.0 73.9 2.5 54.3 2.9
Paria River 7791.4 195.2 564.8 29.4 28.5 0.7 48.5 1.2 35.6 0.6
Marble 2013 5201.7 100.6 591.4 20.9 24.1 0.4 41.5 0.6 51.7 3.0
Marble 2014 7921.0 177.5 646.2 36.1 29.0 0.7 51.0 1.2 57.7 4.2
250 - 355 pm
Glen Canyon 7658.6 312.1 608.4 44.9 32.1 1.1 80.1 2.5 63.5 5.0
Paria River 5240.9 175.3 436.7 23.8 17.7 0.5 36.3 1.4 31.7 0.6
Marble 2013 4386.8 120.1 502.8 15.1 20.5 0.5 41.8 0.9 453 1.5
Marble 2014 6446.1 172.2 581.2 22.9 22.9 0.6 45.1 1.0 51.6 2.7
355-500 pm
Glen Canyon 9118.0 405.3 718.0 81.7 39.7 1.9 88.9 4.8 72.2 11.2
Paria River 3456.8 171.1 308.2 14.2 11.0 0.5 29.6 1.2 28.0 0.7
Marble 2013 3647.9 115.0 418.8 11.5 18.0 0.5 42.4 1.1 39.2 0.8
Marble 2014 6203.2 244.1 576.4 31.1 22.1 1.1 51.7 2.2 50.9 2.5

*based on values reported directly by the XRF, not absolute. See text for details
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Grain Size n ratios Eligible Ratios
63-90 35 Fe/Ca, Fe/S, Fe/Cl, Fe/K, Fe/Rb, Fe/Sr, Fe/Zr, Ca/Ti, Ca/Zr, Si/P, Si/S, Si/Ti, Si/Zr, P/S, P/Cl, P/K, P/Ti, P/Rb,
P/Sr, P/Zr, S/Cl, S/K, S/Ti, S/Zr, C1/Ti, Cl/Zr, K/Ti, K/Sr, K/Zr, Ti/Rb, Ti/Sr, Ti/Zr, Rb/Sr, Rb/Zr, St/Zr
90-125 34 Fe/Ca, Fe/S, Fe/Cl, Fe/K, Fe/Ti, Fe/Rb, Fe/Sr, Fe/Zr, Ca/Ti, Ca/Sr, Ca/Zr, Si/P, Si/Cl, Si/Ti, Si/Zr, P/S, P/Cl, P/K,
P/Zr, S/Ti, S/Sr, S/Zr, C1/Ti, Cl/Sr, Cl/Zr, K/Ti, K/Sr, K/Zr, Ti/Rb, Ti/Sr, Ti/Zr, Rb/Sr, Rb/Zr, St/Zr
125 - 180 30 Fe/Ca, Fe/S, Fe/K, Fe/Rb, Fe/Zr, Ca/P, Ca/S, Ca/K, Ca/Ti, Ca/Rb, Ca/Sr, Ca/Zr, Si/Cl, P/K, P/Ti, P/Sr, P/Zr, S/Ti,
S/Sr, S/Zr, Cl/Ti, Cl/Sr, Cl/Zr, K/Ti, K/Sr, K/Zr, Ti/Rb, Ti/Zr, Rb/Zr, St/Zr
180 - 250 18 Fe/S, Fe/Zr, Ca/Rb, Ca/Sr, Ca/Zr, Si/Cl, P/Cl, P/Sr, S/Ti, S/Sr, S/Zr, Cl/Sr, K/Rb, K/Sr, K/Zr, Ti/Zr, Rb/Sr, Rb/Zr
250 - 355 25 Fe/Ca, Fe/S, Fe/Ti, Ca/Ti, Ca/Rb, Ca/Sr, Ca/Zr, Si/Cl, Si/Rb, Si/Sr, P/K, P/Rb, P/Sr, S/K, S/Ti, S/Rb, S/Sr, S/Zr,
CI/K, CI/Rb, Cl/Sr, K/Rb, K/Sr, Ti/Zr, Rb/Sr
355 - 500 31 Fe/Ca, Fe/S, Fe/Cl, Ca/K, Ca/Ti, Ca/Rb, Ca/Sr, Ca/Zr, Si/Cl, Si/K, Si/Rb, Si/Sr, P/K, "P/Rb, P/Sr, /Zr, S/K, S/Ti,

S/Rb, S/Sr, S/Zr, CI/K, CI/Rb, Cl/Sr, Cl/Zr, K/Rb, Ti/Rb, Ti/Sr, Rb/Sr, Rb/Zr, St/Zr

Table 5: Number and list of ratios eligible for use in each grain size-specific fingerprint.
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Grain Size Variance explained

(1m) PC1 PC2 PC3 PC4 PC5 by PC1 and PC2

63-90 0.630 0.133 0.074 0.051 0.033 0.764
90-125 0.572 0.135 0.082 0.062 0.048 0.707
125-180 0.404 0.191 0.167 0.092 0.053 0.595
180-250 0.426 0.210 0.140 0.097 0.043 0.636
250-355 0.440 0.192 0.114 0.074 0.047 0.632
355-500 0.465 0.184 0.119 0.058 0.040 0.649

Table 6: Proportion of the total original variance explained by each principal component (PC) in each grainsize and
cumulative original variance explained by PC1 and PC2.
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Figure 1: Geometry of Colorado River system below Glen Canyon Dam. Lower Glen Canyon is the 15-mile reach
downstream of Glen Canyon Dam; the Marble Canyon reach of Grand Canyon starts at Lee’s Ferry (yellow circle)
and ends at the Little Colorado River confluence. USGS gauge Paria River at Lee’s Ferry (09382000) location
indicated by yellow circle.
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Figure 2: Colorado River at Lee’s Ferry discharge from 1950-present, recorded at USGS gauge 09380000. Data
source: https://www.gcmrc.gov/discharge qw_sediment/.
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Figure 3: (a) Paria River discharge (cfs), (b) suspended sediment concentration (kg/s), and cumulative sand load (t)
delivered to the main stem Colorado River for the period of September 8-13, 2013. Red dots indicate suspended
sediment samples used in this study. The cumulative sediment load increases drastically with each flash flood, with
comparatively little transport during interim flows. Note that discharge and suspended concentration can act
independently of each other. Data source: www.gemrc.gov/discharge qw_sediment/.
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Stoeser et al., 2007, Ludington et al., 2007.
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Figure 6: (a) Endmember and mixed population values for PC1 and PC2, individual boxes are labeled by the grain
size fraction (in um) they represent. (b) PC1 and PC2 values for endmember populations and loadings (black lines)
indicating the ratios which most heavily influence each PC; straight text indicates ratios for PC1, italics for PC2.
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Figure 10: Mass balance for retention of Paria-derived sand in Marble Canyon active storage. ASE is the Paria sand
enrichment available for transport immediately prior to HFEs. See Equation 1 and following discussion for details.
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Figure 11: Graphs of increasing Paria sand fraction within Marble Canyon active storage. A scenario assuming
constant storage is compared to (a) scenarios with a 10%, 30%, and 50% decrease in storage over the years 1963-
1996, before holding constant when management began in 1996. Annotations indicate the Paria sand retention rate
(Rr) required to reach the 44% Paria sand by 2014 under these different storage scenarios.
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