EVALUATING RARE EARTH ELEMENTS AS TRACERS OF
FLUVIAL PROCESSES: FINE SEDIMENT TRANSPORT
AND DEPOSITION IN A SMALL STREAM
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HIGHLIGHTS

o Natural sediments labeled with rare earth elements can effectively be used as tracers for quantifying fine sediment
transport and deposition.

e Two artificial floods in a small stream (100 ha watershed, 1.5 year return flow of 515 L s™!) transported fine sediment
0 m to >850 m at a maximum flow rate of 55 L s\,
Sediment deposition per unit area was greater in the channel than in the near-channel floodplain.
Use of two distinct tracers demonstrated resuspension extent during sequential high-flow events.
Presence of large wood in the channel was associated with reduced streamflow rate, decreased suspended sediment
transport velocity, increased channel sediment deposition, and reduced near-floodplain sediment deposition.

ABSTRACT. Effective sediment management requires an understanding of the lag time between best management practice
implementation and observable changes in the target water body. To improve our understanding of sediment lag times, we
tested a method to label locally sourced sediments with rare earth elements to quantify fine sediment flow-through and
storage in fluvial systems. We injected sediments labeled with lanthanum and ytterbium into a small stream during two
artificial flood events. During the floods, we collected and quantified suspended sediments and sediment deposition in the
stream channel and floodplain at four cross-sections within our study reach. Two down-gradient (90 m and 850 m) time-
integrated suspended sediment samplers evaluated total travel distance. Sediment tracer observations of particle transport
distances ranged from 0 m to at least 850 m at a maximum flow rate of 55 L s (stream 1.5 year flow was 515 L s™'). Sediment
deposition per unit area was greater in the channel than in the floodplain. The majority of sediment tracer mass injected
into the stream entered storage within the first 69 m of the reach. Some particles that deposited following the first flood
were resuspended and either transported downstream or redeposited within the study reach. Our results support the further
use of rare earth elements as sediment tracers to inform water quality and sediment transport models, and to provide esti-
mates of lag times between management actions and downstream improvements.

Keywords. Fine sediment, Flood, Fluvial geomorphology, Lag time, Large wood, Rare earth elements, Sediment deposition,
Sediment transport, Tracer.
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of best management practices (BMPs) to limit nonpoint-
source inputs. Reduced loadings are expected to translate
into reductions of in-stream sediments as excess sediment is
flushed from the channel during subsequent high-flow
events. However, lag times between sediment loading reduc-
tions and water quality improvements in the reach or at the
watershed outlet are highly variable and can extend to dec-
ades or more (Meals et al., 2010; Pizzuto et al., 2014). This
temporal disconnect between restoration investments and
the return of a healthy ecosystem can make it difficult to
communicate to stakeholders and the general public when
improvements can be expected to demonstrate a return on
their investment (Martin-Ortega et al., 2017); public appre-
ciation of ecological restoration efforts often takes time
(Aberg and Tapsell, 2013). Having reliable estimates of lag
times is critical to the establishment of appropriate monitor-
ing programs and for framing realistic expectations for
stakeholders regarding the timeframe for watershed im-
provements (CBPSTAC, 2013).

Lag times are influenced by the specific BMP imple-
mented as well as a variety of watershed traits including
drainage area, soil types, geology, topography, channel ge-
ometry, in-stream structures, climate, and precipitation
(Meals et al., 2010; Hamilton, 2012; CBPSTAC, 2013).
These watershed traits influence key facets of sediment cy-
cling including suspension, transport, and storage. Previous
studies of sediment fate and transport within stream channels
have predominantly focused on the transport of bed parti-
cles, which is critical for understanding channel evolution
(Habersack et al., 2017; Mao et al., 2017). However, an un-
derstanding of fine sediment fate and transport is necessary
for predicting BMP impacts on downstream nonpoint-source
pollution and aquatic ecology. While the tracking of larger-
sized particles that comprise bedload can be conducted via
painting of individual particles (Quinlan et al., 2015), radio
transmitters (Mao et al., 2017), and magnet tags (Ferguson
etal., 2017), the tracking of smaller particles within a stream
system presents unique challenges.

The tracking of fine sediments falls into two main cate-
gories: sediment fingerprinting and transport or tracer stud-
ies. These techniques, in turn, can be viewed through either
a Eulerian (movement of sediment past a place through
time) or Lagrangian (movement of a specific particle of sed-
iment through space and time) reference frame (Doyle and
Ensign, 2009). Sediment fingerprinting, a Eulerian ap-
proach, is a technique that aims to identify landscape
sources and their relative sediment loading contributions to
streams. A combination of approaches is used to identify
sediment sources, including natural variations in mineral-
ogy, isotopic ratios, particle size, magnetism, bacterial sig-
natures, and other chemical, physical, and biological char-
acteristics (Guzman et al., 2013; Haddadchi et al., 2013). A
variety of mixing models can subsequently be applied to
these data to determine sediment source contributions (Had-
dadchi et al., 2013). Although useful in demonstrating spe-
cific linkages between upland practices and in-stream load-
ings, fingerprinting does not provide a detailed spatial and
temporal view of actual sediment particle fate within the
stream channel.
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Fluvial sediment transport or tracer studies track sedi-
ment particles within the stream channel directly and moni-
tor suspended sediment concentrations and turbidity to quan-
tify sediment release, transport, and fate over time (Gao,
2008; Larsen et al., 2010). Historical releases of contami-
nated sediments have also been interpreted as decadal sedi-
ment tracer experiments (Pizzuto, 2014). For higher-resolu-
tion tracing studies over shorter time scales, the injection of
artificial fluorescent particles allows more detailed, smaller-
scale evaluation of fine particle fate and transport (Drum-
mond et al., 2017). Stable isotopes have also been identified
as having potential to serve as sediment tracers within
aquatic environments (Miller et al., 2015), and short-lived
fallout radionuclides have been used to track lateral migra-
tion rates in meandering rivers (Black et al., 2010). Experi-
mental approaches to sediment tracing include the use of ra-
dio-frequency identification (RFID) technology to track the
movement of individual cobbles and rocks using a Lagran-
gian framework (Bertoni et al., 2010), and the application of
rare earth elements (REEs) to upslope soils in order to track
erosion and down-gradient deposition using a Eulerian ap-
proach (Polyakov et al., 2009).

Quantifying fluvial sediment transport using sediment la-
beled with REEs presents a novel and potentially valuable
means to directly observe and quantify sediment movement,
storage, and release. REEs are naturally occurring elements
belonging to the lanthanide series (atomic numbers from 57
through 71). While not “rare” in terms of overall abundance,
they have a low tendency to concentrate into ore deposits,
resulting in limited concentrated sources (USGS, 2002). A
review by Guzman et al. (2013) indicated that while several
sediment tracer studies have employed REEs, these studies
have predominantly focused on hillslope erosion to track
movement of sediments within plots or agricultural fields
(Polyakov and Nearing, 2004; Michaelides et al., 2010; Guz-
man et al., 2013; Haddadchi et al., 2013); a limited number
of studies have applied this technique to receiving waters.
Mabhler et al. (1998) used REE-labeled clay to trace fine sed-
iment transport during uniform flow in a small surface
stream in karst geology, and Spencer et al. (2011) used REE-
labeled clay to monitor fine sediment circulation and depo-
sition within a stormwater detention pond.

The present study used two distinct REEs to track fine
sediment transport and storage in a first-order stream during
two distinct artificial floods (conducted one day apart and
employing a distinct REE in each flood) within a Eulerian
framework (Doyle and Ensign, 2009). This study demon-
strates proof of concept of the work of Kreider (2012), who
developed the initial concepts and demonstrated binding of
REE to natural soils. Our goal was to demonstrate the poten-
tial use of REE for tracking sediment fate and transport in
fluvial systems to increase our understanding of sediment lag
times. Our specific objectives were to:

1. Determine if REE-labeled sediment can be used to quan-
tify transport and deposition in small streams during high-
flow events.

2. Evaluate the detectability of REE-labeled sediment expe-
riencing resuspension in a subsequent high-flow event
under amended channel conditions.
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3. Estimate how far downstream REE-labeled sediments are
transported in suspension and if time-integrated sus-
pended sediment samplers can be used to track this move-
ment.

Our study was conducted concurrently with a separate
study that evaluated the effects of large wood (LW) on river-
floodplain hydraulic connectivity within our study reach
(Keysetal., 2018). LW was present in the study reach during
the second of the two flood events; as such, these events rep-
resent unique conditions and do not represent replicate high-
flow events. While we discuss the potential impacts of LW
on sediment transport based on differing observations be-
tween Flood 1 and Flood 2, the study was not designed to
test the impacts of LW on sediment transport.

MATERIALS AND METHODS
SITE DESCRIPTION

We conducted the study along Docs Branch, a first-order
stream in Blacksburg, Virginia. The stream is in the Ridge

;" ;0 Meters

and Valley physiographic province and is within the Virginia
Tech Stream Research, Education, and Management Lab
(StREAM Lab; Thompson et al., 2012; Keys et al., 2016).
The focused portion of the study reach was approximately
60 m long and begins at a 0.91 m (3 ft) HL-type flume
(Brakensiek et al., 1979) spanning the width of the reach
(37° 127 20.40" N, 80° 26' 9.96” W) and ends at an acoustic
doppler velocimeter (SonTek Argonaut-SW, firmware ver-
sion 9.3) installed in the streambed (fig. 1). The watershed
upstream of the flume is approximately 100 ha and is pri-
marily agricultural pasture. The stream has an average width
of 0.93 m at bankfull and an average channel slope of
0.0l mm'.

EXPERIMENTAL APPROACH

We used REE-labeled sediments to explore sediment dy-
namics across two artificial flood events. Flood 1 relied on
Lanthanum (La) labeled sediment as a tracer, while Flood 2
used sediment labeled with ytterbium (Yb) to track sediment
movement. REE-labeled sediments were instantaneously

)
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Figure 1. (a) Aerial view of study reach and (b) diagram of study reach showing sample locations.
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injected into the head of the study reach at the initiation of
each artificial flood. Surface water grab samples were col-
lected at four cross-sections throughout the course of each
flood to characterize fine sediment transport dynamics; dep-
ositional samples were collected in the channel and flood-
plain to better understand spatial heterogeneity in sediment
deposition patterns; and time-integrated samples were col-
lected in flow-through suspended sediment samplers to char-
acterize the longitudinal transport of fine sediments. Sedi-
ment was collected from two locations immediately up-
stream of the experimental reach to determine background
REE concentrations.

LABELING SEDIMENT WITH REES

To trace sediment movement, we collected and labeled
sediments with REEs so that they could be distinguished
from sediments already in the stream system; we injected the
labeled sediments into the stream; and then we sampled wa-
ter, the streambank, and the streambed to determine whether
the detection of labeled sediments revealed clear transport
and deposition patterns. Sediments for labeling were col-
lected from a nearby streambank along the main stem of
Stroubles Creek, 1 km from the study reach, and are mapped
as the McGary (fine, mixed, active, mesic Aeric Epiaqualfs)
and Purdy (fine, mixed, active, mesic Typic Endoaquults)
series (NRCS, 2017). Sediments were sifted to remove par-
ticles greater than 2 mm and homogenized before mixing
with 10 mmol of either lanthanum chloride (LaCls-7H,0;
GFC Chemical) or ytterbium chloride (YbCls-6H,0; GFC
Chemical) salt solutions at a 1:10 soil to solution ratio
(4.8 kg soil + 48 L solution total; 1.6 kg of soil and 16 L of
solution into each of three 18.9 L (5 gal) buckets). Kreider
(2012) demonstrated that a 10 mmol L' solution provides
maximum adsorption of the tracer without leaving excess
REE:s in solution. The sediment/salt solution was stirred by
hand for approximately 3 min three times on alternate days
for 5 d and then allowed to settle for 8 d before decanting the
supernatant water.

GENERATION OF FLOOD EVENTS

We generated the two artificial flood events by blocking
road culverts located 25 m upstream of the flume to create a
small backwater pond, followed by rapid removal of the
blockage. A test flood was generated prior to the experiment
(23 May 2016) to determine the extent of backwatering re-
quired to achieve the desired flooding (defined by the mini-
mum flow rate) and to wet the floodplain soils so that similar
antecedent soil moisture conditions would be present for the
subsequent experimental floods.

For Flood 1 (24 May 2016), we quickly injected La-la-
beled sediments (4.7 kg in stream water slurry) into the out-
fall nappe of the HL flume as the flood pulse reached the
flume. By design, all surface water flow was directed
through the flume. Flood 2 (25 May 2016) was generated
after placing LW at three locations within the channel
(fig. 1b). The LW at each location consisted of a single root
wad and attached trunk (see Keys et al., 2018 for additional
details). For Flood 2, we injected Yb-labeled sediments
(4.7 kg in stream water slurry) into the HL flume nappe.
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SEDIMENT SAMPLING
Transport in Suspension

Four sampling cross-sections were established through-
out the reach (XS1 through XS4, fig. 1b). The cross-sections
were surveyed to generate elevation profiles. We measured
suspended sediment transport by continuously collecting
water samples throughout the flood flows using small gas-
powered pumps (Echo WP-1000) at cross-sections XSI,
XS3, and XS4. A pump was installed at XS2, but pump fail-
ure precluded the collection of samples from this cross-sec-
tion. The sample intakes were fixed to a point in the channel
that was submerged under baseflow conditions, within the
deepest part of the cross-section, and elevated from the
streambed enough to prevent sampling of bed sediments
when the pump was activated (approx. 5 cm above the
streambed). This sampling approach was designed to satisfy
as many guidelines of the field methods for measurement of
fluvial sediment (Edwards and Glysson, 1999) as possible
while minimizing the effects of guidelines that could not be
satisfied. Samples of total suspended solids (TSS) were col-
lected by drawing stream water into prelabeled 18.9 L (5 gal)
buckets. Sample collection began when water levels at the
given sample station began to visibly rise. Time of sample
initiation was noted (precision to 1 min), and buckets were
filled sequentially at 30 s intervals for the first 2 min and at
1 min intervals thereafter, until 12 buckets had been filled
(~10 min total sampling period). We then placed lids on the
buckets for transport to the laboratory for processing.

Following collection, each combined bucket, lid, and wa-
ter sample was weighed to the nearest 28 g (1 0z) on a De-
tecto scale (model 2201 AD) and then allowed to sit quies-
cent for a minimum of 5 d, which is an order of magnitude
longer than the time required for clay particles (<4 um in
diameter) to settle in still water with the depth of the sam-
pling buckets. Following this settling period, clear water was
decanted from each bucket until a depth of approximately
10 cm remained above the settled sediment. Additional wa-
ter was siphoned off using a Geopump peristaltic pump (Ge-
oTech EasyLoad II, high performance, model 900-1280) un-
til approximately 2 cm of water remained above the sedi-
ment layer. The bucket was then agitated to form a sedi-
ment/water slurry that was decanted to labeled 1 L contain-
ers. The buckets were rinsed with a minimal volume of tap
water to wash any remaining sediments into the 1 L contain-
ers. The 1 L sample containers sat undisturbed for a mini-
mum of 2 d, at which point the overlying water was siphoned
off to a depth of less than 1 cm. The containers were then
placed in a drying oven at 60°C for 2 d or until dry, and sed-
iments were weighed to the nearest 0.01 g. Finally, sedi-
ments were homogenized by hand, or using a mortar and
pestle, and then analyzed for REEs and particle size as de-
tailed below.

The labeled buckets and their accompanying lids were
rinsed, allowed to air dry, and weighed to the nearest 28 g
(1 oz) so that the approximate volume (L) of water in each
sample could be calculated as follows:

VOL = (M, — Miz) x (1/1000) (1)
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where

VOL = final water volume (L)

Mg = mass of water, bucket, and lid (g)

Mg = mass of bucket and lid (g).

TSS concentrations were calculated by dividing the total
dry sediment mass per sample by the sample volume (g L™).
Sediment breakthrough curves were generated by graphing
TSS over time for each cross-section.

Deposition

Sediment deposition was measured using a modified ver-
sion of the turf mat approach described by Von Bertrab et al.
(2013). We anchored artificial turf mats (15 cm?) with land-
scape pins in triplicate in the thalweg and nearshore flood-
plain (on the vegetated streambank within 0.3 m from the
water’s edge) at XS1, XS2, and XS3 prior to backwatering
for each flood event. The mats were intermediate in texture
between the relatively smooth streambed and the vegetated
floodplain. This artificial turf mat approach is commonly
used to evaluate sediment deposition in floodplains (e.g.,
Baborowski et al., 2007; Maal3 and Schiittrumpf, 2019). The
morning following each flood, following a return to
baseflow conditions (~0.7 L s™!), the mats were collected and
gently transferred into zip closure bags. The mats were
rinsed to collect sediments in labeled 1 L containers, and the
dry mass of collected sediment was measured to an accuracy
of 0.01 g after drying for two days at 60°C. Sample REE
concentrations and particle sizes were analyzed as detailed
below after combining the triplicate mats into a single sam-
ple to provide sufficient mass for analysis.

Longitudinal Transport

Flow-through suspended sediment samplers were estab-
lished 90 m downstream of the flume for Flood 1 and at both
90 m and 850 m downstream of the flume for Flood 2. The
samplers were based on a design by Phillips et al. (2000) and
were deployed in triplicate at each location with inlets set
approximately 2 cm above baseflow. These samplers col-
lected suspended sediments from waters that flowed through
the samplers when the flood stage was at or above the level
of the inflow point and provide time-integrated measure-
ments of suspended sediment transport. These samplers
were used to determine if labeled sediments had been trans-
ported downstream in suspension as far as the sampler loca-
tions during the floods. After the flow events, trapped sedi-
ments were collected by rinsing the flow-through samplers
and collecting the resulting sediment slurry in 1 L containers.
The sample containers were allowed to sit undisturbed for a
minimum of 2 d, at which point the overlying water was si-
phoned off to a depth of less than 1 cm. The containers were
placed in a drying oven at 60°C for 2 d or until dry, and sed-
iments were weighed to the nearest 0.01 g. Samples from the
triplicate suspended sediment samplers were combined to al-
low sufficient mass for analysis of REE concentrations and
particle sizes.

ANALYSIS OF REE CONCENTRATIONS
AND PARTICLE SIZES

Sediment REE concentrations were analyzed in samples
collected from background locations, sediment tracers, and
at each sample location. Background concentrations
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established a baseline to distinguish between injected sedi-
ment concentrations and those naturally occurring in the
study reach. Dried samples were homogenized by hand or
with a mortar and pestle to separate particles. A 0.5 g portion
of each sample was digested with 10 mL of concentrated ni-
tric acid following USEPA Method 3051A (USEPA, 2007)
using a MARS Xpress laboratory-grade microwave. REE
concentrations in the digestate were analyzed at the Civil and
Environmental Engineering Lab at Virginia Tech via induc-
tively coupled plasma - mass spectrophotometry (ICP-MS)
following USEPA Method 6020A (USEPA, 1998). The min-
imum reporting level was 0.1 ppb (corresponding to sedi-
ment concentrations of 0.33 mg kg™! for the sediment sample
mass and dilution used here).

Particle sizes were evaluated for each sample using a CI-
LAS 1190 particle size analyzer and associated Size Expert
software (CILAS, 2014). Samples were analyzed after mix-
ing 1.0 g of sample with 20 mL of distilled water and agitat-
ing overnight.

ESTIMATION OF FLOW

Hydrographs at XS1 during Flood 1 and Flood 2 were
generated using flows calculated from the HL flume based
on flow depth within the flume (measured with a pressure
transducer) and standard flow equations for 0.9 m (3 ft) HL
flumes (Brakensiek et al., 1979). Data from the acoustic dop-
pler velocimeter, located as XS3, were used to generate hy-
drographs for this cross-section. See Keys et al. (2018) for
additional details on the reach hydrodynamics.

ESTIMATION OF TOTAL SEDIMENT AND
TRACER TRANSPORT IN SUSPENSION

We estimated the total mass of sediment passing a cross-
section within the 10 min sampling period separately for
XS1 and XS3 using the following equation:

SEDyysus = Lt > TSSx QT 2
where
SEDyusus = total mass of sediment passing the cross-sec-
tion (g)

i = sampling interval

TSS = total suspended solids (g L)

O = flow rate (L s™)

T = time between samples (s).

Because TSS was not quantified at XS2 and flow was not
quantified at XS4 (down-gradient of the acoustic doppler ve-
locimeter), total sediment transported could not be calcu-
lated for those cross-sections. The total mass of REE tracer
passing XS1 and XS3 within the 10 min sample collection
period was estimated as follows:

SED,

tracer _sum

12
=221 SEDyysus

(REEconcior = REEconciocal ) A)
(REECONCtracer - REECONClocal )

where
SEDyacer sum = total REE-labeled sediment passing the
cross-section (kg)
i = sampling interval
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SEDusus = total sediment passing the cross-section dur-
ing the sampling interval (kg)

REE concio: = concentration of La or Yb in the TSS sample
(mg kg™)

REEconcioca = background concentration of REEs

REEconciacer = concentration of REEs in the sediment
tracer.

ESTIMATION OF SEDIMENT AND
TRACER DEPOSITION

We estimated total sediment deposition in the channel for
three segments (flume to XS1, XS1 to XS2, and XS2 to XS3)
by multiplying the surface area of the segment by the aver-
age mass deposited. The area of each segment was calculated
as the length along the thalweg times the bankfull width of
0.93 m. Deposition for the stream segment from the flume to
XS1 was estimated as the average deposition on channel
sample mats from XS1. Deposition from segment XS1 to
XS2 was estimated as the average deposition on channel
sample mats from XS1 and XS2. Similarly, deposition from
segment XS2 to XS3 was estimated as the average deposi-
tion on sample mats from XS2 and XS3.

Floodplain deposition was calculated similar to channel
deposition for the three segments. Because the deposition
mats in the floodplain were located within 0.3 m from the
streambank, and deposition was expected to be greater closer
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to the channel, we estimated floodplain deposition for a
0.5 m band along the right side of the channel rather than for
the entire area of inundation. Because of topography, the
floodplain stream right (i.e., right side looking downstream)
was inundated before the left bank was breached (fig. 2), ne-
cessitating a focus solely on the right side of the channel.
This approach likely underestimated total floodplain deposi-
tion; however, the alternative approach (i.e., assuming that
our deposition data were representative of the entire area of
inundation) would have greatly overestimated actual deposi-
tion in the floodplain.

The total mass of REE tracer deposited on the sample
mats was estimated as follows:

SEDyqcer = SEDyoipar
(REEconcior = REEconCiocat ) “4)
(REEconciracer = REEcONCIocal )
where

SEDyacer = mass of tracer deposited on mats (g)

SED:ommar = total sediment deposited on mat (average of
3 mats, g)

REFEconcie: = concentration of La or Yb (three mats ho-
mogenized into one sample, mg kg™!)

REE conciocal = background concentration of REE

REE conciacer = concentration of REEs in sediment tracer.

Cross Section 2
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Figure 2. Cross-section elevations viewed from upstream to downstream. Solid blue lines indicate peak depths during Flood 1 (0.47, 0.47, and
0.48 m for cross-sections 1, 2, and 3, respectively). Dotted blue lines indicate peak depths during Flood 2 (0.5, 0.5, and 0.48 m, respectively). Peak
depth at cross-section 3 was equivalent for Flood 1 and Flood 2. Flow data were not available for cross-section 4.
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DATA ANALYSIS AND STATISTICS
Transport in Suspension

We compared the magnitude and timing of sediment
breakthrough curves to evaluate the effects of LW and dis-
tance from loading point (i.e., distance from the flume; var-
iable = XS) on the transport of sediment in suspension. We
calculated average transport velocities by dividing the dis-
tance traveled (distance of cross-section from the HL flume
sediment injection point) by the time to the peak of the sed-
iment pulse (maximum measured TSS concentration) at each
cross-section. TSS data and flow data for XS1 and XS3 were
used to evaluate hysteresis at these cross-sections.

Deposition

The effects of LW (i.e., Flood 1 with no LW, Flood 2 with
LW), XS (i.e., distance traveled), and location (LOC, i.e.,
channel or floodplain), and each two-way interaction on sed-
iment deposition (g cm?) were evaluated using ANOVA.
Deposition data were logo transformed to meet normality
assumptions prior to analysis and confirmed via the Shapiro-
Wilks test. Pairwise differences were evaluated with
Tukey’s honestly significant differences tests. For this and
all subsequent tests, Type I error was set at oo = 0.05.

RESULTS AND DISCUSSION
REE CONCENTRATIONS AND PARTICLE
SIZE OF LABELED SEDIMENTS

Labeled sediments contained REEs at levels of 7,193 mg
kg! (La) and 8,152 mg kg! (Yb), which was estimated as 3
to 4 orders of magnitude greater than background levels
(21.5 mg kg'! for La, 1.0 mg kg! for Yb). Labeled sediments
were representative of the silt class (median diameter Dso =
16.7 pum, Dip = 1.9 pm, and Doy = 70.9 pm).

ARTIFICIAL FLOOD EVENTS

Because the artificial floods were generated by blocking
streamflow at the upstream culverts, minimum flows before
the removal of the blockage were 0 L s™! at the HL flume for
both Flood 1 and Flood 2. Both floods reached approxi-
mately 55 L s7! peak flow and had similar hydrographs at the
upstream end of the study reach (fig. 3). Using regional
curves for streams in the non-urban Ridge and Valley prov-
ince (Keaton et al., 2005), the estimated 1.5 year return pe-
riod flow event for a 100 ha watershed is 515 L s*!. This is

Cross Section 3 (measured)

Cross Section 1 (modeled)

approximately 9 times the flows generated in our experi-
mental floods. Therefore, based on historical rainfall/runoff
data collected at the site, flows similar to our experimental
event occur multiple times per year and inundate the existing
inset floodplains. Data from the pressure transducer at the
HL flume indicated that 7.4% of daily average flows for the
2016 calendar year exceeded 55 L s™!. While the hydrographs
for XS1 were similar for Flood 1 and Flood 2, the hydro-
graphs for XS3 reflected reduced flow rates and a delay of
the flood pulse reaching this cross-section when LW was
present in the channel.

TRANSPORT IN SUSPENSION

Suspended sediment transport was dampened and de-
layed when LW was present in the channel (Flood 2) relative
to when the channel was clear (Flood 1; fig. 4). This obser-
vation may in part reflect a lower availability of transporta-
ble sediment during Flood 2 following scour occurring dur-
ing Flood 1. The total TSS pulse (quantified by the maxi-
mum TSS concentrations in the channel) passed XS1 (up-
stream of LW) during the first 1.5 min of both floods. In the
absence of LW (Flood 1), the TSS pulse reached the farthest
downstream sampling point (XS4) at 5.5 min, equating to a
transport velocity of 0.25 m s'. With LW (Flood 2), the TSS
pulse reached XS4 at 7.5 min, corresponding to a transport
velocity of 0.18 m s, This decrease in transport velocities
due to LW agrees with the model results reported by Keys et
al. (2018). The transport of REE-labeled sediment was iden-
tical to that of TSS, which may be because the Ds of the
total sediment transported (13.85 to 53.65 um) was similar
to the Dsg of the labeled sediment (16.7 pum). In streams that
have a larger variance in water column particle size classes,
we would expect differences in transport velocities for par-
ticles of substantially different size classes. The transport ve-
locities measured here for silt are less than the 1 m s sedi-
ment transport velocity per “event” assumed by Pizzuto et
al. (2014); however, their estimate was based on >1.5 year
events, while our experimental flows were <l year events.
Moreover, Pizzuto et al. (2014) focused on watersheds that
are as much as 100 times larger than our study watershed; as
such, our smaller transport velocities are not unexpected.

The total mass of sediment passing XS1 and XS3 in sus-
pension exceeded the mass injected into the channel during
both floods (table 1), indicating entrainment of sediments
bedded within or above the study reach. Less total sediment

Flume (measured)

Flow (Ls?)

Time (min)

Time (min) Time (min)
‘ % Large wood
Flow (present in Flood 2)
| « 3 3 | ood
""""" Flood 2

XS3

XS1  Flume

Figure 3. Comparative hydrographs for Flood 1 and Flood 2 at the HL flume, cross-section 1 (XS1), and the acoustic doppler velocimeter (ADV)

located at cross-section 3 (XS3).

64(3): 905-918

911



Cross Section 4

Cross Section 3

Cross Section 1

Suspended Sediment (g L)

Time (min)

;fim(; (mi-;1)

Time (min)

Large wood

3 %

(present in Flood 2)
TSS Sample
Flood 1

o %

Xs4 XS3

Flood 2

XS1

Figure 4. Comparative total suspended solids (TSS) concentrations for Flood 1 and Flood 2 at cross-section 1 (XS1), cross-section 3 (XS3), and

cross-section 4 (XS4). Note the expanded scale for XS1.

Table 1. Percentages of injected sediment tracer passing cross-sections
in suspension.

SED, o1 SED ucer Percentage
Flood Cross-Section (kg)™™ (kg)™ Passing!®!
1 XS1 17.16 0.65 14%
XS3 21.14 0.82 17%
2 XS1 9.03 0.43 9%
XS3 12.50 0.69 15%

&) SED, = total sediment passing cross-section.

(] SED,c.r = total tracer sediment passing cross-section (La-labeled in
Flood 1, and Yb-labeled in Flood 2).

[] Percentage of the mass of tracer injected into the stream that traveled
past the cross-section in suspension.

was transported in suspension in Flood 2 than in Flood 1 for
both XS1 (upstream of LW placement) and XS3 (down-
stream of the LW), suggesting that scouring and sediment
transport during Flood 1 may have reduced the sediment
subsequently available for transport. Therefore, the total sed-
iment transported reflects the impacts of both sediment
availability and the effects of LW on transport.

Consistent with expectations, positive (clockwise) hyste-
resis was observed at XS1 and XS3 during both Flood 1 and
Flood 2, indicating that the sediment pulse preceded the
flood peak (fig. 5). Positive hysteresis is commonly observed
when the sediment supply is depleted over the course of a
flow event (Naden, 2010).

REE-labeled sediment was recovered in all TSS samples,
demonstrating the potential use of this labeling approach to
measure the transport of specific sediments of interest (e.g.,
size class). Approximately 0.65 kg (14%) of the 4.7 kg of
La-labeled sediment injected in Flood 1 passed XS1 in solu-
tion (table 1). This suggests that the remaining 86% of the
injected sediment entered storage (either in the channel bed
or floodplain) within 9.5 m of the study reach. This estimate
was similar to the findings of Mahler et al. (1998), who
traced suspended transport of neodymium-labeled clay in a
“small urban creek” and estimated that only 21% of the total
injected sediment traveled 15 m at 6.3 L s uniform flow.
While our flow rates were much higher than those of Mahler
et al. (1998), they were nearly an order of magnitude less
than bankfull flows. As such, our low proportion of esti-
mated transport in solution may be consistent with the ex-
pectations of Pizzuto et al. (2014), who theorized that events
that produce less than bankfull flows do not contribute
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significantly to downstream sediment transport. That said,
the volumes and distances of sediment transported that are
“significant” in terms of biological and physical stream
health have not yet been determined.

Interestingly, a higher percentage (17%) of the injected
La tracer appeared to pass XS3 than passed XS1 in solution
in Flood 1 (table 1). This may be an artifact of the location
of the TSS sampling point (in the thalweg, 5 cm above the
streambed). This sampling strategy may have been more
likely to capture entrained unlabeled bottom sediments in-
stead of the silt-sized labeled sediment traveling at a higher
depth in the water column. A depth-integrated sampling ap-
proach is likely to provide a more representative sample of
sediment in suspension (Edwards and Glysson, 1999); how-
ever, this approach was not feasible due to the small size of
our study reach and the rapid nature and changing conditions
of the sampling event. In addition, we did not sample sus-
pended sediments in the lateral floodplain, which may have
had higher concentrations of the injected fine sediment par-
ticles than the main channel. Cross-section data overlaid
with peak flow depths (fig. 2) show that, based on topogra-
phy, a higher proportion of the water at XS1 flows across the
floodplain, resulting in higher flow heterogeneity (and asso-
ciated higher heterogeneity in sediment transport across the
cross-section). In contrast, XS3 flows were more concen-
trated in the channel; therefore, TSS measurements for XS3
should be more representative of the true cross-section aver-
age values than those at XS1. These finding and our esti-
mates of deposition (below) highlight the spatial complexity
of sediment transport and deposition even within single
high-flow events.

Observed patterns were similar for Flood 2; the estimate
of Yb-labeled tracer passing XS1 (9%; table 1) was less than
the estimate of tracer passing XS3 (15%). The greater differ-
ential between these two estimates in Flood 2 reflects deeper
flows (fig. 2) and therefore greater differences between
cross-section average TSS and the TSS measured at the thal-
weg sampling point.

The La concentrations in the suspended sediment col-
lected during Flood 2 exceeded background concentrations
(fig. 3¢). This demonstrates that a portion of the sediment
that had been deposited during Flood 1 was entrained and
transported in suspension during the subsequent flood and
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(a) XS1 Flood 1: No Large Wood

(b) XS3 Flood 1: No Large Wood
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Figure S. Positive hysteresis for total suspended solids (TSS) transport at cross-sections 1 (XS1) and 3 (XS3). Arrows indicate direction of time.

indicates the value of using multiple REEs in a series of
events to detect resuspension. Few studies have measured in-
channel fine sediment remobilization during artificial flood
events. Muirhead et al. (2004) evaluated resuspension of in-
channel fecal bacteria (associated with deposited sediments)
during an artificial flood in an agricultural stream, and Har-
vey et al. (2012) used latex particles to demonstrate entrain-
ment of in-channel fine particles during an artificial flood in
a Coastal Plain stream.

While TSS levels decreased overall with distance down-
stream (fig. 4), the concentration of REEs in suspension in-
creased (fig. 6). This may reflect the increase in the propor-
tion of finer sediment carried in transport at down-gradient
locations as larger particles settled out of the system, as rec-
orded in the shifting particle size distributions.

SEDIMENT DEPOSITION

Sediment deposition per unit area in the stream channel
was greater overall than deposition in the floodplain during
both floods (LOC p <0.001, df =1, n = 36). This effect was
driven by depositional differences at XS1 and XS2 closest to
the flume; deposition was equal in the channel and flood-
plain at XS3 (fig. 7). Even though roughness was higher in
the floodplain, we found greater deposition per unit area in
the channel because much more of the sediment-laden flows
were within the channel, with only a small fraction entering
the floodplain area. This depositional pattern may be at-
tributable to the study design, which mimicked a dam break
with sediment inputs limited to alluvial sources rather than
lateral inputs from overland flow or tributaries, which would
occur during a natural runoff event (Foley et al., 2017).
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Of the 4.7 kg of La tracer injected into the stream during
Flood 1, we estimate that 5.8% was deposited in the channel
within the first 0.95 m (distance to XS1), and another 6.4%
was deposited in the near floodplain (0.5 m band on the right
bank) (table 2). Summing deposition from the flume to XS3,
we estimate that 20.4% of the La tracer was deposited in the
channel, and another 20.4% was deposited in the near flood-
plain. As discussed previously, 17% of the La tracer was es-
timated to pass XS3 in solution. Together these account for
approximately 58% of the injected tracer by XS3.

Channel deposition was greater for Flood 2 than Flood 1,
with deposition of YD tracer from the flume to XS3 repre-
senting 26.1% of the injected sediment. Greater deposition
within the channel may reflect reduced flow rates in the main
channel in the presence of LW, which is consistent with the
findings of Drummond et al. (2020), who demonstrated
greater fine particle retention in a restored reach containing
LW than in a control reach. Near-floodplain deposition in
Flood 2 was slightly lower than in Flood 1 at 18.0%. Re-
duced near-floodplain deposition may result from higher lat-
eral flows with LW in the channel, which would be expected
to transport fine sediment transport farther into the flood-
plain.

Given the 15% amount of Yb tracer estimated to pass
XS3 in solution (discussed previously), 59% of the tracer in-
jected during Flood 2 was accounted for by XS3. It is worth
nothing that the La-labeled sediments deposited in both
channel and floodplain samples were recovered after Flood 2
(table 2), which implies that some portion of the sediments
deposited during Flood 1 was resuspended and resettled dur-
ing Flood 2.
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Figure 6. Lanthanum and ytterbium concentrations in suspended sediment samples collected over the course of the flood events at cross-sections

1, 3, and 4. Note the reduced scale for lanthanum during Flood 2.
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Figure 7. Deposited sediment per unit area in Flood 1 and Flood 2.

Approximately 40% of the injected sediment was unac-
counted for at XS3 for both floods. Errors in suspended
transport estimates could have resulted from the reliance on
collection of sediment from the single sampling location in
the water column. Sediment deposition in the floodplain was
underestimated because only near-floodplain deposition was
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quantified. Regardless, based on the data presented, sedi-
ment deposition exceeds transport during “moderate” flow
events (defined here as flow intermediate to baseflow and
bankfull flow), such as those represented in our experimental
floods, which has substantial implications for lag time esti-
mates.
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Table 2. Percentage of injected sediment tracers deposited in study reach.

Flood 1 Deposition

Percentage of La tracer injected in Flood 1
that was deposited in each segment

Segment Length Channel Floodplain
Flume to XS1 0.95m 5.8% 6.4%
XS1 to XS2 235m 9.9% 9.6%
XS2 to XS3 3.58m 4.6% 4.4%
Sum: 20.4% 20.4%
Flood 2 Deposition Percentage of La tracer injected in Flood 1 Percentage of Yb tracer injected in Flood 2
that was deposited in each segment that was deposited in each segment
Segment Length Channel Floodplain Channel Floodplain
Flume to XS1 0.95m 2.4% 0.5% 10.2% 6.3%
XS1 to XS2 235m 3.2% 0.7% 13.6% 8.8%
XS2 to XS3 3.58m 0.6% 0.5% 2.3% 2.9%
Sum: 6.1% 1.7% 26.1% 18.0%

LONGITUDINAL TRANSPORT

REE-labeled sediments were detected in the down-gradi-
ent time-integrated suspended sediment samplers after both
floods (samplers located at 90 m downstream for Flood 1
and at 90 m and 850 m downstream for Flood 2). In Flood 1,
11.68 g of sediment with a tracer (La) concentration of
258 mg kg! was collected in the sampler 90 m downstream;
this concentration was greater than background levels but
less than the concentrations of the labeled sediment, indicat-
ing that it represents a mix of injected and entrained sedi-
ments. During Flood 2, 11.91 g of sediment with a Yb con-
centration 443.3 mg kg' was collected. This concentration
was similarly intermediate to background levels and the con-
centrations in the labeled sediment. In Flood 2, the La con-
centrations in the sediment collected from the time-inte-
grated samplers also exceeded background concentrations,
indicating that both particles newly introduced in suspension
(Yb tracer) and previously deposited particles that were
newly entrained (La tracer) were flushed from the study
reach. The combination of REEs and longitudinal TSS sam-
plers provided information on the distance a particle is trans-
ported before entering storage (i.e., Ly, or characteristic
length scale, in the sense of Pizzuto et al., 2014). In our
study, we demonstrated the transport of silt at least 850 m in
a moderate flow event.

EFFECTIVENESS OF REES AS TRACERS

Ideal sediment tracers should have strong soil binding
properties, high analytical sensitivity, easy and inexpensive
analytical requirements, low environmental background
concentrations, no interference with sediment transport, no
negative environmental effects, and various forms with sim-
ilar but distinguishable properties that can be used for track-
ing (Zhang et al., 2001; Guzman et al., 2013). The labeling
of local streambank sediments with REEs for this study was
straightforward and required no special equipment. Kreider
(2012) demonstrated strong retention of La and YD to sedi-
ment from the same location as ours (99.97% and 99.71%
for La and Yb, respectively, following five washes with
stream water). REEs in this study were detected at a mini-
mum reporting level of 0.33 mg kg™! following standard acid
digestion and ICP-MS techniques. Although REEs have spe-
cific gravities (La = 6.15; Yb = 6.96) that are 2 to 3 times
that of most inorganic soils (which range from 2.6 to 2.8;
Department of the Army, 1999), we assumed that there was
no significant interference with sediment transport. Aquatic
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toxicity studies on these elements suggest that physical and
oxidative damage to algal cells is possible from unbound
REE oxides (Guida et al., 2017). However, due to their
strong sediment-binding capacity, REEs used as sediment
tracers are unlikely to become biologically available. Fi-
nally, the lanthanide series contains 15 elements with similar
chemical traits that are analytically differentiable, which
provides multiple possibilities to use these elements experi-
mentally. These include targeting specific portions of the
sediment distribution (i.e., sands, silts, or clays) or tracking
sediment through multiple floods that vary in magnitude. As
our results highlight, spatially intensive sampling may be re-
quired to develop a more detailed characterization of sedi-
ment fate and transport.

CONTRIBUTIONS TO CHARACTERIZATION
OF FLUVIAL SEDIMENT DYNAMICS

The results of our tracer study show that REE-labeled
sediments can be used to obtain transport parameter esti-
mates useful for sediment and contaminant transport studies
and models, such as sediment transport velocity, TSS for
specific sediment size classes, and maximum distance trav-
eled. In addition, the use of REEs for labeling sediments in
consecutive floods allowed clear identification of sediment
transport and deposition in both the stream channel and
floodplain. The REE-based tracer technique enabled estima-
tion of transport distances for silt particles during moderate
flow events ranging from 0 m (La-labeled sediment depos-
ited, resuspended, and deposited again in XS1 over two flow
events) to greater than 850 m (Yb-labeled sediment detected
in the farthest down-gradient sampler after a single flow
event). This also confirms that both storage and particle ex-
change were occurring.

We estimated that approximately 41% of the sediment
tracer deposited either in the channel or near-floodplain
within the first 69 m of our study reach. While we were able
to detect the La tracer in both flood events, the concentra-
tions in Flood 2 had returned to levels only slightly elevated
to background. This suggests that a single REE tracer may
only be detectable over a limited time period, particularly
when studied at elevated flows. It is critical to account for
the heterogenous distribution of sediment with depth in the
water column and between channel and floodplain when de-
signing sampling schemes. The ability to visualize resuspen-
sion in this system is novel and contrasts with findings from
an ephemeral semi-arid basin in which an erosional study
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suggested little redeposition and, therefore, effective
transport in suspension through the system (Polyakov et al.,
2009).

Data derived from future REE tracer studies could be
used to characterize reach-scale to watershed-scale sediment
dynamics, including the travel time of the sediment pulse,
the leading edge and peak transport or centroid, and infor-
mation on relative suspension and deposition levels. Unique
insights may be gained via the tracking of labeled sediments
in a second storm event (i.e., the event following tracer in-
jection). Relative rates of storage and transport in subsequent
flow events would provide data to both develop and validate
models of transport decay rates.

In this study, we injected sediments with REE concentra-
tions that were 3 to 4 orders of magnitude greater than back-
ground levels. The maximum concentrations collected in
both deposited and suspended sediment samples were at
least an order of magnitude less than the injected concentra-
tions in the first flood following injection and dropped by an
additional order of magnitude for suspended samples during
the second flood (i.e., for La-labeled sediments shown here).
Depositional concentrations of La-labeled sediment in
Flood 2 were approximately 3 times less than the levels seen
in Flood 1. These data suggest that a single labeled cohort of
sediment particles can only be tracked through a limited
number of sequential storm events, likely dependent on the
ability of the sediment to adsorb the tracer, the mass of la-
beled sediment added to the system, and the size of the study
reach.

UNDERSTANDING LAG TIME IN
WATERSHED MANAGEMENT

The temporal lag between an action (BMP implementa-
tion) and response (improved water quality downstream) is
one of the biggest uncertainties in watershed management
programs (Meals et al., 2010; CBPSTAC, 2013; Pizzuto,
2014). In this study, we focused on lag times in relation to
sediment, but similar issues exist for other pollutants, such
as nutrients and contaminants (Zhang et al., 2016; Van Meter
etal., 2018). Efforts to address lag times have been discussed
as part of the Chesapeake Bay Program (through incorpora-
tion into the Chesapeake Bay Watershed Model) and esti-
mated as part of theoretical frameworks that incorporate es-
timates of suspended sediment length scales and travel ve-
locities (e.g., Pizzuto et al., 2014). However, these frame-
works do not characterize the distribution of sediment at
both the reach and watershed scale.

The results from our study support a growing body of lit-
erature that characterizes the fate and transport of fine sedi-
ments through watersheds. We were able to quantify actual
sediment pulse velocities and measure discrete transport dis-
tances during experimental floods in a small stream. The
REEs allowed us to characterize sediment movement within
the relatively short study reach, such that even if individual
particles remained in the reach, entrainment, transport, and
deposition within the smaller reach were still evident. This
may have important implications for the impacts of sub-
bankfull storm events on fine sediment and the resulting eco-
system functions important for watershed management, such
as stream metabolism (Larsen and Harvey, 2017), pathogen
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transport (Drummond et al., 2015), and regional carbon cy-
cling (Cole et al., 2007). Further studies are needed to truly
estimate sediment lag times for use in watershed manage-
ment and assessment activities.

CONCLUSIONS AND

RECOMMENDATIONS

The results of this study demonstrated the use of REE-
labeled sediments to track fluvial particle movement, which
may prove to be a particularly useful strategy for studies at
the reach scale. Future work should include additional dep-
ositional studies to expand understanding of floodplain dep-
osition using higher flows, as well as more spatial sampling
to quantify the heterogeneous nature of floodplains (in terms
of roughness and topographical variability). This method
could be used to begin to close the current knowledge gap
between moderate flows and single-event, short-term sedi-
ment transport compared to long-term, averaged measures
such as those of Pizzuto et al. (2014). Our work illustrates
the large variation in sediment particle fate and transport
within even a single flow event and relatively small reach,
so future work should incorporate a larger number of sam-
pling points when possible. Additional data of this nature in
combination with research on longer reach lengths and time
scales are needed to fully close the gap between single-event
and long-term sediment transport, which is necessary for a
fuller understanding of lag times.
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