
A novel method for sampling the suspended sediment load in the tidal
environment using bi-directional time-integrated mass-flux sediment
(TIMS) samplers

Emily A. Elliott a, b, *, Elaine Monbureau a, Glenn W. Walters c, Mark A. Elliott d,
Brent A. McKee a, Antonio B. Rodriguez e

a Department of Marine Sciences, University of North Carolina at Chapel Hill, 3202 Venable Hall, CB 3300, Chapel Hill, NC 27599-3300, USA
b Department of Geography, University of Alabama, 513 University Blvd, CB 870322, Tuscaloosa, AL 35487, USA
c Department of Environmental Sciences and Engineering, University of North Carolina at Chapel Hill, 25 Rosenau Hall, CB 7431, Chapel Hill, NC 27599-
7431, USA
d Department of Civil, Construction and Environmental Engineering, University of Alabama, 1112 Bevill Building, CB 870205, Tuscaloosa, AL 35487, USA
e Institute of Marine Sciences, University of North Carolina at Chapel Hill, 3431 Arendell Street, Morehead City, NC 28557, USA
a r t i c l e i n f o

Article history:
Received 2 January 2017
Received in revised form
13 June 2017
Accepted 18 August 2017
Available online 6 September 2017

Keywords:
Sediment samplers
Sediment traps
Sediment analysis
Estuarine dynamics
Suspended sediment load
Core sound
North Carolina
Abbreviations: TIMS, Time Integrated Mass Sedim
Sediment Load; OD, Outer Diameter; ID, Internal D
Velocimetry; PVC, polyvinylchloride (PVC); PS, Point S
* Corresponding author. Department of Geography

University Blvd., CB 870322, Tuscaloosa, AL 35487, US
E-mail address: emily.elliott@ua.edu (E.A. Elliott).

https://doi.org/10.1016/j.ecss.2017.08.029
a b s t r a c t

Identifying the source and abundance of sediment transported within tidal creeks is essential for
studying the connectivity between coastal watersheds and estuaries. The fine-grained suspended sedi-
ment load (SSL) makes up a substantial portion of the total sediment load carried within an estuarine
system and efficient sampling of the SSL is critical to our understanding of nutrient and contaminant
transport, anthropogenic influence, and the effects of climate. Unfortunately, traditional methods of
sampling the SSL, including instantaneous measurements and automatic samplers, can be labor inten-
sive, expensive and often yield insufficient mass for comprehensive geochemical analysis. In estuaries
this issue is even more pronounced due to bi-directional tidal flow. This study tests the efficacy of a time-
integrated mass sediment sampler (TIMS) design, originally developed for uni-directional flow within
the fluvial environment, modified in this work for implementation the tidal environment under bi-
directional flow conditions. Our new TIMS design utilizes an ‘L’ shaped outflow tube to prevent back-
flow, and when deployed in mirrored pairs, each sampler collects sediment uniquely in one direction of
tidal flow. Laboratory flume experiments using dye and particle image velocimetry (PIV) were used to
characterize the flow within the sampler, specifically, to quantify the settling velocities and identify
stagnation points. Further laboratory tests of sediment indicate that bidirectional TIMS capture up to 96%
of incoming SSL across a range of flow velocities (0.3e0.6 m s�1). The modified TIMS design was tested in
the field at two distinct sampling locations within the tidal zone. Single-time point suspended sediment
samples were collected at high and low tide and compared to time-integrated suspended sediment
samples collected by the bi-directional TIMS over the same four-day period. Particle-size composition
from the bi-directional TIMS were representative of the array of single time point samples, but yielded
greater mass, representative of flow and sediment-concentration conditions at the site throughout the
deployment period. This work proves the efficacy of the modified bi-directional TIMS design, offering a
novel tool for collection of suspended sediment in the tidally-dominated portion of the watershed.
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1. Introduction

Coastal watersheds and estuaries directly connect terrestrial
and oceanic environments with fine-grained (<62.5 mm) sediment
dominating the material transported within these systems (Frank,
1981; Meybeck, 1984; Allan, 1986; Walling, 1989; Ludwig and
Probst, 1998; Bianchi and Mead, 2009). The fine-grained
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suspended sediment load (SSL) directly influences coastline evo-
lution (Syvitski et al., 2005), habitat maintenance and development
(Fagherazzi et al., 2012), and ecological health within the estuary
and coastal habitats (Syvitski et al., 2005). Nutrient and contami-
nant transport have been shown to be intimately tied to the sedi-
ment flux (Smith et al., 2001; Syvitski et al., 2005), as trace
elements bind to the SSL while in transport within the aquatic
environment (Correll et al., 1992; Turner and Millward, 2002;
Kronvang et al., 2003; Jha et al., 2007; Horowitz et al., 2008).
Anthropogenic influence through land-use modification, urbani-
zation and industrialization have significantly modified sediment,
nutrient and contaminant load to rivers and coastal environments
(Syvitski et al., 2005). Sediment-associated heavy metals within
river and estuarine environments, often from anthropogenic sour-
ces, account for a significant portion (at times >90%) of the overall
metal load (Martin and Meybeck, 1979; Cheung et al., 2003; Audrey
et al., 2004). Additionally, global climate change and sea-level rise
are thought to further impact the overall SSL within the watershed
and estuary (Walling and Webb, 1996; Walling and Fang, 2003;
Kirwan et al., 2010). These findings highlight the importance of
quantifying the source and abundance of the SSL within the coastal
watershed. Representative samples of SSL are critical in the quan-
tification of geochemical fluxes and water quality within the
watershed, specifically with sufficientmass of sediment for analysis
of particle size composition, organic matter and carbon content,
isotopic and geochemical concentrations, and nutrient and
contaminant abundance (Smith and Owens, 2014). Manual sam-
pling techniques of the SSL, while the traditional standard for ac-
curacy relative to automated and indirect approaches (Wren et al.,
2000), can be time and labor intensive, especially when attempting
to capture SSL during an event. Given the episodic nature of SSL
transport, it is difficult to obtain high temporal resolution sampling
and capture infrequent high-magnitude events when using manual
sampling alone (Grieve, 1984; Cuffney and Wallace, 1988; Ongley,
1992; Keesstra et al., 2009; Perks et al., 2014). Automated sam-
plers, including rising and falling limb bottle samplers (Frank,1981)
and pump/vacuum operated equipment (e.g., Russell et al., 2000),
while less time and labor intensive, are expensive and cannot be
deployed in areas where inundation is likely, which prevents large-
scale deployment within the watershed and system-wide charac-
terization of SSL. With both sampling techniques, mass of sediment
is generally insufficient to conduct geochemical analyses except
from integrated samples or samples of high-magnitude runoff
events.

An innovative solution for the collection of suspended sediment
transported in small, lowland river catchments was first proposed
by Phillips et al. (2000). The Phillips et al. (2000) time integrated
mass sediment (TIMS) sampler was designed to trap sediment
through the principles of sedimentation, with the ability to collect
representative suspended sediment samples over the sampling
period with enough sample mass for assessment of the physical,
geochemical and magnetic properties of the sediment (Phillips
et al., 2000; Russell et al., 2000; Smith and Owens, 2014; Perks
et al., 2014). Given the sampler's ability to constantly sample sus-
pended sediment over a range of flow conditions, a continuous
multi-event record of the suspended sediment flux can be obtained
from a single deployment (Phillips et al., 2000; Russell et al., 2000;
Walling, 2005; Perks et al., 2014). Due to its cost-effective simple
design and construction, with relatively little maintenance and no
power requirement upon deployment, the TIMS sampler has been
implemented around the world in a variety of fluvial environments
(e.g. Ankers et al., 2003; Laubel et al., 2003; Evans et al., 2006; Fox
and Papanicolaou, 2007, 2008; McDowell and Wilcock, 2007;
Walling et al., 2008; Poulenard et al., 2009; Fukuyama et al.,
2010; Collins et al., 2010; Wilson et al., 2012; Owens et al., 2012;
Voli et al., 2013; Smith and Owens, 2014), with modifications for
optimal operation within higher energy systems (e.g., enlargement
of the collector and/or inflow tube; McDonald et al., 2010; Perks
et al., 2014).

In this paper, we describe modifications to the original Phillips
et al. (2000) design which allows for the collection of SSL in a bi-
directional flow regime, typical of a tidal environment. Where
possible, laboratory and field assessment were replicated from the
work of Phillips et al. (2000) for comparison to the original sampler
function and efficiency. The objective of this work was to 1) char-
acterize the flow and quantify theoretical particle settle velocities
within the TIMS sampler, 2) test the efficiency of the modified
design to collect and trap suspended sediment, and 3) test the ef-
ficiency of the modified design within the intertidal environment
relative to traditional sampling techniques. To address our first
objective, laboratory analysis utilizing dye-flume and particle im-
age velocimetry (PIV) allowed for the characterization of flow and
quantification of particle settling potential within the sampler.
Further laboratory analysis after Phillips et al. (2000), utilizing
chemically dispersed sediments pumped through the sampler,
tested the trapping efficiency of the modified design. Finally, field
testing was conducted under natural conditions within tidal creeks
in two distinct locations, utilizing both the modified TIMS design
and traditional manual single time point sampling. Particle-size
composition and overall mass of sediment samples from the
modified TIMS design and the single time point samples were
compared to assess the benefits and deficits of the TIMS sampling
technique for implementation within the tidal environment rela-
tive to traditional sampling methods.

2. Methods

2.1. Sampler design and modifications

The Phillips sampler was designed to continuously trap sus-
pended sediment load in environments with uni-directional flow
(e.g., fluvial channels). Phillips et al. (2000) presents a full
description of flow characteristics within the sediment sampler and
relationships between ambient, inlet and sampler velocities. Flow
enters the sampler at ambient velocity through a narrow (4-mm
diameter) inflow tube. As flow moves into the sampler's main
body (98-mm diameter x 1-meter length), velocity decreases in
proportion to the increase in cross sectional area, promoting sedi-
mentation of particles in the sampler, with water exiting the
sampler through a similar 4-mm outflow tube to allow for unim-
peded flow (Fig. 1).

The bi-directional TIMS sampler design proposed in this study
was built following the original dimensions and design description
from Phillips et al. (2000), with modifications (i.e., modified
outflow tube, addition of vents) for use in systems with bi-
directional flow (i.e. tidally influenced environments). Like the
original design, the body of the sampler is made of commercially-
available polyvinylchloride (PVC) pipe, 98-mm internal diameter
by 1-meter length, sealed using end capswith internal ‘O-ring’ seals
(Phillips et al., 2000). In addition to the residence time of the
sampler (which precludes the ability for most autotrophs to sur-
vive), the opaque PVC prevents fouling from photosynthetic pro-
cesses within the main body of the sampler when deployed within
the estuarine environment.

The inflow and outflow tubes and connectors were modified
from the original design, which were made of semi-rigid nylon
pneumatic tubing (6 mm (OD) x 4 mm (ID) x 150 mm) with an
internal cross-sectional area of 12.6 mm2 with a polyethylene
funnel placed over the inlet tube to streamline the sampler body
and minimize turbulence or disruption of ambient flow (Phillips



Fig. 1. (a) Cross-sectional view of the original Phillips et al. (2000) TIMS design; (b) Cross-sectional view of modified bi-directional TIMS design for collection of suspended sediment
tidal flow; (c) Three-dimensional view of modified bi-directional design, showing how sediment is collected uniquely in each direction of tidal flow; (d) Picture of the mounted
modified design in implementation in a tidal creek.
et al., 2000). In the bi-directional sampler design the inflow and
outflow tubes aremade of rigid 9.5 mm (OD) x 4mm (ID) x 150mm
long nylon tubing to keep inflow tube aligned with ambient flow
within the tidal environment (further equipment description in
Appendix A.3). Exposed ends were chamfered at 45� at the entry
and exit points to reduce turbulence in a similar fashion to the
funnel proposed in Phillips et al. (2000) (Fig. 1; Appendix A.3).
Inflow tubes were attached to sampler end-caps using a ¼ National
Pipe Thread (NPT) pipe to Swagelok tube fitting screwed flush to
the internal surface of the endcap (Fig. 1; equipment description in
Appendix A.3). To prevent air bubbles within the sampler, which
could impede normal flow conditions, two sealable vents were
added along the top of the sampler main body. Given the changes in
water-level that occur in the tidal environment, these vents allow
for any air that may have entered the sampler during low water-
level conditions to escape prior to peak flow (further description
provided in Appendix A.3).

The most important modification made to the original Phillips
TIMS design is the ‘L’ shaped outflow tube which prevents sedi-
ment entry into the sampler during flow reversal (Fig. 1). Outflow
tubes are identical to inflow tubes in tapering and internal
diameter, cut to a length of 150 mm. Outflow tubes are attached to
sampler end caps using a ¼ NPT pipe to Swagelok elbow fitting
screwed flush to the internal surface of the end cap. The perpen-
dicular orientation of the outflow tube relative to ambient flow
prevents sediment ladenwater from re-entering the sampler when
flow reverses. Epoxy-coated dexion uprights were used to hold the
samplers in place to prevent corrosion within the marine envi-
ronment, as corrosion could impact the geochemical signature of
the collected sample. Two samplers were mounted parallel to each
other and flow vectors, with inflow tubes oriented in opposing
directions, held onto uprights using ‘C’ PVC-pipe clamps attached
with fabricated stainless steel holders (Fig. 1 c, d). Mounting the
samplers parallel to each other in opposing sampling directions
allows for collection of material uniquely in each direction of flow.

2.2. Fluid dynamics e particle image velocimetry (PIV)

Particle Image Velocimetry (PIV) is an optical method for
tracking flow and obtaining instantaneous velocity measurements
(Westerweel, 1997). In laboratory testing of the bi-directional TIMS
design, PIV allowed for qualitative and quantitative assessment of



fluid motion within the main body of the sampler. Assessment
using 2D Planar PIV was conducted in a 27-m long wave tank, with
a 130-mJ, Dual Cavity Nd:YAG laser pulsed at approximately 14 Hz
and a LaVision Imager Pro camerawith 1800� 1200 resolution (14-
bit digital output, 14 frames sec�1, with a pixel size of 7.4 � 7.4 mm;
Fig. 2 a,b). To visualize the particles, the laser was mounted to a cart
above the collector and a laser sheet, which was generated by
adding a 10-mm focal length cylindrical lens to the laser optics,
illuminated an x-z section (x is along the length of the collector and
the wave tank and z is along gravity) of the collector while the
camera took images of the region of interest from the side (Fig. 2 a,
b). 10-mm diameter hollow glass spheres were seeded into the
sampler prior to the assessment. A bi-directional TIMS design with
an acrylic transparent body was used, so assessment of particle
movement could be made. Using a water depth of 30 cm and
centrifugal pump, a quasi-uniform channel flow of 0.06e0.1 m s�1

was established and sustained throughout testing, consistent with
typical flow velocities within tidal marshes and adjacent tidal
creeks (Bayliss-Smith et al., 1979; Leonard and Luther, 1995). The
camera mounted to the side of the tank obtained images of the
entire internal diameter of the sampler throughout the analysis.
Initial images were acquired at 2 Hz, but required subsampling to
0.2 Hz for the analysis due to the reduction of speed within the
sampler. The images of the particles are then analyzed using a
software program that scans an image pair to see where the par-
ticles have moved via cross-correlation, determining particle ve-
locity. To further inspect the velocity field within the sampler, 3
vertical profiles of the 2D vectors were obtained at 3 different
distances (48 cm, 53 cm, 60 cm) along the length of the sampler.
2.3. Sampler efficiency - laboratory assessment

Following the laboratory investigation from Phillips et al.
(2000), sediment-sampler efficiency was assessed prior to field
deployment through a series of experiments that compared the
total mass and particle composition of sediment retained in the
sampler and outflow material to the known input sample at
different ambient flow velocities. It is important to note that this
study (both in the laboratory and field experiments) was concerned
with the retention of the sediment fraction rather than inclusion of
Fig. 2. (a) Schematic of the experimental wave tank setup with water depth of 30 cm
to generate uniform channel flow via centrifugal pump; (b) Closer view of camera and
laser mounts relative to sediment collector throughout experiment, imagining glass
particles inside collector by laser generated sheet perpendicular to the camera; an
example of the raw camera image with flow vectors superimposed.
biogenic material for assessment of trapping efficiency, and
therefore reports sediment distributions based on particle size, and
does not report density measurements in either experiment. A
sample representative of sediment from Core Sound, North Car-
olina, was obtained by combining and homogenizing 8 grab sam-
ples taken from bed sediment throughout the estuary. The
homogenized sample was placed in a muffle oven at 550 �C for four
hours to remove organic material, 5-g sub-samples were dis-
aggregated ultrasonically in a solution of 5% sodium meta-
phosphate. Utilizing a the same pump design described in the
sediment efficiency experiments from Phillips et al. (2000) and
used for the dye-fluid dynamics study (presented in the Appendix
A.1.2), the 5-g sample was dispersed in 5 L of water (concentration
of 1000mg L�1), kept in dispersion throughout the experiment on a
stir plate with a magnetic stirrer, and pumped through a ¼ inch
polyethylene tube into the inlet and the main body of the sampler.
The outlet pipe was connected through similar tubing to a peri-
staltic pump which allowed for pump speed, and therefore flow
speed, of the dispersed sediment to be drawn through the sampler
at a constant rate. For consistency, the same flow velocities used in
Phillips et al. (2000) of 0.3 m s�1 and 0.6 m s�1 were applied by
maintaining discharges from the peristaltic pump of 24.9 and
242.1 mLmin �1, respectively. After the entire sediment sample had
passed through the sampler, 5 L of deionized water (DI) water was
passed through to flush the system. Discharged material from the
outflow tube was collected throughout the experiment in a 25-L
container. At the end of the experiment material in the outflow
container and the sample retained in the sediment sampler were
individually centrifuged, freeze dried and weighed to obtain
retained sediment mass. The grainsize distributions were subse-
quently determined for input, retained and discharged samples
using a Cilas 1180 Particle Size Analyzer, which allows for particle
size measurement between 0.04 and 2500 mm in 100 size fractions
by laser diffraction. The Kolmogorov-Smirnov two-sample statis-
tical test was applied, after Phillips et al. (2000), to statistically test
comparability of the particle size distributions of the inflowing
material relative to retained sediment in the sampler and outflow
material.

2.3.1. Field assessment
To understand the sediment sampler efficiency during field

deployment, samplers were deployed in two tidal creeks that flow
into Core Sound, North Carolina. The first sampler was placed in a
tidal creek directly adjacent to a fringing marsh (Fig. 3) and the
second sampler was deployed in a tidal creek that drains overland
flow from a large (160 km2) agricultural site (Fig. 3). Both sampling
locations arewithin the semi-diurnal tidal environment, allowing for
the unique collection of suspended sediment in reversing flow and
variable velocities multiple times per day. The bi-directional TIMS
samplers were deployed so that water-level was above the collector
during low-low tide, approximately 0.5 m above the sediment bed in
both locations. HOBO U20 water-level loggers (0e4 m range) were
mounted to the center of the sampler at each site to determinewater
level relative to the sediment sampler during the sampling period.
Samplerswere deployed at both sites over a 3½ day period fromMay
25th, 2014 through May 28th, 2014, with no precipitation occurring
at either site over the sampling period. Manual single time point
samples of suspended sediment were collected daily around high
and low tide throughout the semi-diurnal tidal cycle, allowing for a
total of 16 manual point samples throughout the 3 ½ -day sampling
period. Manual point samples of near surface water were collected
through bucket retrieval at the height of inflowing water into the
TIMS sampler at each location, filling a 20-L carboy at each sampling.
At the end of the sampling period, sediment from the bi-directional
TIMS sampler was extracted by manual swirling and draining of the



Fig. 3. Field map showing sediment collector sampling locations at agricultural and fringing marsh locations along the shoreline of Core Sound, North Carolina.
main body into a 20-L carboy through the inlet spout, followed by
flushing of the sampler with site water into the carboy until all
sediment was retrieved. Sediment from both the manual point
samples and the samplers was recovered through centrifugation
(3500 RPM for 10 min). All samples were freeze dried, weighed and
underwent particle-size analysis using the Cilas 1180 Particle Size
Analyzer. Samples were disaggregated by sonication during particle-
size analysis. Distributions of particle size are presented as weight
percent distributions, d50 range and mean d50 values for both the
single time point samples and retained sediment from the samplers.
3. Results

3.1. Fluid dynamics e particle image velocimetry

PIV gives both a qualitative and quantitative analysis of the
velocity field within the sediment sampler. The velocity is assumed
to reach steady-state through the length of the sampler, after which
it is likely that there is little change in the characteristic velocity
field over time. Clear flow dynamics emerged within the upstream
1/3 of the sampler, and assuming steady-state dynamics, allowed
for general qualitative and quantitative analysis of flow within the
sampler.

Theoretically, for efficient collection of the suspended-sediment
load, the velocity field within the sampler should be slow enough to
allow particulates to fall out of suspension. Additionally, as eddies
are mainly what keeps particles in suspension (Oroskar and Turian,
1980), it is important tomeasure fluctuations in vertical velocity,w'.
Along the upstream 1/3 of the sampler, there was free-stream flow
in the upper part of the sampler, with some weaker return flow at
the bottom. Neutrally buoyant particle paths projected by the PIV
data show a downward trend for most starting heights. These
particle paths of water showed overall downward trend in flow,
indicating that aliquots of water (and sediment) will be directed
downward toward the bottom of the sampler. Much of the time,
flow in the upstream 1/3 of the sampler was exceedingly slow
relative to ambient flow, with an average flow in the sampler of
10�4 m s�1 relative to ambient flow between 0.06 and 0.1 m s�1.
Using Reynold's number, a dimensionless quantity that determines
the ratio of inertial to viscous forces, it is possible to characterize
expected flow regimes in ambient flow versus expected flowwithin
the sampler design itself. The corresponding Reynold's number
within the sediment sampler is ~0.5, consistent with what would
be expected for laminar flow, with an external flow Re that exceeds
20,000, consistent with turbulent flow, indicating the high poten-
tial for sediment fallout within themain body of the sampler during
through flow conditions.

To further inspect the velocity field, 3 vertical profiles of the 2D
vectors at 3 different down collector distances (from nozzle inlet tip
into collector, 48 cm, 53 cm and 60 cm) were obtained along the
length of the first 1/3 of the sampler, showing the velocity vectors
along the depth of the sediment sampler at each location (Fig. 4). In
the vertical, starting at y ¼ 0 cm, velocity increases from the top of
the sampler down. Maximum velocity is from 2 cm to about 6 cm
from the top (y ¼ 0). Flow velocity decreases from 6 to 10 cm at the
bottom, where there is a slight return of flow, expected due to
boundary layer dynamics.

The Durand method for critical velocity is one of the more well-
known and establishedmethods for characterization of critical flow
(Wasp et al., 1977; Oroskar and Turian, 1980; Onishi et al., 2002).
Using this method, critical velocity (m s�1) is determined by the
equation (1)

vt ¼ F*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gð1� sÞD

p
*
�
dp

�
D
�1=6 (1)

where F is an empirical factor, s is the ratio of the particle density to
the water density, dp is the particle diameter (mm), D is the pipe
diameter (m), and g is acceleration due to gravity (9.81 m s�2)
(Oroskar and Turian, 1980). This equation (1) predicts that for a 0.1-
mm particle, the critical velocity needed to keep the particles from
forming bedforms is 0.9 m s�1 to 1.4 m s�1. With this in mind, even
for clay particles, the critical velocity based on the Wasp-modified
Durand equation (1) above is 0.5 m s�1, with a range from 0.12 to
0.48 m s�1 (dependent on the eddy fraction within the sampler),
which are two to three orders of magnitude higher than the ve-
locities measured in the sediment sampler.
3.2. Sampler trapping efficiency e laboratory assessment

For the sediment trapping efficiency experiments, this study
only reports results for particle size rather than density. Like results
fromPhillips et al. (2000), the sampler was effective in retaining the
silt and clay fraction through a range of flow velocities. However,
some of the coarse fraction started to settle in the tubing prior to



Fig. 4. (a) Simple cartoon of velocity profile within the sediment collector and 60 cm from the nozzle inlet tip. Velocity vectors along collector noted from the tip into the collector at
horizontal distances of (b) 48 cm, (c) 53 cm and (d) 60 cm. Note that the laser sheet bisected the 10.5 cm diameter sediment sampler along its long axis, so these vectors are in the
center of the cylinder.
entry into the sampler, particularly at the lower 0.3 m s�1 velocity.
This complication is not noted in the Phillips work, and is likely due
to 1) the presence of a coarser fraction in the sample used during
our experiment or 2) the tubing that was used to draw the sample
into the sampler from the glass beaker, rather than directly
inserting the inflow tube into the bottom of the beaker as was done
in the Phillips experiment. Despite this complication, sediment
retention within the sampler, which was calculated based on the
overall dry weight of retained and outflow material, accounted for
93e96 ( ±1.5) percent of the overall retained and outflowing ma-
terial during laboratory experiments (Table 1). Like Phillips et al.
(2000), the sampler retained sediment across the range of parti-
cle sizes present within the inflowing sample, but did show an over
sampling of coarser sediment relative to the inflowing suspended
sediment (Fig. 5). Likewise, the outflowing sediment not retained
within the sampler is substantially finer than the inflowing sedi-
ment (Fig. 5). As expected and reported in Phillips et al. (2000),
sediment retention efficiency (based on mass) decreases with
increasing velocity, although the difference in efficiency between
the velocities is much less (~3%) in the modified sampler design
relative to the original sampler (~15e21%) presented in Phillips
et al. (2000). It is also worth noting that the outflowing material
is significantly finer than that of the inflowing sample, with a d50
value for outflowing material under 7 mm at the highest tested
velocity (Table 1). Statistical analysis using the Kolmogorov-
Smirnov two-sample statistical test were applied to compare par-
ticle size distributions between inflowing, retained and outflowing
material, and are presented in Table 2. The p-values from this test
indicate that the outflow material was significantly different than
the inflowing sample at both velocities, but therewas no significant
Table 1
Sediment percent (%) mass retention and d50 values for laboratory studies of full-scale s

Ambient Flow Velocity (m/s) Sediment Retained by Sampler (%) Inflowing Sed

0.3 95.6 ( ±1.5)% 26.8
0.6 93.3 ( ±1.5)% 29.1
difference in the distribution of the inflowing material relative to
the retained sample at either velocity.
3.3. Sampler trapping efficiency - field assessment

Grain-size distributions are comparable between the sediment
collector and the single-time point samples for each site and tidal
current flow direction (Figs. 6 and 7, Table 3). An average of the
single time point distributions at each site are presented for each
tidal current flow direction (Figs. 6 and 7) relative to the sediment
sampler distribution. There are differences in the distributions of
sediment grainsize between locations. The grainsize distributions
in both the single time point and TIMS sampler showed slightly
bimodal distributions during both ebb and flood tide conditions,
with d50 values between ~12 and 14 mm, whereas the agricultural
site showed a coarser, unimodal distribution, with larger d50 values
(~14e15 mm) representing coarser sediment in the agricultural site.

Within site variations in distributions between ebb and flood
tide flow directions showed minimal differences in the averaged
single time point samples. However, although minimal differences
in tidal flow occurred, the single time point and TIMS sediment
samples correspondedwell between ebb and flood current samples
in both the marsh and agricultural sites (Figs. 6 and 7, respectively).
Statistical analysis through the Kolmogrov-Smirnov test verified
that there is no significant difference in the averaged distribution of
single-time point samples and sediment sampler samples for each
site and current direction (Table 3). Similar to the correspondence
in distribution, d50 values for single-time and sediment sampler
samples were comparable within the two environments (Table 3).
ampler.

iment d50 (mm) Retained Sediment d50 (mm) Outflow Sediment d50 (mm)

22.7 2.6
30.1 6.7



Fig. 5. (Left to right) Comparison of particle size distribution by weight percent for inflow, outflow and retained sediment within the collector for velocities of 0.3 m s�1 and
0.6 m s�1 (respectively).

Table 2
Kolmogorov Smirnov (K-S) test results for similarity of particle size distributions in laboratory experiments with full-scale sampler.

Ambient Flow Velocity (m/s) Inflowing vs. Retained Sediment p-value Inflowing vs. Outflowing Sediment p-value

0.3 0.794 0.0004
0.6 0.961 0.003

Fig. 6. Marsh site water level in tidal creek based on sensor depth (mounted in center of collector), with sample collection date and comparison of particle size distribution by
weight percent at each point sample and average point sample with sediment retained in collector over sampling period relative to collector samples for (a) Flood and (b) Ebb
current conditions.



Fig. 7. Agricultural site water level in tidal creek based on sensor depth (mounted in center of collector), with sample collection date and comparison of particle size distribution by
weight percent at each point sample and averaged point sample with sediment retained in collector over sampling period relative to collector samples for (a) Flood and (b) Ebb
current conditions.

Table 3
Characteristics of sediment (i.e. d50, Kolmogorov Smirnov (K-S) test for similarity between samples) collected from single point samples (P.S.) and full-scale sediment samplers
(S.S.) in both ebb and flood directions of tidal flow in field placements at two locations.

Site Location
and
Tidal Current

No. of Point Samples (P.S.) d50 P.S. Range (mm) Average d50 P.S. (mm) d50 Sediment Sampler (S.S.) (mm) K-S Test
p-value

Marsh - Ebb 4 10.5e14.1 12.2 14.3 1
Marsh - Flood 5 10.9e15.0 13.0 14.0 0.961
Agricultural - Ebb 3 12.0e16.9 14.2 15.0 1
Agricultural - Flood 4 13.1e17.2 15.2 14.9 1
4. Discussion

4.1. Modified TIMS design

4.1.1. Outflow tube and pressure gradient
During flume studies the modified ‘L’ shaped design of the

outflow tube was tested to assess its ability to collect an unbiased
sample during reversal of flow (Appendix A.1.1, A.1.2). As observed,
the modified design did not allow for entry of dye through the
outflow tube when flow was reversed, with stagnation of dye pri-
marily occurring within the sampler upon initial reversal of flow.
Although no back flow into the sampler occurred when flowwithin
the flume was reversed, a small negative pressure gradient was
created within the sampler when flow was reversed to the peak
tested speed of 0.6 m s�1, as water was displaced from within the
outlet tube due to flow along the outlet surface. This effect could
cause a small amount of sediment ladenwater to be pulled into the
inflow tube when flow is reversed. However, any sediment reup-
take would be very small relative to the overall retained sample
even in the most extreme of conditions. To fully characterize
whether uptake and retention of fine grained material is possible
during normal, much lower estuarine flow conditions, which are
more on the order of ~0.03e0.10 m s�1 (Leonard and Luther, 1995),
further testing with PIV analysis may be useful.

Some proposed further modifications to the sampler design to
address the potential of a negative pressure gradient developing in
reverse flow include asymmetrical tapering around the outlet or a
check-valve along the entry point of the outflow tube. However,
these modifications pose a risk of increased turbulence around the
mouth of the outflow tube, or, in the case of the check-valve,
increased probability of failure under field conditions. Therefore,
the potential disadvantages of these furthermodifications are likely
to outweigh their advantages in the field and the simple modified
‘L’ shape outflow tube design tested in this study is likely a better fit
for field deployment.

4.1.2. Inlet tube and dead zones
In the original Phillips design, the inflow tubes extended 20 mm

into the main body of the sampler, resulting in ‘dead-zones’, which
were noted as important features for further reduced flow and



increased ability for sediment fallout to occur (Phillips et al., 2000).
Within the proposed modifications to the bi-directional TIMS
design, the inflow tube is installed directly into the ¼ NPT pipe to
Swagelok fitting, allowing for a flush entry point into themain body
of the sampler. This begs the question of whether it would be
possible to further reduce flow speeds within the sampler by
extending the inflow tube into the main-body of the sampler,
creating dead-zones within the bi-directional TIMS design.

Although useful to consider, quantification of the fluid dynamics
within the collector via PIV analysis indicates that the modified
design should be capable of velocities that would be conducive to
fine-grained sediment fallout equal to or even better than what is
reported in Phillips et al. (2000). This is further verified in the re-
sults from the laboratory sediment efficiency experiments, which
indicate the modified design is able to capture the fine-grained
sediment fraction, with no significant difference in distribution
between the inflowing and captured sediment, with greater
retention rates overall reported in the modified design relative to
what was reported in the original TIMS design.

Furthermore, from a practical standpoint, the modified design,
which does not have the inflow tube inserted into the main body of
the sampler, allows for easier and more complete sample collection
in the field. In the modified design, sediment is drained directly
through the sampler inflow tube into a 20-L carboy and flushed
with clean water prior to removing the end cap. Having an inflow
tube that is flush with the surface of the interior of the sampler
prevents build-up or even loss of material, especially the fine
sediment fraction, which would be more likely to adhere to the
inserted inflow tube. With the lack of quantitative evidence for
increased efficiency with the inclusion of dead zones, and the
practical advantages of the modified bi-directional TIMS design for
sample collection while in the field, it is difficult at this point to
justify the inclusion of dead-zones in the modified design. Other
modifications to the bi-directional TIMS design, including the po-
tential inclusion of baffles and/or spiral baffles for further imped-
ance of flow and prevention of fine-grained resuspension, should
be quantitatively explored for improved performance of the bi-
directional TIMS design.

4.2. Laboratory efficiency

Both dye (Appendix A.1.1, A.1.2) and PIV experiments indicated
the downward trend in particle movement, with substantial
reduction of velocity within the sampler relative to ambient flow
velocities. Critical velocity, as calculated by the Durand method,
further indicates that clays should fall out of suspension within the
sampler.

Sampler efficiency experiments of overall mass of sediment
retained within the sampler relative to outflow material indicated
up to 96% retention, with only a small reduction of retention to 93%
with a doubling in velocity. Likewise, the grain-size distributions
and d50 values of the inflowing and retained sampler samples
correlated well. Of the fraction of material that made it through the
sampler, the grain-size was fine silt to clay (Table 1). It is important
to note that laboratory and field experiments considered only the
dense sediment fraction, and did not consider low density organic/
biogenic material in this analysis. Further characterization of the
trapping efficiency should incorporate the organic fraction,
including differential particle densities, to verify the high retention
rates observed during these experiments.

As discussed, laboratory experiments utilized chemically
dispersed or disaggregated sediments for grain-size analysis. This
allowed for a high-resolution grain-size distribution to be analyzed
for both retained and outflowmaterial from the sampler. However,
as discussed in Phillips et al. (2000), in the natural riverine
environment fine sediment is often transported in aggregate form.
Due to the larger particle size and density of aggregates, a higher
velocity is required to keep particles in motion, allowing for greater
fallout and therefore higher trapping efficiency within the sampler
when sediment is transported as an aggregate rather than indi-
vidual particles. The transport of particles as aggregates within the
estuarine environment is well documented and potentially more
prominent than in rivers due to conditions within the estuarine
environment like ionic strength, bi-directional collision potential,
higher biogenic content, that facilitate particle aggregation during
transport (Avnimelech et al., 1982; Van Leussen, 1988;Winterwerp,
1998; Milligan and Hill, 1998). Therefore, relative to laboratory
testing, this would indicate that aggregation of fine-grained ma-
terial within the estuarine environment would further facilitate
increased trapping efficiency of the modified bi-directional TIMS
design.
4.3. Sediment trapping efficiency in the estuarine environment

Field experiments indicate good retention of sediment in the
modified sampler design relative to single time point samples
extracted at the marsh and agricultural sites. Sediment distribu-
tions between sites did appear different, with material collected
from the agricultural site being overall coarser than the marsh
sampling location. Sediment sampler grain-size distributions fit the
range of grain-size distributions measured for the corresponding
single time point samples. Distributions from the averaged single
time point samples and the sediment samplers were nearly iden-
tical at each site. This indicates the potential of the modified design
to collect an unbiased integrated sediment sample through time in
diverse estuarine sub-environments.

Ebb and flood current grain-size distributions were similar at
each site for both the sediment sampler and single time point
samples. Since the samplers are mounted in the same location,
oriented in opposing directions of flow, it is unlikely that the ma-
terial would be significantly different between the ebb and flood
current directions, as the samplers are likely sampling the same
material in each direction of flow. Within the constraints of the
sampling done for this work, it is apparent that the grain-size
distributions and d50 values for the single time point samples for
each site and current direction matched the equivalent retained
sediment sampler sample well. Although distributions between the
sampling methods were comparable, the bi-directional sediment
collector design required significantly less work to obtain the
sample, and greater relative sample mass than single time point
samples. Additionally, this time integrated sediment sample in-
corporates sediment transported during peak flow conditions,
allowing for the capture of event scale, daily and monthly variation
in sediment flux within the estuarine environment, a resolution
that is difficult and expensive to achieve using traditional sampling
methods. Although this work clarifies the fluid dynamics of the
modified design within the laboratory setting, performance and
retention is likely to vary based on the environment in which the
sampler is deployed. When implementing this modified design
within a new environment, it is recommended that a field assess-
ment of sediment distribution through grain-size analysis of single
time-point samples relative to sediment sampled in the sampler be
implemented to verify trapping efficiency prior to large scale
deployment. Additionally, although out of the scope of this work, it
is important to note that biogeochemical properties of the sedi-
ment may alter while the sampler is in field deployment, especially
for extended periods of time, and it is recommended that this be
taken into consideration if investigating the biogeochemical
signature of sediment sampled using this method.



5. Conclusions

The modified bi-directional TIMS design represents a novel
approach to the collection of suspended sediment in environments
where flow direction reverses, making it ideal for use within the
estuarine environment. Through extensive assessment of the fluid
dynamics within the sampler, including flume, dye and PIV anal-
ysis, this work validates that flow within the sampler is substan-
tially reduced relative to ambient flow velocity. Additionally,
influent dye aliquots tended to flow downward in the sampler,
indicating that influent sediment-laden aliquots will also flow
downward upon entry into the sampler, resulting in particle cap-
ture within the sampler. Quantitative analysis through PIV experi-
ments allowed for a more robust understanding of the fluid
dynamics within the collector to be developed. PIV results indicate
that flow rate reduction within the sampler is conducive to the
fallout of fine silts to clays from suspension. Although the modified
design lacks the dead-zones noted in the original TIMS design due
to the lack of insertion of the inflow tube into the main body,
quantitative analysis of the fluid dynamics indicate that the
modified design should collect fine grained silt and clay regardless
of the presence of dead-zones within the sampler. Given similar
trapping efficiency, the modified TIMS design is favorable for pre-
vention of sample loss when emptying the unit in the field.

Sampler collection efficiency was assessed in both laboratory
and field experiments, and in both assessments indicated the
modified TIMS design collected representative sediment samples.
In laboratory experiments, the sampler had up to a 96% retention
rate relative to total retained and outflow material, with 93%
retention when ambient velocity was doubled. The fine-grained
material exiting the sampler at the highest velocity during the
experiment had a d50 of 7 mm or less and although that material
was significantly different than the inflow material, there was no
significant difference between inflowing sediment and the retained
sample at either of the velocities tested. This warrants further
investigation of flow regimes within the sampler to determine if
the modifications to the bi-directional TIMS sampler design in-
crease sampling efficiencies overall relative to the original TIMS
sampler design, making this modified design more efficient than
the original design for deployment in both uni-directional and bi-
directional flow regimes.

Field experiments utilized single-time point samples and the
modified TIMS design over a three-day period in a marsh and
agricultural environment within the estuary. Although differences
in sediment distributions were noted between sampling locations,
the retained sediment within the modified TIMS design compares
well with equivalent single-time point samples collected over the
same period. Unlike the small mass collected in the single-time
point samples, the bi-directional TIMS sampler has the capacity
to obtain an integrated sediment sample over the collection period,
allowing for collection over multiple time-scales. This study verifies
the usefulness of the modified bi-directional TIMS design for
collection of suspended sediment in the tidal environment,
allowing for an inexpensive time-integrated suspended sediment
sampler for use within the estuarine environment.

Acknowledgements

Funding for research and support were provided through the NC
Sea Grant (NCSG 2010-1707-01 E/GS-4F) and UNC University
Research Council (URC) small grant program. Personal support was
also provided through the NSF Graduate Research Fellowship (NSF
GRFP) and UNC Graduate School Dissertation Completion Fellow-
ship awarded to Emily Elliott. Thanks also to the University of North
Carolina Department and Institute of Marine Sciences, Joint Applied
Math and Marine Sciences Fluids Lab and Environmental Sciences
and Engineering Design Center for facilities and equipment. Special
thanks for laboratory and field assistance to William Flowers,
Maggie Esch, Anna Jalowska, Ethan Theuerkauf, Justin Ridge, Lisa
Nigro, Beth Vandusen, Theresa O'Meara, and John Gunnell for field
and laboratory processing and support.
Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.ecss.2017.08.029.
References

Allan, R.J., 1986. The Role of Particulate Matter in the Fate of Contaminants in
Aquatic Ecosystems. Inland Waters Directive Science Series, 142. National Water
Research Institute, Burlington, Canada.

Ankers, C., Walling, D.E., Smith, R.P., 2003. The influence of catchment character-
istics on suspended sediment properties. Hydrobiologia 494, 159e167.

Audrey, S., Sch€afer, J., Blanc, G., Bossy, C., Lavaux, G., 2004. Anthropogenic compo-
nents of heavy metal (Cd, Zn, Cu, Pb) budgets in the Lot-Garonne fluvial system
(France). Appl. Geochem. 19, 769e786.

Avnimelech, Y., Troeger, B.W., Reed, L.W., 1982. Mutual flocculation of algae and
clay, evidence and implications. Science 216, 63e65.

Bayliss-Smith, T.P., Healey, R., Lailey, R., Spencer, T., Stoddart, D.R., 1979. Tidal flows
in salt marsh creeks. Estuar. Coast. Mar. Sci. 9, 235e255.

Bianchi, T.S., Mead, A.A., 2009. Large-river delta-front estuaries as natural “re-
corders” of global environmental change. Proc. Natl. Acad. Sci. 106, 8085e8092.

Cheung, K.C., Poon, B.H.T., Lan, C.Y., Wong, M.H., 2003. Assessment of metal and
nutrient concentrations in river water and sediment collected from the cities in
the Pearl River Delta, South China. Chemosphere 52, 1431e1440.

Collins, A.L., Walling, D.E., Stroud, R.W., Robson, M., Peet, L.M., 2010. Assessing
damaged road verges as a suspended sediment source in the Hampshire Avon
catchment, southern United Kingdom. Hydrol. Process. 24, 1106e1122.

Correll, D.L., Jordan, T.E., Weller, D.E., 1992. Nutrient flux in a landscape, effects of
coastal land use and terrestrial community mosaic on nutrient transport to
coastal waters. Estuaries 15, 431e442.

Cuffney, T.F., Wallace, J.B., 1988. Particulate organic matter export from three
headwater streams, discrete versus continuous measurements. Can. J. Fish.
Aquat. Sci. 45, 2010e2016.

Evans, D.J., Gibson, C.E., Rossell, R.S., 2006. Sediment loads and sources in heavily
modified Irish catchments, a move towards informed management strategies.
Geomorphology 79, 93e113.

Fagherazzi, S., Kirwan, M.L., Mudd, S.M., Guntenspergen, G.R., Temmerman, S.,
D'Alpaos, A., Koppel, J., Rybczyk, J.M., Reyes, E., Craft, C., Clough, J., 2012. Nu-
merical models of salt marsh evolution: ecological, geomorphic, and climatic
factors. Rev. Geophys. 50, RG1002.

Fox, J.F., Papanicolaou, A.N., 2007. The use of carbon and nitrogen isotopes to study
watershed erosion processes. J. Am. Water Resour. Assoc. 43, 1047e1064.

Fox, J.F., Papanicolaou, A.N., 2008. An un-mixing model to study watershed erosion
processes. Adv. Water Resour. 31, 96e108.

Frank, R., 1981. Pesticides and PCBs in the grand and saugeen river basins. J. Gt.
Lakes. Res. 7, 440e454.

Fukuyama, T., Onda, Y., Gomi, T., Yamamoto, K., Kondo, N., Miyata, S., Kosugi, K.,
Mizugaki, S., Tsubonuma, N., 2010. Quantifying the impact of forest manage-
ment practice on the runoff of the surface-derived suspended sediment using
fallout radionuclides. Hydrol. Process. 24, 596e607.

Grieve, I.C., 1984. Concentrations and annual loading of dissolved organic matter in
a small moorland stream. Freshw. Biol. 14, 533e537.

Horowitz, A.J., Elrick, K.A., Smith, J.J., 2008. Monitoring urban impacts on suspended
sediment, trace element, and nutrient fluxes within the City of Atlanta, Georgia,
USA, program design, methodological considerations, and initial results. Hydrol.
Process. 22, 1473e1496.

Jha, R., Ojha, C.S.P., Bhatia, K.K.S., 2007. Non-point source pollution estimation using
a modified approach. Hydrol. Process. 21, 1098e1105.

Keesstra, S.D., van Dam, O., Verstraeten, G., van Huissteden, J., 2009. Changing
sediment dynamics due to natural reforestation in the Dragonja catchment, SW
Slovenia. Catena 78, 60e71.

Kirwan, M.L., Guntenspergen, G.R., D'Alpaos, A., Morris, J.T., Mudd, S.M.,
Temmerman, S., 2010. Limits on the adaptability of coastal marshes to rising sea
level. Geophys. Res. Lett. 37, L23401.

Kronvang, B., Laubel, A., Larsen, S.E., Friberg, N., 2003. Pesticides and Heavy Metals
in Danish Streambed Sediment. The Interactions between Sediments and Wa-
ter. Springer, Netherlands, pp. 93e101.

Laubel, A., Kronvang, B., Fjorback, C., Larsen, S.E., 2003. Time-integrated sediment
sampling from a small lowland stream. Int. Assoc. Theor. Appl. Limnol. Proc. 28,
1420e1424.

Leonard, L.A., Luther, M.E., 1995. Flow hydrodynamics in tidal marsh canopies.
Limnol. Oceanogr. 40, 1474e1484.

Ludwig, W., Probst, J., 1998. River sediment discharge to the oceans; present-day

https://doi.org/10.1016/j.ecss.2017.08.029
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref1
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref1
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref1
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref2
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref2
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref2
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref3
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref3
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref3
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref3
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref3
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref4
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref4
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref4
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref5
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref5
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref5
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref6
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref6
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref6
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref7
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref7
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref7
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref7
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref8
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref8
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref8
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref8
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref9
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref9
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref9
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref9
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref10
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref10
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref10
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref10
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref11
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref11
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref11
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref11
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref12
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref12
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref12
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref12
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref13
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref13
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref13
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref14
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref14
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref14
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref15
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref15
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref15
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref16
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref16
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref16
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref16
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref16
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref17
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref17
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref17
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref18
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref18
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref18
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref18
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref18
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref19
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref19
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref19
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref20
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref20
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref20
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref20
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref21
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref21
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref21
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref22
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref22
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref22
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref22
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref23
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref23
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref23
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref23
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref24
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref24
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref24
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref25


controls and global budgets. Am. J. Sci. 298, 265e295.
Martin, J.M., Meybeck, M., 1979. Elemental mass balance of material carried by

major world rivers. Mar. Chem. 7, 173e206.
McDowell, R.W., Wilcock, R.J., 2007. Sources of sediment and phosphorus in stream

flow of a highly productive dairy farmed catchment. J. Environ. Qual. 36,
540e548.

McDonald, D.M., Lamoureux, S.F., Warburton, J., 2010. Assessment of a time-
integrated fluvial suspended sediment sampler in a high arctic setting. Geogr.
Ann. Ser. AePhys. Geogr. 92A, 225e235.

Meybeck, M., 1984. Les fleuves et le cycle g�eochimique des �el�ements (Doctoral
dissertation).

Milligan, T.G., Hill, P.S., 1998. A laboratory assessment of the relative importance of
turbulence, particle composition, and concentration in limiting maximal floc
size and settling behavior. J. Sea Res. 39, 227e241.

Ongley, E.D., 1992. Environmental quality: changing times for sediment programs.
Eros. Sediment Transp. Monit. Programmes River Basins 210, 379e389.

Onishi, Y., Wells, B.E., Hartley, S.A., Cooley, S.K., 2002. Pipeline Cross-site Transfer
Assessment for Tank 241-SY-101 Waste (No. PNNL-13650). Pacific Northwest
National Laboratory (PNNL), Richland, WA (US).

Oroskar, A.R., Turian, R.M., 1980. The critical velocity in pipeline flow of slurries.
AIChE J. 26, 550e558.

Owens, P.N., Blake, W.H., Giles, T.R., Williams, N.D., 2012. Determining the effects of
wildfire on sediment sources using 137Cs and unsupported 210Pb, the role of
landscape disturbances and driving forces. J. Soils Sediments 12, 982e994.

Perks, M.T., Warburton, J., Bracken, L., 2014. Critical assessment and validation of a
time-integrating fluvial suspended sediment sampler. Hydrol. Process. 28,
4795e4807.

Phillips, J.M., Russell, M.A., Walling, D.E., 2000. Time-integrated sampling of fluvial
suspended sediment, a simple methodology for small catchments. Hydrol.
Process. 14, 2589e2602.

Poulenard, J., Perrette, Y., Fanget, B., Quentin, P., Trevisan, D., Dorioz, J.M., 2009.
Infrared spectroscopy tracing of sediment sources in a small rural watershed
(French Alps). Sci. Total Environ. 407, 2808e2819.

Russell, M.A., Walling, D.E., Hodgkinson, R.A., 2000. Appraisal of a Simple Sampling
Device for Collecting Time-Integrated Fluvial Suspended Sediment Samples,
263. IAHS Publication (International Association of Hydrological Sciences),
pp. 119e127.

Smith, S.V., Renwick, W.H., Buddemeier, R.W., Crossland, C.J., 2001. Budgets of soil
erosion and deposition for sediments and sedimentary organic carbon across
the conterminous United States. Glob. Biogeochem. Cycles 15, 697e707.
Smith, T.B., Owens, P.N., 2014. Flume-and field-based evaluation of a time-

integrated suspended sediment sampler for the analysis of sediment proper-
ties. Earth Surf. Process. Landforms 39, 1197e1207.

Syvitski, J.P.M., V€or€osmarty, C.J., Kettner, A.J., Green, P., 2005. Impact of humans on
the flux of terrestrial sediment to the global coastal ocean. Science 308,
376e380.

Turner, A., Millward, G.E., 2002. Suspended particles, their role in estuarine
biogeochemical cycles. Estuar. Coast. Shelf Sci. 55, 857e883.

Van Leussen, W., 1988. Aggregation of Particles, Settling Velocity of Mud Flocs a
Review. Physical Processes in Estuaries. Springer Berlin Heidelberg,
pp. 347e403.

Voli, M.T., Wegmann, K.W., Bohnenstiehl, D.R., Leithold, E., Osburn, C.L., Polyakov, V.,
2013. Fingerprinting the sources of suspended sediment delivery to a large
municipal drinking water reservoir, Falls Lake, Neuse River, North Carolina, USA.
J. Soils Sediments 13, 1692e1707.

Walling, D.E., 1989. Physical and chemical properties of sediment, the quality
dimension. Int. J. Sediment Res. 4 (1), 27e39.

Walling, D.E., Webb, B., 1996. Erosion and sediment yield: global and regional
perspectives. In: Proceedings of an International Symposium Held at Exeter, UK,
from 15 to 19 July 1996 (No. 236). IAHS.

Walling, D.E., Fang, D., 2003. Recent trends in the suspended sediment loads of the
world's rivers. Glob. Planet. Change 39, 111e126.

Walling, D.E., 2005. Tracing suspended sediment sources in catchments and river
systems. Sci. Total Environ. 344, 159e184.

Walling, D.E., Collins, A.L., Stroud, R.W., 2008. Tracing suspended sediment and
particulate phosphorus sources in catchments. J. Hydrol. 350, 274e289.

Wasp, E.J., Kenny, J.P., Gandhi, R.L., 1977. Solid-liquid Flow Slurry Pipeline Trans-
portation. Trans Tech Publications, p. 1.

Westerweel, J., 1997. Fundamentals of digital particle image velocimetry. Meas. Sci.
Technol. 8, 1379e1392.

Wilson, C.G., Papanicolaou, A.N.T., Denn, K.D., 2012. Partitioning fine sediment loads
in a headwater system with intensive agriculture. J. Soils Sediments 12,
966e981.

Winterwerp, J.C., 1998. A simple model for turbulence induced flocculation of
cohesive sediment. J. Hydraul. Res. 36, 309e326.

Wren, D.G., Barkdoll, B.D., Kuhnle, R.A., Derrow, R.W., 2000. Field techniques for
suspended-sediment measurement. J. Hydraul. Eng. 126, 97e104.

http://refhub.elsevier.com/S0272-7714(17)30001-X/sref25
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref25
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref26
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref26
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref26
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref27
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref27
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref27
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref27
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref28
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref28
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref28
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref28
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref28
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref29
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref29
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref29
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref29
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref29
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref30
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref30
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref30
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref30
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref31
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref31
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref31
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref32
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref32
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref32
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref33
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref33
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref33
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref34
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref34
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref34
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref34
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref34
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref34
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref35
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref35
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref35
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref35
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref36
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref36
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref36
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref36
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref37
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref37
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref37
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref37
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref38
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref38
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref38
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref38
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref38
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref39
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref39
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref39
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref39
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref40
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref40
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref40
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref40
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref41
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref41
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref41
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref41
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref41
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref41
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref42
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref42
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref42
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref43
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref43
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref43
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref43
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref44
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref44
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref44
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref44
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref44
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref45
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref45
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref45
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref46
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref46
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref46
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref47
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref47
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref47
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref48
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref48
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref48
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref49
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref49
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref49
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref50
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref50
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref51
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref51
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref51
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref52
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref52
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref52
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref52
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref53
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref53
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref53
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref54
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref54
http://refhub.elsevier.com/S0272-7714(17)30001-X/sref54

	A novel method for sampling the suspended sediment load in the tidal environment using bi-directional time-integrated mass- ...
	1. Introduction
	2. Methods
	2.1. Sampler design and modifications
	2.2. Fluid dynamics – particle image velocimetry (PIV)
	2.3. Sampler efficiency - laboratory assessment
	2.3.1. Field assessment


	3. Results
	3.1. Fluid dynamics – particle image velocimetry
	3.2. Sampler trapping efficiency – laboratory assessment
	3.3. Sampler trapping efficiency - field assessment

	4. Discussion
	4.1. Modified TIMS design
	4.1.1. Outflow tube and pressure gradient
	4.1.2. Inlet tube and dead zones

	4.2. Laboratory efficiency
	4.3. Sediment trapping efficiency in the estuarine environment

	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


