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ABSTRACT

Excessive delivery of fine-grained sediment and sediment-bound nutrients to
surface waters results in water quality impairment. Information on the relative contribution of
different sources contributing sediment to river systems is a prerequisite to target management
practices. Sediment fingerprinting technique can help to estimate sediment contributions from
various sediment sources to fluvial sediment load. The overall goal of this study was to determine
the sources of in-stream sediment (stream bed and suspended) at a subwatershed scale using
sediment fingerprinting approach in an urbanized, 31 km® Moore’s Mill Creek watershed in
Southern Piedmont region in Alabama. The relative source contribution from construction sites
and stream banks to in-stream sediment was quantified for two different particle size fractions, 63-
212pm (fine sand) and <63um (silt and clay). Results of this study showed that both construction
sites and stream banks were important sources of stream bed sediment. The stream bed sediment
in the upstream reaches originated largely from channel bank sources, and in the lower reach
(watershed outlet), construction sites were the dominant sources of stream bed sediment. Also, this
study showed that the construction sites were the dominant sources of suspended sediment in the
watershed with contribution ranging from 0 to 100%, varying temporally. The relative source
contribution from different sources is dependent on the particle size of the sediment, time and
location of sampling within a watershed, riparian buffers, and areas of construction activities in
proximity to the sampling sites. Also, it was observed that different source contributions could be

obtained with different fingerprinting procedures as apportionments are sensitive to the statistical
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procedures employed. Soil and Water Assessment Tool (SWAT) was used in parallel to assess
valuable information of watershed-level hydrological processes that affect sediment erosion and
transport within a watershed. SWAT identified areas that generate high surface runoff and water
yield and have the potential to contribute disproportionately high amount of sediment to streams.
Targeting best management practices (BMPs) in these areas can significantly reduce the sediment
loadings to the streams. Overall, this study underscores the importance of considering the spatial
and temporal variability of sediment sources as a function of sediment particle size for targeting
BMPs. The combined use of sediment fingerprinting technique and watershed-level modeling can

provide valuable information of sediment transport processes and dynamics within a watershed.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Sediment is a natural component of a river and a stream, however excessive quantities of fine
sediment in surface waters degrade aquatic ecosystems (Burt and Allison, 2010). Elevated
concentrations of sediment in surface waters increase water turbidity, restricting light penetration
to underwater plants and thereby lowering the rates of photosynthesis and dissolved oxygen
concentrations. Furthermore, excessive levels of sediment in streams smothers stream beds, reduce
oxygen circulation through the stream bed, and increase the concentration of sediment-bound
nutrients. In order to mitigate the impacts of sediment and sediment-associated contaminants on
aquatic ecosystems, reliable quantitative information on the sources of in-stream sediment is
required. The information on the sources of sediment can help to target best management practices
(BMPs) and control sediment mobilization and subsequent siltation of the streams.

Sediment fingerprinting and watershed-scale modeling can help to prioritize areas/sources of
sediment for targeting BMPs. Sediment fingerprinting techniques can be used to determine in-
stream sediment sources and therefore help quantify the temporal and spatial variability of in-
stream sediment sources. These techniques typically involve combination of field data collection,
laboratory analysis and statistical modeling to allocate the amount of in-stream sediment

(suspended and stream bed) contributed by each source (e.g., stream banks, construction sites)



(Davis and Fox, 2009). The two primary components involved in the sediment fingerprinting
approach are: (1) identification of a set of fingerprinting properties that can be used to discriminate
among the sediment sources, and (2) quantification of the relative proportion of the sediment
sources to in-stream sediment. The latter is accomplished by comparing the concentrations of
fingerprinting properties in the source sediment and in-stream sediment. Watershed models can
help to understand hydrology, sediment, and nutrient transport processes within a watershed. The
conjunctive use of Soil and Water Assessment Tool (SWAT) modeling and sediment
fingerprinting approach could facilitate effective targeting of BMPs. For example, the dominant
sources of in-stream sediment can be identified using sediment fingerprinting technique. Then
SWAT model can be used to identify subwatersheds contributing disproportionately high amounts
of surface runoff per unit area to streams. The subwatersheds generating significant amount of
surface runoff have potential to contribute disproportionately high amount of sediment to streams.
Therefore, the dominant sources of sediment (identified using sediment fingerprinting) in
subwatersheds prioritized based on the amount of surface runoff generated per unit area should be

targeted for BMPs.

1.2 RESEARCH OBJECTIVES

The major goal of this study was to identify sources contributing disproportionately high
amounts of in-stream sediment (stream bed and suspended). A combination of sediment
fingerprinting technique and watershed-level modeling approach was used. The major objectives

of this study are listed below:

1. Sediment fingerprinting to identify the sources of stream bed sediment in an urbanized
watershed.

2. Apportionment of suspended sediment sources in an urbanized watershed using sediment



fingerprinting.
3. Fingerprinting the dominant sources of in-stream sediment using distances from

Discriminant Function Analysis (DFA).

1.3 THESIS OUTLINE

Each objective mentioned is the focus of a separate chapter in this thesis and each chapter is

written as a separate manuscript.

Chapter 2 focusses on the use of geochemical properties to identify sources of sediment
deposited on the stream bed at the subwatershed scale as a function of sediment particle size. The
subwatersheds based on the amount water yield per unit area were identified using SWAT model.
Furthermore, a land use change scenario to evaluate the effect of increase in urbanization on the

amount of subwatershed level water yield was performed.

In chapter 3, geochemical fingerprinting properties were used to identify sources of suspended
sediment at a subwatershed scale as a function of sediment particle size. The subwatersheds
generating disproportionately high amount of surface runoff were also prioritized for BMP

implementation using SWAT model.

In chapter 4, distances from discriminant function analysis (DFA) were used to quantify

sediment source contributions and the results were compared with the mixing model results.

In chapter 5, conclusions of this study and recommendations for the future work are discussed.
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CHAPTER 2

SEDIMENT FINGEPRINTING TO IDENTIFY SOURCES OF STREAM BED SEDIMENT IN AN
URBANIZED WATERSHED

2.1 INTRODUCTION

Excessive loading of sediment to streams adversely affects the biodiversity and water
quality of streams. For example, loss of sediment from uplands and stream banks to surface waters
reduces light penetration in the water column, changes the stream channel morphology, leads to
increase in the operational costs of water treatment plants, results in siltation of reservoirs, and
delivers sediment-bound nutrients such as phosphorus (P) to surface waters (Koiter et al., 2013;
Mukundan et al., 2012; Stewart et al., 2015). In the United States (U.S.), for approximately 24%
of the impaired rivers and streams, sedimentation has been considered as the potential cause of
impairment (USEPA, 2017). Approximately one of every six river and stream miles in U.S. has
excessive stream bed sediment (USEPA, 2008). Thousands of miles of the rivers and streams in
the southern Piedmont region of U.S. are impaired because of excessive sedimentation, which can
be attributed to some extent to historic disturbances during the mid-20" century (McCarney-Castle
et al., 2017; Mukundan et al., 2010). Furthermore, recent urbanization in the southern region of
the U.S. has increased the potential for channel alterations (O’Driscoll et al., 2010). O’Driscoll et
al. (2009) have documented how streams respond to urbanization induced land-cover change. For
example, streams in urban watersheds have lower sinuosity, greater width, and higher channel

incision ratios as compared to streams in rural watersheds Also, urban streams have disconnected



floodplains, and reduced floodplain sediment retention. Furthermore, streams in urban
watersheds experience large sediment loads from construction sites because the clearing of land
during the process of building results in high erosion rates particularly during storm events (Pitt
et al., 2007). Because of inputs of large quantities of sediment, a stream channel undergoes a
variety of physical and biological changes, such as, deposition of channel bars, shifting
configuration of the channel bottom, and smothering of bottom dwelling flora and fauna (Wolman
and Schick, 1967; Harbor, 1999).

Information on the sources of sediment can help target best management practices (BMPs)
at areas contributing disproportionately high amounts of sediment to streams (Collins et al., 2017).
Targeted implementation of BMPs would enable effective use of federal and state funds (Ferreira
etal., 2017; Liu et al., 2016). However, the task of understanding the sediment transport processes
at a watershed level is complicated owing to high spatial and temporal variability of sediment
erosion and deposition processes within a watershed (Koiter et al., 2013). Different approaches
(e.g., aerial photography, modeling, and traditional monitoring techniques based on erosion pins
and erosion plots) are available to identify sources of sediment delivered to stream. However,
these techniques are time consuming, labor intensive, expensive and lack accuracy (Haddadchi et
al., 2013). Sediment fingerprinting techniques are commonly used to determine relative
contribution from different sources to in-stream sediment (Mukundan et al., 2012; Walling, 2013;
Collins et al., 2017). These techniques involve collection of soil samples from different input
sources (e.g., banks, croplands) and sampling in-stream sediment (e.g., suspended sediment or fine
sediment deposited on the stream bed), laboratory analysis of the collected samples for
fingerprinting properties and then using statistical methods to quantify the relative contribution

from different sources to in-stream sediment (Collins et al., 2010; Gellis and Noe, 2013; Huisman



et al., 2013; Koiter et al., 2013; Walling, 2005). Recently, sediment fingerprinting has turned into
a key technique to determine the significance of suspended (e.g., Huisman et al., 2013; Smith &
Blake, 2014) and stream bed (e.g., Collins et al., 2013; Koiter et al., 2013) sediment sources in a
catchment (Pulley et al., 2017). Different types of fingerprinting properties, such as fallout
radionuclides (Huisman et al., 2013; Nagle et al., 2007; Walling, 2013; Wilson et al., 2008; Pulley
et al., 2015), trace elements (Devereux et al., 2010; Gholami et al., 2017), mineral magnetic
properties (Hatfield and Maher, 2009; Manjoro et al., 2017; Pulley et al, 2018), and stable isotopes
(Fox and Papanicolaou, 2007) have been used to identify in-stream sediment sources. Generally,
multivariate approaches are used, which consist of analyzing samples for large number of
fingerprinting properties and then employing statistical analysis to select optimum number of
fingerprinting properties based on their ability to successfully discriminate among different
sources (Collins et al., 2010; Davis and Fox, 2009; Koiter et al., 2013).

Depending on watershed characteristics (e.g., land use type, soil type, and slope), some
areas (referred to as “critical source areas”) in a watershed can contribute a large proportion of
storm flow to streams, which can cause accelerated bank erosion. Additionally, critical source
areas can contribute significant amounts of sediment and nutrients to streams from uplands.
Management practices implemented in critical source areas have potential to be more effective at
treating larger quantities of storm water flow (White et al., 2009). Watershed models are
commonly used to identify critical source areas in a watershed. For example, the Soil and Water
Assessment Tool (SWAT) model has been successfully used in various studies to simulate
watershed level hydrologic processes (Niraula et al., 2011; White et al., 2009; Xu et al., 2009).

Use of sediment fingerprinting techniques in conjunction with watershed models offers a great



potential to improve our knowledge on sediment transport processes within a watershed and
targeting BMPs.

While previous studies have focused on identification of sediment sources in agricultural
catchments (Gruszowski et al., 2003; Collins et al., 2012; Smith and Blake, 2014; Russell et al.,
2001), limited work has been done to identify sources of in-stream sediment in urban watersheds
using sediment fingerprinting techniques (Carter et al., 2003; Devereux et al., 2010; Franz et al.,
2014; Poleto et al., 2009). Typically, sediment fingerprinting studies focus on single sediment
particle size fraction (Franz et al. 2014; Nosrati et al. 2014), such as, <63 um (Smith et al., 2011;
Owens et al., 2012), <10 um (Olley et al., 2013), however sources of in-stream sediment can
change as a function of sediment particle size (Laceby et al., 2017; Collins et al., 2017).
Therefore, understanding the variability in sediment sources as a function of sediment particle
size fraction will improve our knowledge on sediment transport processes within a watershed.
The objectives of this study were to: (a) identify sources of fine sediment deposited on the stream
bed in a rapidly urbanizing watershed, (b) quantify the effect of sediment particle size (63-212
um and <63 um) on relative contributions from different sources to fine sediment deposited on
the stream bed and (c) prioritize the areas for implementing best management practices based on
the amount of water yield (total amount of water leaving the subwatershed and entering the main
stream) to the stream using SWAT model. The overall goal of this study was to quantify how the
relative contribution of different sources to fine sediment deposited on the stream bed varies
temporally and spatially within this watershed as a function of sediment particle size.

2.2 METHODS AND MATERIALS

2.2.1 Study Site



The study was conducted in the Moore’s Mill creek watershed (Fig. 2.1.a), a sub-watershed
of the lower Tallapoosa River Basin. The watershed area is 31 km? with sandy loam and sandy
clay as the dominant soil textures. The land use within the Moore’s Mill creek watershed is 66%
developed, 23% forest, 5% pasture, and 4% shrubland based on the Cropland Data Layer (2017)
developed by USDA-NASS (https://www.nass.usda.gov/Research_and Science/Cropland
/SARS1a.php). The climate is characterized by hot summers and mild winters with average annual
high and low temperatures of 23° C and 12° C, respectively (1997-2017). The watershed receives
approximately 1430 mm of precipitation annually (1997-2017). The underlying geology consists
of formations of Schist, Gneiss, Mylonite, Quartzite, and Sandstone with rock units belonging to
geologic era of Cretaceous and Precambrian to Paleozoic. Moore’s Mill Creek is listed on the
Alabama Department of Environmental Management’s 303(d) list of impaired water bodies
because of excessive sedimentation (ADEM, 2016). Urbanization, historic channel modifications,
reduction in riparian buffers, and agriculture are all major contributors to this degradation (City of

Auburn, 2011).

2.2.2 Collection of Source and Stream Bed Sediment Samples

The potential sources of sediment considered in this study included: (1) construction sites
(surface) and (2) stream banks (sub-surface). The source samples were collected from 30
different sites (13 construction sites and 17 eroding streambanks) within this watershed (Fig.
2.1.b; Appendix A Fig. Al and A2). Soil samples from construction sites were collected from the
top 2.5 cm of the soil, to correspond with the layer susceptible to detachment and mobilization by
surface runoff. To obtain representative samples from each construction site, 10 surface soil
samples per site were collected and combined for analysis. Stream bank samples were collected

from 5 different locations laterally along the bank of the reach at each site. Three cores (~5 cm



deep) were collected vertically from top to bottom of the bank face at each of those 5 sampling
points and were combined into one sample at each site. Presence of exposed actively eroding banks
and accessibility were the governing factors in deciding the sampling locations for the stream
banks within a reach following Pulley et al., 2017. Also, this sampling protocol was followed
because banks erode across the entire bank height, either by bank mass failure or asynchronous
lower and upper bank retreat through a combination of erosion by flow scour and sub-aerial
processes (which includes wetting and drying of soil that weakens the surface of stream bank)

(Smith & Blake, 2014).

To determine temporal and spatial variability of stream bed sediment sources, we
collected stream bed sediment samples from December, 2016 to September, 2017 at three
different reaches within this watershed (Fig. 2.1.b; Appendix A Fig. A3). The stream bed
sediment sample collection dates are included in Table 2.1. With the exception of the first month
of the sampling period (December, 2016), stream bed sediment samples were collected from the
top 10 cm. For the first month of the sampling period, stream bed sediment samples were
collected from the top 20 cm, top 15 cm, and top 10 cm at site 1, site 2, and site 3, respectively,
because of variation in the amount of sediment deposited at each site. Stream bed sediment cores
were collected using a 5 cm diameter acrylic tube. Cores were collected from 3-5 representative
locations within each reach and composited for analysis. Sampling points for stream bed sediment
samples (i.e., mid channel or near banks) were based on where the sediment deposits were
located. Each core of stream bed sediment collected in the first month of our sampling period was
sectioned into the following depth intervals: 0-5 cm, 5-10 cm, 10-15 cm, and 15-20 cm, then

combined for analysis.

2.2.3 Laboratory Analysis
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All soil samples collected (construction sites, stream banks, and stream beds) were oven
dried at 60° C and manually disaggregated using a mortar and pestle, then dry-sieved through 212
pum and 63 pm sieves. The samples were divided into two particle size fractions, 63-212 pm (fine
sand) and <63 pum (silt and clay). Based on the U.S. Environmental Protection Agency (USEPA)
method 3052 (USEPA, 1996), samples were analyzed for 59 geochemical elements including Li,
Be, B, Mg, Na, AL, P, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr,
Nb, Rh, Pd, Ag, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Yb, Lu, Hf, Ta, W,
Ir, Pt, Hg, TI, Pb, Bi, Th, and U at the Wisconsin State Laboratory of Hygiene, Madison,
Wisconsin, USA. The particle size analysis was performed using a Malvern Mastersizer 3000
(Malvern Instruments, Worcestershire, UK) in the Geomorphology Laboratory, Auburn
University, Auburn, Alabama, USA following a chemical dispersion with sodium
hexametaphosphate (50 g L) (Appendix A Fig. A5). The specific surface area (SSA) of the
sediment particles was determined from the particle size analysis assuming particle sphericity
(Collins et al. 2010; Lamba et al., 2015).
2.2.4 Statistical Analysis
Since sediment fingerprinting techniques require the critical sediment properties to behave
conservatively during transport from source to in-stream sampling point, a range test was
performed. This test determines whether the fingerprinting property concentrations in the stream
bed sediment samples fall within the range of equivalent values of the fingerprinting property
concentrations in the source samples (Franz et al., 2014; Gellis and Noe, 2013; Lamba et al., 2015;
Smith and Blake, 2014; Wilkinson et al., 2013). All non-conservative properties, which did not
satisfy this criterion were not considered for further analysis as these properties may have been

subjected to transformation during erosion or transport processes.
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A composite of fingerprinting properties, which provided the best discrimination between the
sources was generated using a two-step statistical procedure (Yu and Rhoads, 2018; Collins et al.,
1997). In step 1, a non-parametric Kruskal-Wallis H-test (o= 0.05) was used to select the
fingerprinting properties which can successfully discriminate between the source categories
namely, construction sites and stream banks. A non-parametric test was utilized because the
fingerprinting property data sets for soils and sediment rarely satisfy normal distribution and often
have unequal variances (Collins and Walling, 2002).

All the fingerprinting properties that passed the Kruskal-Wallis H-test were subjected to a
stepwise discriminant function analysis (DFA) to provide maximum discrimination between the
sources. This analysis is based on the stepwise selection algorithm of minimization of the Wilks’
lambda (L) to select the smallest set of fingerprinting properties for discriminating the source
samples. A A close to 0 indicates a small within group variability as compared to variability
between the source groups. Statistical Analysis Software 9.2 (SAS 9.2) and R statistical software
were used to conduct this analysis.

2.2.5 Apportioning Stream Bed Sediment Sources

A multivariate mixing model was used to quantify the relative source contributions from
construction sites and stream banks to stream bed sediment at each site. The mixing model
involves solving a set of linear equations by minimizing the objective function i.e. sum of squares

of the weighted relative errors (Collins et al., 2012):
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where p is the number of fingerprinting properties in the composite fingerprint; m is the number
of source groups; Cg; is the concentration of the fingerprinting property (j) in the stream bed
sediment sample; Cs; is the mean concentration of the fingerprinting property (j) in the source
group; P;is the relative contribution from source group (i); and W; is the tracer discriminatory
weighting factor. The mixing model solves the equations by comparing the concentration of each
of the fingerprinting property in the stream bed sediment with the property concentration in each
of the source groups.
Two linear boundary conditions must be satisfied by the multivariate mixing model to ensure that
the relative source contributions from each source group to stream bed sediment must lie between
0 and 1, and the sum of the relative source contributions from all the source groups is unity:

i=1 Pi=l1

0<P;<1
The fingerprinting property discriminatory weighting factor (/;) was used in the mixing model
to ensure that the fingerprinting property with the greatest discriminatory power exerts the
greatest influence on the solutions of the mixing model (Collins et al., 2010). These weightings

were calculated using

=3

Wi
where d; is the individual property discrimination percentage and d; is the lowest individual
property discrimination percentage. No particle sizes or organic matter correction factors were
used in this study (Martinez-Carreras et al., 2010; Liu et al. 2016).

2.2.6 Goodness-of-Fit and Uncertainty Analysis
The goodness-of-fit was assessed by comparing the actual fingerprinting property

concentration in the stream bed sediment samples with the values predicted by the optimized
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mixing model. We used the average value of RME determined at each site to assess the goodness-
of-fit. The average RME values were determined by taking the mean of the RME of all the
fingerprinting properties within the composite signature (Collins et al., 2010). To assess the
uncertainty in the results produced by the mixing model with the use of average fingerprinting
property concentration of each source category, a Monte-Carlo simulation approach was used
(Gellis and Noe, 2013). This is important to check the extent to which the average of the
fingerprinting property concentrations for a source group actually represent the true value of the
source group. This technique removes one sample from each of the source groups and the mixing
model is run without these samples. The simulation was run 1000 times and the mean relative
source contributions were determined for each site (Gellis and Noe, 2013; Liu et al., 2016).
2.2.7 Mass of Stream Bed Sediment Deposited

Mass of sediment deposited per stream length was estimated to prioritize stream reaches
with sedimentation issues. To estimate mass of sediment deposited within a stream reach, we
measured thickness of sediment using a meter stick along three transects perpendicular to the
direction of flow (Lamba et al., 2015). The three transects were considered within the reach length
of 60 feet for all sites. The average thickness of sediment deposited was calculated along each
transect and then was averaged for the three transects considered. The average thickness of
sediment deposited was multiplied with the average width of the reach and the reach length to
quantify the volume of sediment deposited. Consequently, the volume of sediment deposited was
multiplied with bulk density of the sediment to estimate the mass of sediment deposited within a

reach (Lamba et al., 2015).

2.2.8 SWAT Modeling
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SWAT model was used in this study to prioritize subwatersheds with high amount of
water yields. Subwatersheds with high water yield values have potential to cause accelerated
stream bank erosion (due to high stream flows) and contribute significant amount of surface
runoff to streams, and therefore deliver excessive amount of sediment to streams. SWAT is a
process based, daily time-step and long-term simulation model developed by the U.S.
Department of Agriculture (USDA) (Douglas-Mankin et al., 2010; Neitsch et al., 2005).Major
components of SWAT model include hydrology, weather, crop growth, nutrients, pesticides,
sedimentation, and land management. A 10-m resolution digital elevation model (DEM) was
used to delineate the watershed and sub-watershed boundaries in Arcmap, obtained from
available from the Geospatial Data Gate- way (http://datagateway.nrcs.usda.gov/).

Land use/cover data was obtained from Cropland Data Layer (CDL) for the year 2011
(https://www.nass.usda.gov/Research _and_Science/Cropland/SARS1a.php) and Soil Survey
Geographic database (SSURGO) was used to derive soil parameters (USDA-NRCS). Weather
data (daily precipitation and temperature (maximum and minimum)) was obtained from the
National Oceanic and Atmospheric Administration (NOAA) weather station located near the
watershed and from the Parameter-elevation Relationships on Independent Slopes Model
(PRISM) climate dataset (http: //www.prism.oregonstate.edu/). Surface Runoff was calculated
using modified Soil Conservation Service Curve Number (SCS-CN) method (Mishra and Singh,
2003; Neitsch et al., 2005). For this study, the temperature-based Hargreaves method (Hargreaves
and Samani, 1985) was used to estimate potential evapotranspiration (PET).

The Moore’s Mill Creek watershed is a part of the larger Chewacla Creek watershed (119
km?). The SWAT model was setup, calibrated and validated for the Chewacla Creek watershed

because observed streamflow data (USGS gage # 02418760) is available at the outlet of the
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Chewacla Creek watershed. Whereas, Moore’s Mill Creek watershed does not have observed
streamflow data available required for model calibration and validation. A manual calibration
approach was adopted to calibrate the SWAT model. For calibration, the streamflow was
separated into baseflow and surface runoff components using the web-based hydrograph
separation program (WHAT) (Lim et al., 2005). The model was calibrated (January 2011 to
December 2014) and validated (January 2015 to December 2017) for surface runoff and baseflow
at a monthly time scale by changing one parameter at a time and comparing the simulated surface
runoff and baseflow against the observed surface runoff and baseflow data. The model was not
calibrated and validated for sediment, because observed sediment data at the watershed outlet
was not available. The first six years (January 2005 to December 2010) of the simulation were
used as the warm-up period to minimize uncertainties due to initial unknown conditions, such as
antecedent soil moisture conditions. The Nash-Sutcliffe model efficiency (NSE) coefficient
(equation 1), the regression correlation coefficient (R?) (equation 2), and percent bias (PBIAS)
(equation 3), along with graphical evaluations, were used to assess the model accuracy (Moriasi

etal., 2007) :
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where O; is the i observation for the constituent being evaluated; P; is the i" simulated value for
the constituent being evaluated; O is the mean of observed data for the constituent being
evaluated; P is the mean of simulated data for the constituent being evaluated and n is the total
number of observations.
Curve number (CN2), available soil water capacity (Soil AWC), threshold depth of water
(GWQMN), groundwater revap coefficient (GWREVAP), and potential evapotranspiration were
the parameters that were adjusted during the flow calibration (Table 2.2).
2.2.9 Land Use Scenario

The Moore’s Mill Creek watershed is rapidly undergoing urbanization, with increase of
urbanized area from 44 % to 65 % and decrease of forested area from 41 % to 23 % from 2008
to 2017 (CDL, 2008-2017). Therefore, to quantify the change in water yield values as a result of
land use change we performed a land use change scenario. In this scenario, forested area was
changed to urbanized area to evaluate the effect of increase in urbanization on the water yields

for the Moore’s Mill Creek watershed.

2.3 RESULTS AND DISCUSSIONS

2.3.1 Optimum Fingerprinting Properties

The sediment properties that passed the range test and Kruskal Wallis H-Test (p=0.05) for
63-212 um and <63 pum at each site are included in Tables 2.3 and 2.4, respectively. Out of 59
possible fingerprinting properties, the majority of the fingerprinting properties passed the range
test, indicating that these properties possessed conservative behavior. The number of
fingerprinting properties that successfully discriminated between the construction sites and
stream banks for the two particle sizes after passing Kruskal Wallis-H test ranged from 5 to 24
(Tables 2.3 and 2.4).
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The results of the stepwise DFA on the fingerprinting properties that passed the Kruskal-
Wallis H test for 63-212 um and <63 pum particle size fractions at each site are shown in Tables
2.5 and 2.6, respectively. The optimum set of fingerprinting properties selected by the stepwise
DFA classified 100% of the sources correctly at each site, indicating that the selected
fingerprinting properties provided strong discrimination between construction sites and stream
banks. The number and combination of the fingerprinting properties used in the mixing model
varied among different subwatersheds. Different factors, such as the number of source samples
collected within each subwatershed, parent material, and anthropogenic activities (Lamba et al.,
2015; Smith and Blake, 2014) can affect the type and number of fingerprinting properties that
successfully discriminate between different sources. The variability in fingerprinting properties
that successfully discriminate between different sources at a subwatershed level has been reported
in previous studies (Collins et al., 2013; Smith and Blake, 2014).

The fingerprinting properties that were selected as a part of the composite fingerprint that
have association with anthropogenic sources, were found to have greater concentrations in soils
collected from construction sites compared to soils sampled from stream banks. For example, Ni,
Ga, Ag, As, and V had greater concentration in samples collected from construction sites
compared to stream bank samples. Bini et al., 2011 has well documented that heavy metals have
less concentration in sub-soils than the surface soils. Different factors can contribute to the
elevated concentration of the heavy metals in construction site samples. For example, the use of
heavy metal V for making steel alloys for tools and construction purposes (Hooda, 2010) could
cause higher concentration of V in the samples collected from the construction sites. Similarly,
higher concentration of Ni (considered as a heavy metal of environmental concern in urban areas

(Iyaka, 2011) in surface soil (construction sites) also indicated the effect of anthropogenic
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activities (combustion of fuel or increased acid rain in industrialized areas) on deposition of Ni
in the surface soils (Iyaka, 2011; Cempel and Nikel, 2006). In contrast, the concentrations of rare
earth elements, such as Sm, Ho, and La were greater in the soils collected from the stream banks
than those from construction sites. Tyler (2004) has reported that typically the concentrations of
the rare earth elements is greater in sub-soils and parent material as compared to surface soils.
Since stream banks are composed of less weathered sub-surface material, concentrations of rare
earth elements in the samples collected from stream banks were greater than those in surface soils
(Smith and Blake, 2014). It should be noted that additional factors, such as, parent material,
geomorphic landform, and hydrology can also affect the concentrations of elements within
different sources (Horowitz, 1991).
2.3.2 Sediment Source Ascription

The relative source contributions of stream banks and construction sites to stream bed
sediment (for both particle sizes) are shown in Fig 2.2 (a-c) - 2.3 (a-c). It should be noted that
core 1, 2, 3 and 4 for the month of December, 2016 represent the soil cores sectioned into 0-5, 5-
10, 10-15 and 15-20 cm, respectively. With the exception of the first month of our sampling
period, all stream bed cores were collected from top 10 cm.

Atsite 1 for particle size 63-212 um, stream banks were the dominant source of the stream
bed sediment. The relative contribution from stream banks and construction sites to stream bed
sediment ranged from 88% to 100% and 0 to 12%, respectively. For <63um particle size, the
relative contribution from stream banks and construction sites to stream bed sediment ranged
from 0% to 100% and 0 to 100%, respectively. Historic changes in the southern Piedmont region
at watershed level (increase in impervious areas) and/or reach level (stream channel straightening,

loss of riparian areas, abrupt changes in stream course) might be responsible for accelerated
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stream bank erosion (Mukundan et al. 2010). For example, this subwatershed has experienced an
increase in urban land cover from 63 % to 81 % and a decrease in forested land cover from 29 %
to 15% from 2008 to 2017 (Cropland Data Layer, 2008 and 2017). Urbanization of a watershed
results in the increase of stormwater runoff, which in turn alter the river channels. The observed
channel changes include increase in channel width or depth which leads to accelerated bank
failures and channel incision due to increased levels of hydraulic stress on stream banks (Booth
1990). Furthermore, the expansion of imperviousness surfaces within a watershed increases the
risk of stream instability owing to increased specific stream power (Bledsoe and Watson, 2001).
The temporal variability in the stream bed sediment sources during the sampling period was likely
affected by the phase of construction activity from the commencement to completion of
construction sites located within this watershed. A construction project begins with the site work
which involves land clearing and excavation of soils and ends with grading and landscaping
(Harbor, 1999). Construction practices which are identified to contribute high sediment yields
include land clearance exposing the bare soil, stripping topsoil, piling the excavated soil near or
on the streets, and tracking of mud in the streets by construction vehicles (Pitt et al., 2007).
Furthermore, it should be noted that the ‘lag time’ between the erosion of sediment from
construction sites and delivery of the sediment to the streams will also affect the temporal
variability in stream bed sediment sources.

At site 2, stream banks were the dominant sources of the stream bed sediment for both the
particle size fractions. For 63-212 pum particle size, the contribution from stream banks and
construction sites ranged from 97 to 100% and 0 to 3%, respectively. Whereas, the relative source
contributions from stream banks and construction sites ranged from 72 to 100% and from 0 to

28%, respectively for <63 um particle size. The land-use under developed category in this
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subwatershed increased from 42 % to 61% with the decrease of forested cover from 42 % to 24%
from 2008 to 2017 based on the Cropland Data Layer 2008 and 2017. As indicated earlier, an
increase in impervious surfaces leads to an increase in specific stream power and a greater risk
of stream instability (Bledsoe and Watson, 2001), which likely increased relative contribution
from stream banks to stream bed sediment in this subwatershed. Also, for <63um particle size,
site 2 showed the lesser contribution from construction sites to stream bed sediment as compared
to site 1.

Compared to site 1 and site 2, relative source contributions from construction sites to stream
bed sediment at site 3 were greater. For the 63-212 um particle size fraction, the contributions
from stream banks and construction sites ranged from 9 to 90 % and 10 to 91 %, respectively.
The source contributions for the <63 pm particle size fraction, varied from 0 to 47 % and 53 %
to 100 % for stream banks and construction sites, respectively. High contributions from
construction sites at site 3 were likely because active construction was occurring in close
proximity to the stream without enough riparian buffer (Fig. 2.4). Riparian buffers can help to
reduce excessive delivery of sediment from upland areas to streams (Zhang et al., 2017). For
example, Lee et al. (2000) reported that riparian buffers can help to retain up to 93% of sand and
silt particles and 52 % of clay particles entering the stream depending upon the vegetation type
(Lee et al., 2000). The percentage of forested land use within the riparian buffer (30 feet on each
of the stream, (NCDEHNR, 1997)) of the reach at site 1 and reach at site 2 was 40% and 55%,
respectively. However, the reach at site 3 had more developed areas (60%) within the vicinity of
the stream, which negatively impacts sediment trapping efficiency at this site. Although a small
portion (3%) of the watershed is occupied by active construction sites, but the rates of erosion

from construction sites (which can approach up to 500 T ha ™' yr™') are considerably higher than
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those from areas occupied by undisturbed vegetation (<1 T ha™ yr') (Mukundan et al., 2010).
The increased contribution from stream banks for the months of June and July at this site indicates
greater stream bank erosion likely because of high flow rates between the sampling period (Fig.
2.5). This is because increase in stream flow rate can increase the stream bank erosion (Gellis and
Noe, 2013). Stream bank sediment gets directly delivered to the stream during a storm event as
compared to the sediment eroded from uplands due to its storage before reaching the channel
(Gellis and Noe, 2013). Therefore, we observed a relationship between the high flows and
increased contribution of stream bank sediment to the stream bed sediment. The flow rate values
were obtained from the SWAT model.

Also, the stream bank stability is reduced with the increase of stream bed width and stream
bank height. The process of lateral erosion leads to increase of stream bank width and the bed
lowering of stream bed increases the bank height which results in stream bank instability (Osman
and Thorne, 1988). The average shear stress on the banks of site 1 and site 2 watersheds was
more than those on the banks of site 3 watershed (Table 2.7). Therefore, the shear stress on
streambanks caused by high velocities of water at site 1 and site 2 watersheds likely increased
the relative contribution from stream banks to stream bed sediment in these watersheds.

2.3.3 Effect of Particle Size on Stream Bed Sediment Sources

During stream bed sediment sampling period, contributions from constructions sites were
greater for particle size <63 um compared to 63-212 um particle size. The SSA values of soil
samples collected from construction sites and stream banks are included in table 2.8. As indicated
by the SSA values, the soils samples collected from construction sites were finer (i.e., greater
SSA) compared to soil samples collected from stream banks (Table 2.8). For example, for particle

size <63um, the mean SSA of soil samples collected from construction sites and stream banks
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was 291.26 £24.5 m*kg ™ and 212.7+ 9.5 m* kg™, respectively. The construction sites had greater
contribution for fine sediment (<63 pm) than for 63-212 um particle size because soils at
construction sites were finer relative to stream bank soils. Therefore, the results show that the
sediment particle size affected the relative contributions from construction sites and stream banks
to stream bed sediment.
2.3.4 Mass of Stream Bed Sediment Deposited

The estimated mass of sediment deposited within reaches of site 1, site 2 and site 3 is
shown in Table 2.7. The results show that the mass of sediment deposited per unit length of reach
was greater at the watershed outlet compared to upstream sites. Channel slope and transport
capacity of the stream can affect the mass of sediment deposited within the reaches (FISRWG,
1998). The reaches in the upper part of the watershed were steep and velocity of water was greater
in the upstream reaches compared to the downstream reaches (Table 2.7). Therefore, lesser
velocity of water and flatter slopes in the downstream reaches compared to upstream reaches
likely facilitated sediment deposition on the stream bed. There was a direct relationship between
the drainage area (stream size) and the mass of sediment deposited on the stream bed per unit
length of a reach. This could be because of proximity of construction sites to reach 3 without
enough riparian buffer likely resulted in greater sediment loading from construction sites than the
transport capacity of the stream, which resulted in greater sediment deposition at site 3. The
results of source apportionment along with the mass of sediment deposited within the stream

reaches can be used to prioritize subwatersheds for targeting BMPs.
2.3.5 Goodness-of-fit and Uncertainty Analysis

The RME values calculated to assess the goodness-of-fit of the mixing model indicated

that mixing model provided satisfactory agreement between predicted and actual stream bed
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sediment fingerprinting properties concentration. The RME values ranged from 11 to 31 %, 4 to
38%, and 17 to 33% at site 1, 2, and 3, respectively (Table 2.9). The majority of RME values
were less than 25%, indicating that the mixing model satisfactorily predicted the concentration
of fingerprinting property in stream bed sediment (Lamba, Karthikeyan, and Thompson 2015).
The relative source contribution differences obtained from the average of Monte Carlo results
and the corresponding values obtained from the mixing model using the mean source
fingerprinting property concentration ranged from 0 to 2 %, 0 to 1%, and 0 to 7% at site 1, 2, and
3, respectively. The results show that the use of mean fingerprinting property concentrations of
the source samples in the mixing model was not a significant source of uncertainty (Lamba et al.,
2015).
2.3.6 SWAT Model Calibration and Validation

Fig. 2.6 (a—) shows calibrated and validated monthly surface runoff, base flows, and total
stream flow, respectively. The statistical values calculated for calibration and validation time
periods for surface runoff, baseflow and total streamflow are presented in Table 2.10. Very good
model calibration and validation results were obtained, as shown by NSE and R* values. As
indicated by PBIAS, model performed satisfactorily for calibrated period and very good
validation results were obtained (Moriasi et al., 2007). Overall, the model performance statistics
showed that model was able to represent the surface runoff, baseflow and total flow successfully.
2.3.7 Prioritizing Subwatersheds for BMPs

Average annual values of water yield (mm/hac/yr) were obtained for the 2011-2017

period. The values of average annual water yield varied from 3.58 mm/hac/yr to 17511.30
mm/hac/yr. The total amount of water which leaves the subwatershed and enters the main stream

will cause accelerated bank erosion. Since the stream banks were the dominant source of the
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stream bed sediment in this watershed, therefore the BMPs should be targeted in the
subwatersheds generating disproportionate amount of water yield.
2.3.8 Land-Use Change Scenario

The impacts of land-use change were assessed by running the calibrated models for the
same time period and keeping the DEM and soil maps constant while just changing the land use.
A comparison of before and after the land use scenario revealed some noteworthy changes in the
watershed. The results showed that the subbasins (Fig. 2.7) which had a higher percentage of
forested area (threshold of 50%) before the land use change scenario, showed an increase in the
water yield which ranged from 24 % to 152 % after running the scenario (Table 2.11). Therefore,
these subbasins contributing greater amount of flow to the stream will cause accelerated bank
erosion. As a result, the implementation of management strategies, such as, riparian zones,
vegetation strips, infiltration ponds or trenches in these areas can help in reducing the delivery of

stormwater to the streams.

2.4 CONCLUSIONS

The results of this study show that the relative source contributions from construction sites
and stream banks varied spatially and temporally within this watershed. Extent of an impervious
area and riparian land use within a subwatershed affected the relative contributions from
construction sites and stream banks to stream bed sediment at each site. The relative contributions
to stream bed sediment from construction sites were greater in the subwatershed with active
construction activities in proximity to the stream. The sediment particle size affected the relative
contribution from construction sites and stream banks to stream bed sediment. The construction
sites were the dominant sources of the stream bed sediment for particle size <63 pm, whereas for

63-212 um, stream banks were the dominant sources of stream bed sediment. The relative
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contribution from eroding stream banks to the stream bed sediment decreased with increase in the
drainage area. Targeting effective and efficient conservation measures at construction sites would
help to reduce excessive delivery of sediment to streams. The riparian areas should be restored and
managed as they perform an important function of trapping sediment. Soil and Water Assessment
Tool (SWAT) model was used in conjunction with the sediment fingerprinting approach to gain
insight on hydrological and sediment transport processes within a watershed. Broadly, the study
showed that with the combination of sediment fingerprinting and watershed modeling, BMPs

could be targeted on the critical source areas effectively.
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Table 2.1 Individual depth intervals at each site and the dates of sample collection

throughout the sampling period

Sites Depth Intervals of the soil cores for
the first month of sampling period

Stream Bed Sample Collection

Dates

Site 1 0-5 cm, 5-10 cm, 10-15 ¢cm, and 15-
20 cm

Site 2 0-5 cm, 5-10 cm, 10-15 cm

Site 3 0-5cm, 5-10 cm

December 2, 2016, February 5,
2017, March 10, 2017,April 14,
2017,May 18, 2017,June 28,
2017, July 28, 2017, September
22,2017.

*

*

*Sampling dates were same for all sites
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Table 2.2 SWAT parameters used for calibration

SWAT Calibration  Default Value Final Calibrated Value
Parameter

Soil  AWC (mm/mm) Varies 15 % increase
GWREVAP (dimensionless) 0.02 0.2

CN2 (dimensionless) Varies 10 % decrease
GWQMN (mm) 1000 3907
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Table 2.3 Fingerprinting properties that satisfied the range test and the Kruskal-Wallis H-

test (p=0.05) criteria at each site for particle size 63-212um

Range test

Sites Fingerprinting Properties

1 Li Be Na P K Ca v Cr Mn Co Ni Cu Zn Rb  Nb
Ag Cd Cs Ba Nd Sm Eu Gd Dy Ho Yb Lu Tl Pb Th
U

2 Be B Na P K Ca Mn Co As Rb Y Zr Rh Ag Sr
Sb Cs Ba Pr Nd Sm Eu Gd Dy Ho Yb Lu Hg TI Pb

3 Li Be Na P K Ca Sc Ti v Cr Mn Fe Co Ni Zn
Ga As Rb Y Zr Nb Mo Ag Sr Sb Cs Ba La Ce Pr
Nd Sm FEu Gd Dy Ho Yb Lu Hf Ta Tl Pb U

Kruskal-Wallis H-test

Sites Fingerprinting Properties

1 Be V Ctr Nb Ag Pb Th

2 Be B Zr Ag Pb

3 Li Be Sc V Cr Fe Ni Ga As Zr Nb Mo Ag Pr
Nd Sm Ho Hf Ta Pb U
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Table 2.4 Fingerprinting properties that satisfied the range test and the Kruskal- Wallis H-

test (p=0.05) criteria at each site for particle size <63um

Range test

Sites Fingerprinting Properties

1 Li Be B Na Al S Ca Sc Cr Mn Co Ni Ga  As Rb
Sr Zr Mo Cd Cs Ba Pr Nd Sm Eu Gd Dy Ho Yb Lu
Hf Pt Tl Pb

2 Li Be B Al P S Ca Sc A" Cr Mn Fe Co Ni Zn
Ga  As Y Zr Mo Pd Cd Sn Sb Cs La Pr Nd Sm Eu
Gd Dy Ho Yb Lu Hf W Hg Tl Pb U

3 Li Be B Na Al P S Ca Sc A" Cr Fe Co Ni Zn
Ga  As Rb Sr Y Zr Mo Pd Cd Sb Cs La Pr Eu Gd
Dy Yb Lu Hf  Hg Tl Pb U

Kruskal-Wallis H-test

Sites Fingerprinting Properties

1 Be Sc Mn Co Ga As Rb Cd Ba Pr Nd Sm Eu Gd Dy
Ho Yb Lu Pt Pb

2 Be B v Cr Fe Ni Ga Zr Cd Hf U

3 Be B A% Cr Fe Co Ni Ga Rb Sr Y Zr Pd Cd La

Pr Eu Gd Dy Yb Lu Hf Pb U
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Table 2.5 Results of stepwise DFA at each site for particle size 63-212 um

Site  Fingerprinting Wilks’ lambda  Percentage Cumulative Fingerprinting
property source percentage property
samples source discriminatory
classified samples weighting
correctly classified
correctly
1 v 0.258 100 100 1.08
Nb 0.134 923 100 1
2 Ag 0.078 100 100 1.25
Be 0.057 80 100 1
3 v 0.286 96.7 96.7 1.53
Sm 0.262 70 93.33 1.1
Y 0.162 73.33 96.7 1.16
Fe 0.113 86.7 96.7 1.37
Zr 0.099 80 96.7 1.26
Ta 0.087 76.7 96.7 1.21
Ho 0.077 63.33 100 1
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Table 2.6 Results of stepwise DFA at each site for particle size <63 um

Site  Fingerprinting Wilks’ Percentage Cumulative Tracer

property lambda source samples percentage discriminatory
classified source weighting
correctly samples
classified
correctly

1 Mn 0.218 100 100 1.3
Be 0.116 76.9 100 1
Co 0.035 100 100 1.3
Rb 0.023 76.9 100 1
Ba 0.005 76.9 100 1
As 0.002 923 100 1.2
Sc 0.0006 84.6 100 1.1
Pt 0.0002 76.9 100 1

2 Ga 0.198 100 100 1.25
Ni 0.152 80 100 1

3 Cd 0.468 90 90 1.23
Rb 0.313 76.7 86.7 1.04
Ga 0.181 933 96.7 1.27
Sr 0.108 73.3 100 1
La 0.092 80 100 1.09
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Table 2.7 Reach dimensions (m), velocity of water (m s) and the mass of sediment

deposited within each reach (kg m™)

Bank Height (m)
Mass of
“Velocity sediment Average Shear Stress
Reach  Width Slope Left Right  of water deposited (kg m?)’
(ms™) (kg m™)
(m) (%)
1 5.55 0.87 1.37 1.43 0.96 1800 4.73
2 6.8 0.50 1.3 1.61 0.55 3800 4.97
3 10 0.4 1.7 2 0.42 5300 1.80

*7(Shear Stress) = YRs (kg.m-2), where 7 is the fluid shear stress, v is the specific weight of water ,R is the hydraulic radius, s is the slope of the

channel (Osman and Thorne 1988).

**These average daily values (from 2011-2017) of velocity of water for each reach included in table 7 were obtained from the Soil and Water

Assessment Tool (SWAT) model.
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Table 2.8 SSA values of soil samples collected from construction sites and stream banks

Mean specific surface area (m’kg™")

Particle size fractions (um)

Construction sites samples

Stream bank samples

63-212

<63

129.91 £ 9.6

291.26 +24.5

11435+ 6.4

212.7+£9.5
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Table 2.9 Relative mean error between actual and optimized mixing model predicted stream bed fingerprinting property

concentration

Relative Mean Error

Relative Mean Error (%)

Relative Mean Error (%)

(%0)
Site 1 Site 2 Site 3
Month 63-212 um  <63um Month 63-212 um <63um Month 63-212 um <63um
2 Dec (core 1) 12 22 Dec (core 1) 15 16 Dec (core 1) 31 25
2 Dec (core 2) 27 19 Dec (core 2) 26 15 Dec (core 2) 32 28
2 Dec (core 3) 14 17 Dec (core 3) 28 16 - - -
2 Dec (core 4) 11 23 - - - - - -
2 Dec-5 Feb 28 15 2 Dec-5 Feb 31 13 2 Dec-5 Feb 33 29
5Feb-10 March 23 12 5 Feb-10 March 29 9 5Feb-10 March 18 29
10 March-14 24 13 10 March-14 32 4 10 March-14 April 25 26
April April
14 April-18 May 24 14 14 April-18 30 4 14 April-18 May 24 33
May
18 May-28 June 15 19 18 May-28 27 20 18 May-28 June 17 24
June
28 June-28 July 19 31 28 June-28 July 30 27 28 June-28 July 25 20
28 July-22 Sept 19 23 28 July-22 Sept 30 24 28 July-22 Sept 23 19

*Deeper soil cores were not collected for site 2 and site 3 because sampling depth was dependent on the amount of sediment deposited at each site
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Table 2.10 Calibration and Validation metrics for monthly surface runoff (m*/sec), base

flow (m*/sec) and total flow (m*/sec)

Calibration (January 2011-December 2014)  Validation (January 2015-December 2017)

R’ NSE PBIAS R? NSE PBIAS

Surface 0.84 0.77 18.5 0.83 0.82 -6.5
Runoff

(m3 /sec)

Baseflow 0.85 0.75 18.8 0.90 0.88 9.3
(m’/sec)

Total Flow 0.86 0.77 18.6 0.84 0.83 7.5
(m’/sec)
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Table 2.11 Change in the water yield from subbasins with the land use change scenario

Before Land Use Change After Land Use Change
Forested  Urban Water Yield Forested  Urban Water Yield
Subbasin % % (mm/yr) % % (mm/yr)

1 50.6 18.3 326.6 0.0 68.9 486.5
2 62.2 7.3 359.7 0.0 69.5 528.9
3 84.3 8.6 294.9 0.0 92.9 546.9
4 91.4 7.2 269.9 0.0 98.7 541.5
5 74.7 15.3 333.6 0.0 90.0 541.1
6 70.2 13.7 338.1 0.0 83.9 541.2
7 67.6 11.0 273.4 0.0 78.6 488.9
8 75.1 235 245.4 0.0 98.6 487.4
9 76.2 15.9 252.7 0.0 92.1 490.3
10 96.0 0.7 204.4 0.0 96.6 515.5
11 68.3 11.2 305.3 0.0 79.5 511.9
12 87.2 52 203.7 0.0 92.4 489.2
13 89.4 3.9 326.1 0.0 93.2 562.1
14 82.9 11.8 299.2 0.0 94.8 541.0
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Figure 2.1 Land use distribution in the Moore’s Mill Creek watershed and b. Location of stream bed

sediment, stream banks and construction sampling sites.
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Figure 2.2 Relative source contribution (%) to stream bed sediment (for particle size 63-212

um) from stream banks and construction sites at: (a) site 1, (b) site 2, and (c) site 3

41



Relative Source Contribution (%)

100
920
80
70
60
S0
40
30
20
10

(g
q‘o

\“‘

‘1‘0

]|I||”|I

@‘

(g
1‘0

@‘

(g
1‘0

\

R

Q Q
m° »

R

m stream banks

O > Ay
\‘B‘ NQ \% V‘\

¥
RS \
“V\‘) \5‘ »

42

'

construction sites



Relative Source Contribution (%)

100
90
80
70
60
S0
40
30
20
10

i

& Q @ 50 O S %“Q
Qs
hod \% . :\’% é\‘}’ :\,

‘z \z ‘e
N \go \ge é’,‘:

9

N
H stream banks construction sites

43



100

;\;\ 90

= 80
g

g 70
=

E 60
3

O 50
8

= 40
3

o 30
z

E 20
)

& 10

0

N o 2 o \> X
c@& . c°‘ 0&;, R RS R N .\'\%v\ 3‘%3\\ B o y msev
OF oF " v R\g < A o ™
1 2 o$9 \@m‘ W\ » &Y oY D
H stream banks construction sites

Figure 2.3 Relative source contribution (%) to stream bed sediment (for particle size

<63um) from stream banks and construction sites at: (a) site 1, (b) site 2, and (c) site 3
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Figure 2.4 Active construction sites in the watershed during stream bed sediment sampling
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Figure 2.7 Average annual water yield from each subbasin as obtained from SWAT model
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CHAPTER 3

APPORTIONMENT OF SUSPENDED SEDIMENT SOURCES IN AN URBANIZED WATERSHED

USING SEDIMENT FINGERPRINTING

3.1 INTRODUCTION

Nonpoint Source (NPS) pollution has been identified as the leading cause of surface water
impairment in the U.S. and sediment has been considered as the most common NPS pollutant
(Harbor, 1999; Davis and Fox 2009). Elevated supplies of suspended sediment from terrestrial and
aquatic sources to surface waters as a result of anthropogenic activities negatively impacts aquatic
ecosystems (Kemp Paul et al., 2011; Vercruysse, et al., 2017). For example, excessive sediment
delivery to surface waters can increase turbidity, deliver sediment-bound nutrients to streams and
lakes, and result in sedimentation of the river bed ( Koiter et al., 2013). In the state of Alabama
(AL), U.S. for approximately 34% of the impaired streams and rivers, sedimentation has been
considered as the potential cause of impairment (USEPA, 2017). Thousands of miles of the rivers
and streams in the southern Piedmont region of U.S. are impaired because of excessive
sedimentation, which can be attributed to some extent to historic disturbances during mid-20"
century (McCarney-Castle et al., 2017; Mukundan et al., 2010). With the urban populations
increasing at a rate of 2.1 % per year and, with more than half of the world’s population living in
urban areas (The World Bank, 2014), the degradation of streams because of urbanization is

significant (Russell et al., 2017). The streams in urban
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areas are often subjected to severe impacts from human activities and land use changes, a problem
recognized as ‘the urban stream syndrome’(Russell et al., 2017; Walsh et al., 2005). Because of
the presence of large impervious surfaces, urban areas have the potential to generate higher
volumes of overland flow, which results in increased transport of sediment to rivers and artificial
drainage networks (Rossi et al. 2013; Vercruysse et al., 2017). In urbanized watersheds, even small
rainfall events can result in generation of surface runoff which is sufficient enough to cause
frequent disturbance to streams because of connectivity between impervious surfaces and streams
(Walsh et al., 2005).

The sediment delivered to streams via construction-site storm water runoff has been
considered as the leading cause of impairment of streams and rivers in the U.S. and over the world
(Fang et al., 2015). Implementation of best management practices (BMPs) can help to reduce loss
of sediment to streams. However, there would be a wastage of resources, if control measures in a
watershed are focused on reducing stream bank erosion, when most of the sediment transported
through a stream was contributed by surface erosion in upland areas (Walling, 2005). Therefore,
quantitative information on the sources of suspended sediment delivered to stream can help to
target management strategies at the most important sources of suspended sediment in a watershed
(Collins et al., 2017).

Sediment fingerprinting techniques have been widely used to provide information on the
sources of suspended sediment in a watershed (Barthod et al., 2015; Collins et al., 2017; Liu et al.,
2017; Nosrati et al., 2014). This technique is based on two major assumptions: firstly, potential
sources of suspended sediment are distinguishable on the basis of selected fingerprinting properties
(e.g., physical or geochemical properties) and secondly, the relative source contributions of

different sources to suspended sediment can be determined with the comparison of fingerprinting
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properties in the suspended sediment and the source material samples (Collins and Walling, 2002).
The procedure employs statistical analysis to select a combination of fingerprinting properties that
discriminate among the sources (Smith and Blake, 2014). By comparing the fingerprint properties
in suspended sediment and potential sources of suspended sediment using statistical testing, it is
possible to obtain quantitative information on relative contributions from different sources to
suspended sediment (Koiter et al., 2015; Davis and Fox, 2009). Different types of fingerprinting
properties, such as fallout radionuclides (Huisman et al., 2013; Wilson et al., 2008), major and
trace elemental composition (Miller et al., 2005), mineral magnetic properties (Mzuza et al., 2017;
Walling et al., 1999), color (Barthod et al. 2015; Martinez-Carreras et al., 2010) and stable isotopes
(Rhoton et al., 2008; Fox and Papanicolaou, 2007) have been successfully used in the past to
identify suspended sediment sources. However, the use of a single fingerprinting property can
result in erroneous sediment source ascriptions. Therefore, typically multiple fingerprinting
properties and multivariate statistical techniques are used to determine relative source contribution
of different sources to suspended sediment. Geochemical element fingerprinting properties are
most commonly used sediment fingerprinting properties (Pulley et al., 2015; Fu et al., 2006) due
to their ability to successfully discriminate among different sources and determination of in-stream
sediment sources with less uncertainty (Davis and Fox, 2009).

Sediment delivered to streams can originate from different sources (e.g., construction sites,
cropland areas, stream banks) and contribution from different sources to suspended sediment can
vary depending on the susceptibility of a soil to erosion (Vercruysse et al., 2017). Previous
researchers have successfully used sediment fingerprinting techniques to determine relative source
contributions to suspended sediment on the basis of land use types, contrasting geological zones,

heterogeneous soil types, tributary sub-basins, and surficial vs subsurface sources (Pulley et al.,
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2017; Collins and Walling, 2002; Nosrati et al., 2014; Wilkinson et al., 2013; Smith and Blake,
2014; Palazon et al., 2015).

Typically, previous sediment fingerprinting studies have focused on identification of
suspended sediment sources in agricultural watersheds (e.g., Collins et al., 2010; Huisman et al.,
2013; Smith and Blake, 2014; Foucher et al., 2015). Whereas, limited work has been done in urban
settings (e.g., Devereux et al., 2010; Franz et al., 2014). Furthermore, particle size exerts an
important influence on relative contributions from different sources to suspended sediment (Smith
and Blake, 2014). However, limited work (Laceby et al., 2017; Koiter et al., 2015; Owens et al.,
2015) has been done to quantify the effect of particle size on suspended sediment sources. Use of
sediment fingerprinting in combination with watershed-level modeling can provide valuable
information of watershed-level hydrological processes that affect sediment erosion and transport
within a watershed. Typically, areas generating significant amount of surface runoff have potential
to contribute disproportionately high amount of sediment to streams (Russell et al., 2017; Walsh,
2005; Deasy et al., 2009). Watershed-level modeling can help to prioritize areas based on the
amount of surface runoff generated and the dominant sources of suspended sediment (determined
using sediment fingerprinting) in those prioritized areas can be targeted for BMPs. Several
researchers have successfully used Soil and Water Assessment Tool (SWAT) model to identify
areas contributing significant amount of surface runoff to streams (Rostamian et al., 2008;
Chanasyk et al., 2003; Easton et al., 2008). However, limited work (Palazén et al., 2014; Palazon
et al., 2016) has been done to use sediment fingerprinting technique in conjunction with SWAT
modeling to identify areas for targeting BMPs. The objectives of this study were to: (a) identify
sources of suspended sediment in a rapidly urbanizing watershed in southern Piedmont region of

AL, (b) quantify the effect of sediment particle size (63-212 um and <63 pm) on relative
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contributions from different sources to suspended sediment at a subwatershed level, and (c) Use
to SWAT model to prioritize the subwatersheds for targeting BMPs based on the amount of surface
runoff generated. The overall goal of this study was to better understand the sediment transport

processes within an urbanizing watershed.

3.2 METHODS AND MATERIALS

3.2.1 Study Site

Sampling was conducted in the 31 km” watershed of the Moore’s Mill Creek, located in
eastern part of AL, USA (Fig. 3.1.a). Lying within the southern Piedmont physiographic province,
this watershed is a part of the lower Tallapoosa River Basin. The main land uses in the study
watershed are developed (66%), forested (23%), pasture (5%), and shrubland (4%) based on the

Cropland Data Layer (CDL, 2017) (https://www.nass.usda.gov/Research _and_Science/Cropland/

SARSla.php). This watershed receives an average annual precipitation of 1337 mm and with
average annual high and low temperatures of 23° C and 12° C, respectively. Bedrock lithology
ranges from schist and gneiss to saprolite and granite. The Moore’s Mill Creek is listed on the
Alabama Department of Environmental Management’s 303(d) list of impaired water bodies
because of excessive sedimentation (ADEM, 2016). Urbanization, historic channel modifications,
reduction in riparian buffers, and agriculture have been recognized as the major contributors to

this degradation (City of Auburn, 2011).

3.2.2 Collection of Representative Source and Suspended Sediment Samples
The fieldwork for this study involved collection of samples from potential sources of
suspended sediment and suspended sediment sampling. The potential sources of suspended

sediment considered in this study included: (1) stream banks (sub-surface) and (2) construction
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sites (surface). The source samples were collected from 30 different sites (13 samples from
construction sites and 17 samples from stream banks sites) (Fig. 3.1.b). The source sample
collection procedure is discussed in detail in the section 2.2.2 of chapter 2. The suspended sediment
samples were collected using the time-integrated suspended sediment sampler developed by
Phillips et al. (2000).The time-integrated trap samplers have been successfully used in previous
studies for suspended sediment sampling (Walling et al., 2008; Lamba et al., 2015; Martinez-
Carreras, et al., 2010). These samplers were installed at 3 sites within the watershed (Fig. 3.1b).
At each site (i.e. subwatershed or overall watershed outlet), four time-integrated trap samplers
were installed to ensure that sufficient sediment mass was collected for subsequent analyses. To
determine temporal variability of suspended sediment sources, we collected suspended sediment
samples from December, 2016 to September, 2017. The suspended sediment sample collection
dates are included in Table 3.1.
3.2.3 Sample Preparation and Analytical Procedures

Laboratory analysis included oven drying of both the soil and suspended sediment samples
at 60° C and disaggregation using pestle and mortar and then dry-sieving to two particle size
fractions, namely, 63-212 pm (fine sand) and <63 pm (silt and clay). The samples were then
analyzed for 59 geochemical elements which included, Li, Be, B, Mg, Na, Al, P, S, K, Ca, Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Nb, Rh, Pd, Ag, Mo, Cd, Sn, Sb, Cs, Ba,
La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Yb, Lu, Hf, Ta, W, Ir, Pt, Hg, Tl, Pb, Bi, Th, and U using
ICP-MS microwave-aided digestion (EPA Method 3052) at the Wisconsin State Laboratory of
Hygiene, Madison, Wisconsin, USA (USEPA, 1996). Particle size analyses of suspended sediment
and source samples was performed using a Malvern Mastersizer 3000 (Malvern Instruments,

Worcestershire, UK) at the Geosciences Laboratory, Auburn University, Auburn, AL, USA after
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a chemical dispersion with sodium hexametaphosphate (50 g L") (Foucher et al. 2015b) (Appendix
A Fig. A5). The specific surface area of the sediment particles was determined from the particle
size analysis assuming particle sphericity (Collins et al., 2010; Lamba et al, 2015).
3.2.4 Statistical Discrimination and Sediment Source Ascription

Range test was conducted to evaluate the conservative behavior of fingerprinting properties
during sediment erosion and transport processes within a watershed. This test determines whether
the suspended sediment sample fingerprinting property concentrations fall within the range of
source samples fingerprinting property concentrations (Wilkinson et al., 2013; Kraushaar et al.,
2015; Franz et al., 2014; Gellis and Noe, 2013). All the non-conservative fingerprinting properties,
which did not satisfy this criterion were not considered for further statistical analysis.
Subsequently, to select the optimum number of fingerprinting properties that discriminated
between the sources successfully, a two-step statistical procedure was used (Yu and Rhoads, 2018;
Lamba et al, 2015; Collins et al., 1997). In step 1, a non-parametric Kruskal-Wallis H-test (o=
0.05) was used to select the fingerprinting properties which can discriminate between the source
categories namely, construction sites and stream banks. All the fingerprinting properties that
passed the Kruskal-Wallis H-test were subjected to a stepwise discriminant function analysis
(DFA) to select the composite of fingerprinting properties which can provide maximum
discrimination between the sources. This analysis is based on the stepwise selection algorithm of
minimization of the Wilks’ lambda (L) to select the smallest set of fingerprinting properties for
discriminating between suspended sediment sources. A A close to 0 indicates a small within group
variability as compared to variability between the source groups.

A multivariate mixing model was used to quantify the relative proportions from the source

groups to suspended sediment. The mixing model involves solving a set of linear equations defined
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by a conservative mass balance. The concentrations of fingerprinting properties within each source
were multiplied by their unknown source apportionments and summed to be equal to the
concentrations of the same equivalent fingerprinting properties from the suspended sediment
samples (Palazon et al. 2016). The equations were solved by minimizing the sum of squares of the

weighted relative errors (Collins et al. 2012):

where p is the number of fingerprinting properties in the composite fingerprint; m is the number
of source groups; C; is the concentration of fingerprinting property (;) in the suspended sediment
sample; Cj; is the mean concentration of fingerprinting property (j) in the source group; P;is the
relative contribution from source group (7) in the suspended sediment sample; and W; is the tracer
discriminatory weighting factor.
Two linear boundary conditions must be satisfied by the multivariate mixing model to ensure that
the relative source contributions from each source group to suspended sediment must lie between
0 and 1; and the sum of the relative contributions from all the source groups is unity:
i=1 Pi=l
0<P;<1

It should be noted that the relative contribution from construction sites and stream banks
was determined at a subwatershed level as a function of sediment particle size. The fingerprinting
property discriminatory weighting factor (W;) was used to ensure that the fingerprinting property
with the greatest discriminatory power exerts the greatest influence on the solutions of the mixing

model (Collins et al., 2010).
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3.2.5 Goodness-of-Fit and Uncertainty Analysis

The goodness-of-fit of the optimized model was assessed using the mean relative error
(RME) between the actual fingerprinting properties concentrations in the suspended sediment
sample and those predicted by the mixing model (Franz et al., 2014). To assess the uncertainty in
the extent to which the average fingerprinting properties concentration of each source category in
the mixing model reflects the true value, a Monte-Carlo simulation approach was used. Details of
goodness-of-fit and Monte-Carlo analysis are discussed in detail in chapter 2 section 2.2.6.
3.2.6 SWAT Modeling

To identify areas contributing disproportionately high amount of surface runoff to streams,
we used the Soil and Water Assessment Tool (SWAT) model. The SWAT model is a physically
based, deterministic, continuous, watershed-scale simulation model developed by the United
States Department of Agriculture-Agricultural Research Service (USDA-ARS) (Douglas-Mankin
et al., 2010; Neitsch et al., 2005). In SWAT model, a watershed is divided into subwatersheds and
each subwatershed is further divided into hydrological response units (HRU). The HRUs are the
portions of subwatersheds that possess unique landuse/management/soil attributes.

Surface runoff in each HRU was estimated using modified Soil Conservation Service
Curve Number (SCS-CN) method (Mishra and Singh, 2003; Neitsch et al., 2005). For this study,
the temperature-based Hargreaves method ( Hargreaves and Samani, 1985) was used to estimate
potential evapotranspiration (PET). A 1/3 arc second (10-m) resolution digital elevation model
(DEM) was used to delineate the watershed and subwatershed boundaries. The Cropland Data
Layer (CDL) for the year 2011 (USDA- CDL, 2011) developed by the National Agricultural
Statistics Service was used to derive land cover parameters

(https://www.nass.usda.gov/Research_and_Science/Cropland/SARS1a.php). The soil data used in
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this study was based on the geospatial soil survey SSURGO database developed by the National
Resources Conservation Service (USDA-NRCS). Weather data (daily precipitation and
temperature (maximum and minimum)) was obtained from the National Oceanic and Atmospheric
Administration (NOAA) weather station located near the watershed and from the Parameter-
elevation Relationships on Independent Slopes Model (PRISM) climate dataset
(http://prism.oregonstate.edu/). SWAT built-in weather generator was used to simulate solar
radiation, wind speed, and relative humidity.

The model was calibrated separately for surface runoff and baseflow for four years
(January 2011 to December 2014) and validated for three years (January 2015 to December 2017)
at a monthly time-step. Using web-based hydrograph separation program (WHAT), streamflow
was separated into surface runoff and baseflow components (Lim et al., 2005). The study
watershed is a part of the larger Chewacla Creek watershed. The SWAT model was setup for the
Chewacla Creek watershed and calibrated and validated using observed stream flow measured by
the United States Geological Survey (USGS) (gage # 02418760) at the outlet of this watershed. A
literature review was done to identify sensitive parameters. Curve number (CN2), available soil
water capacity (Soil AWC), threshold depth of water (GWQMN), and groundwater revap
coefficient (GWREVAP) parameters were used for model calibration (Table 3.2). Due to
unavailability of observed sediment data at the watershed outlet, the model was not calibrated and
validated for sediment.

Quantitative measurements ( Nash-Sutcliffe model efficiency (NSE) coefficient (equation
1), the regression correlation coefficient (R?) (equation 2), and percent bias (PBIAS) (equation 3))

along with graphical evaluations were used to assess whether the surface runoff and baseflow
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simulated by the SWAT model accurately represents the measured surface runoff and baseflow

(Moriasi et al., 2007):

_ 4 Zit1(0i=Py)?
NSE =1-350 0% (1)
_ Xi£1(0;=P)*100
PBIAS = ==L (2)
n - .
RZ Z[:l(ol 0)(PL P) (3)

B [ERi0i-02 [S,(pip?
where O; is the i observation for the constituent being evaluated; P; is the i” simulated value for
the constituent being evaluated; O is the mean of observed data for the constituent being evaluated;
P is the mean of simulated data for the constituent being evaluated and 7 is the total number of

observations.

3.3 Results And Discussions

3.3.1 Optimum Fingerprinting Properties

The fingerprinting properties that passed the range test and Kruskal Wallis H-test (p=0.05) for
both the particle sizes, namely 63-212 pm and <63 pum at each site are included in Tables 3.3 and
3.4, respectively. Out of 59 fingerprinting properties, majority of the fingerprinting properties
passed the range test, indicating that most of the fingerprinting properties possessed conservative
behavior. Based on the results of the Kruskal-Wallis H-test, the number of fingerprinting properties
that successfully discriminated between the construction sites and stream banks at all sites for the
two particle sizes ranged from 9 to 21 (Table 3.3 and 3.4).

The results of the stepwise DFA on the fingerprinting properties that passed the Kruskal-Wallis
H-test for 63-212 pm and <63 um particle size fractions at each site are shown in Tables 3.5 and
3.6, respectively. The optimum number of fingerprinting properties that provided the greatest

discrimination between construction sites and stream banks for the two particle sizes ranged from
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3 to 6 among all sites and classified >90% of the sources correctly at each site. The cumulative
percentage of source samples classified correctly varied from 96.7 to 100% for 63-212 um,
whereas for < 63 um, optimum number of fingerprinting properties classified 100% of the source
samples correctly at each site. For all the monitoring sites, good source discrimination was
achieved based on the values of Wilks' lambda, which ranged from 0.022 to 0.153 and 0.025 to
0.107 for 63-212 um and <63 pm, respectively.

The concentration of geochemical elements in soils depends on parent material, climate,
hydrology, amount and types of vegetation, weathering processes and anthropogenic activities.
(Bini et al., 2011; Koiter et al., 2013). Out of all the fingerprinting properties selected as a part of
the composite fingerprint for all sites, the fingerprinting properties (e.g., Ni, V, and Pb) that had
association with anthropogenic sources were found to have greater concentrations in soils collected
from construction sites compared to concentration in samples collected from stream banks. Heavy
metals have been observed to have less concentration in sub-soils than the surface soils (Bini et
al., 2011). Higher concentration of Ni (considered as a heavy metal of environmental concern in
urban areas) in soil collected from construction sites reflected the effect of anthropogenic activities
on deposition of Ni in the surface soils (Iyaka, 2011; Cempel and Nikel, 2006). Metal V has been
extensively used for making steel alloys for tools and construction purposes (Hooda, 2010). Metal
Pb, another toxic heavy metal is widely used in building construction and is known to be source
of contaminant in soil as a result of man’s action (Cheng and Hu, 2010). Therefore, the
concentrations of V and Pb were higher in soils collected from construction sites. The
concentration of rare earth elements (e.g., Pr, Eu) was greater in stream banks compared to
construction sites. Generally, the concentration of rare earth elements is higher in sub-soils and

parent material as compared to surface soils (Tyler, 2004). Because stream banks are composed of
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less weathered sub-surface material, the concertation of rare earth elements was greater in stream
banks than construction sites (Smith and Blake, 2014; Lamba et al., 2015).
3.3.2 Sediment Source Ascription

The relative source contributions of stream banks and construction sites to suspended sediment
(for both particle sizes) at each site are shown in Fig 3.2 (a-c) - 3.3 (a-c) At site 1, generally
construction sites were the dominant contributors to suspended sediment, with the relative source
contributions ranging from 51 % to 71 % for particle size 63-212 um (Fig. 3.2.a). For <63 um, the
relative source contributions from construction sites ranged from 28 % to 100%, (Fig. 3.3.a). This
subwatershed has experienced an increase in urban land cover from 63 % to 81 % and decrease of
forested land cover from 29 % to 15% from 2008 to 2017 based on Cropland Data Layer (CDL
2008 and 2017) (https://www.nass.usda.gov/Research and Science/Cropland/SARS1a.php).
Urbanization of a watershed results in increase of storm water runoff, which likely increased
erosion from the construction sites in this subwatershed. Additionally, increased urbanization is
accompanied with increased discharge and stream power which severely destabilizes the streams
(Bledsoe and Watson 2001), which could have induced stream bank erosion in this subwatershed.

At site 2, both stream banks and construction sites were the dominant sources of suspended
sediment for both the particle sizes. For 63-212 um, the contribution from stream banks and
construction sites ranged from 29 % to 85 % and from 15 % to 71 %, respectively (Fig. 3.2.b). The
relative contributions from stream banks and construction sites ranged from 45 % to 100% and
from 0 % to 55 %, respectively for <63 um (Fig. 3.3.b). The land-use under developed category in
this subwatershed increased from 42 % to 61% with the decrease of forested cover from 42 % to
24% from 2008 to 2017 based on the Cropland Data Layer (CDL 2008 and 2017)

(https://www.nass.usda.gov/Research_and Science/Cropland/SARS1a.php). It has been found
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that the increase in imperviousness leads to increase in specific stream power and hence the risk
of stream instability (Bledsoe and Watson, 2001) which could have led to increased contribution
from the stream banks to suspended sediment. Furthermore, storm water runoff generated in this
subwatershed (developed land use- 61 %) likely caused erosion from construction sites. The
dataset at this site was limited compared to other sites because time-integrated suspended sediment
samplers were lost for most of the sampling period at this site.

Compared to site 1 and site 2, contributions from construction sites to suspended sediment at
site 3 were greater. The contributions from stream banks and construction sites ranged from 0 %
to 34 % and from 66 % to 100 %, respectively for 63-212 um (Fig. 3.2.¢). For <63 pum, the relative
contribution to suspended sediment from stream banks and constructions sites ranged from 0 % to
46 % and 54 to 100 %, respectively (Fig. 3.3.c). Land disturbance as a result of construction
activities exposes large areas of bare soil to erosion by water, increasing soil erosion rates to 2—
40,000 times preconstruction and agricultural rates (Harbor, 1999). Although a small portion (3%)
of the watershed (Fig. 3.4.) was occupied by the active construction sites in 2017. However, rates
of soil erosion from construction sites (which can approach up to 500 T ha "' yr''") are considerably
higher than those from areas occupied by undisturbed vegetation (<1 T ha™ yr'") (Mukundan et al.,
2010), which likely resulted in greater contribution from construction sites to suspended sediment.
Therefore, as mentioned earlier in the manuscript, increase in urbanization increases the surface
runoff which leads to entrainment of sediment from construction sites (for which the erosion rates
are too high) in the storm water runoff and results in increased delivery of sediment into the surface
water bodies. The temporal variability in the suspended sediment sources during the sampling
period was likely affected by the phase of construction activity from the commencement to

completion of construction sites located within this watershed. A construction project begins with
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the site work which involves land clearance and excavation of soils and ends with grading and
landscaping (Harbor, 1999). Construction practices which are identified to contribute high
sediment yields include: land clearance exposing the bare soil, stripping topsoil, piling the
excavated soil near or on the streets, and tracking of mud in the streets by construction vehicles
(Pitt et al., 2007). Additionally, the temporal variability in suspended sediment sources depends
upon the ‘lag time’ between the erosion of sediment from construction site and the consequent
delivery of sediment to the creek, which depends upon the phase of the construction activity and

the temporary retention or storage of sediment within the watershed.

3.3.3 Comparison between Suspended and Stream Bed Sediment Sources

The results of this study show that the relative source contributions from different sources to
suspended sediment and stream bed sediment might not be always similar. For example, a previous
study conducted by authors in this watershed (Chapter 2) showed that the dominant sources of bed
sediment (for both the particle sizes, 63-212 pm and <63 pm) at site 1 and 2 were stream banks.
However, for suspended sediment, construction sites were the dominant sources of suspended
sediment at site 1, whereas both stream banks and construction sites were the important sources of

suspended sediment at site 2.

Suspended sediment had greater specific surface area or was finer in size (average specific
surface area was 132.3+8.7 m*kg™' and 170.6+9.1 m* kg™ for particle size 63-212 um and <63 um,
respectively) compared to stream bed sediment (average specific surface area was 60+4.2 m* kg™
and 120.6+5.9 m* kg™ for particle size 63-212 um and <63 um, respectively). The sediment from
construction sites were finer (average specific surface area was 129.91+9.6 m® kg’ and
291.26+24.5 m* kg for the particle size 63-212 pm and <63pum, respectively) compared to

sediment from stream banks (average specific surface area was 114.35+6.4 m* kg and 212.7+9.5
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m’ kg™ for the particle size 63-212 um and <63pum, respectively). Therefore, as indicated by the
specific surface area values, construction sites consisted of finer particles compared to stream
banks and therefore were the dominant sources of suspended sediment. Depending upon the
hydraulic forces exerted during flow events, sediment eroded from stream banks can be present in
the stream as individual particles or aggregates (e.g., due to the stream bank mass failure) (Lamba
et al., 2015). Therefore, stream banks were the dominant sources of sediment deposited on the
stream bed and construction sites were the dominant sources of suspended sediment.

To identify the dominant sources of sediment in a watershed, the stream bed sediment
sampling has been used as an alternative to sample suspended sediment (Lamba et al., 2015).
However, as indicated by the results of this study, it is important to recognize that the dominant
sources of stream bed sediment and suspended sediment in a watershed might not necessarily be
similar. Lamba et al. (2015) also reported that the dominant sources of suspended sediment and
stream bed sediment were not same in a study conducted in an agricultural watershed located in
Wisconsin, USA. Therefore, identification of sources of both the suspended and stream bed
sediment is needed in order to target management practices effectively and efficiently. The results
of this study have important implications for the design of effective sediment control strategies.
For example, reducing stream bank erosion is unlikely to prove an effective means of significantly
reducing suspended sediment loads in site 1 subwatershed, since construction sites were the
dominant sources of suspended sediment in this subwatershed.

3.3.4 Goodness-of-Fit and Uncertainty Analysis

The RME values calculated to assess the goodness-of-fit of the mixing model indicated

that mixing model provided satisfactory agreement between predicted and actual suspended

sediment fingerprinting properties concentration. The RME values ranged from 4 % to 29 %, 8 %
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to 21%, and 8 % to 31% at site 1, 2, and 3, respectively for both particle size fractions (Table 3.7).
The majority of RME values were less than 25%, indicating that the mixing model satisfactorily
predicted the concentration of fingerprinting property in suspended sediment (Lamba et al., 2015).
The relative source contribution differences obtained from the average of Monte Carlo results and
the corresponding values obtained from the mixing model using the mean source fingerprinting
property concentration ranged from 0 % to 3 %, 0 % to 7%, and 0 % to 11% at site 1, 2, and 3,
respectively for both particle size fractions. The Monte Carlo results show that the use of mean
fingerprinting property concentrations of the source samples in the mixing model was not a
significant source of uncertainty.

3.3.5 SWAT Model Calibration and Validation

The time series of observed vs simulated surface runoff, baseflow, and total stream flow
show that SWAT model successfully captured changes in surface runoff, baseflow and stream flow
on a monthly time-step (Fig. 3.5 (a-c). The statistical values calculated for calibration and
validation time periods for surface runoff, baseflow, and total stream flow are presented in Table
3.8.

Very good model calibration and validation results were obtained, as indicated by the NSE
and R? values for surface runoff, baseflow and stream flow. Based on the values of PBIAS for
surface runoff, baseflow and stream flow, model performance rating was “satisfactory” for the
calibration time period and “very good” for the validation time period (Moriasi et al., 2007).
Overall, SWAT model satisfactorily simulated changes in monthly surface runoff, baseflow and

total stream flow.

3.3.6 Prioritizing Subwatersheds for BMPs
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Average annual values (2011-2017) of surface runoff (mm/ha/yr) estimated using SWAT
model are shown in Fig. 3.6. The values of average annual surface runoff varied from 2.3 mm/ha/yr
to 3750 mm/ha/yr. Generally, the subwatersheds (Fig. 3.6) dominated by urban areas generated
high surface runoff. As stated earlier in the manuscript, SWAT model was not calibrated for
sediment, since no observed data for sediment was available for this watershed. Therefore,
sediment yield results available from SWAT model were not considered for this study. However,
the relationship between surface runoff and the sediment yield has been well documented (Schmalz
et al., 2015). With the increase in surface runoff, sediment yield from upland areas increases
(Gholami et al., 2013). Since the uplands (construction sites) were the dominant sources of
suspended sediment in this watershed, therefore BMPs should be targeted at construction sites in
the subwatersheds generating disproportionately high amount of surface runoff. Overall, results of
this study show that combining watershed level modeling and sediment fingerprinting technique
can help in targeting BMPs effectively. The quantity of sediment discharged from construction
sites can be minimized by using BMPs, such as, silt fences, detention basins, utilization of gravel
bags around drainage inlets, vegetative filter strips, bioretention areas, and constructed wetlands.
Riparian buffer systems should be properly managed as these systems are effective to reduce

sediment delivery to streams.

3.4 CONCLUSIONS

The application of sediment fingerprinting in the Moore’s Mill Creek watershed provided
important information on the relative contributions from construction sites and stream banks to
suspended sediment. The results of this study show that generally construction sites were the
dominant sources of suspended sediment for both the particle sizes within this watershed. The
rapid urbanization in this watershed has increased the amount of surface runoff generated within
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this watershed which has resulted in the greater entrainment of sediment from construction sites
in the runoff and hence the sediment delivery into the stream. To minimize the sediment delivery
to streams in this watershed, BMPs (e.g., silt fences, detention basins, vegetative filter strips)
should be targeted in subwatersheds that contain construction sites and generate disproportionately
high amount of surface runoff. The conjunctive use of SWAT model and the sediment
fingerprinting procedure provided two different but compatible approaches to understand the
sediment erosion processes and developing an approach to target BMPs effectively in this

urbanized watershed.
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Table 3.1. Suspended sediment sample collection dates throughout the sampling period

Sites Suspended Sediment Sample Collection Dates

1 December 2, February 5, March 10, April 14, May
18, June 28, July 28, September 22

2% December 2, April 14, May 18

3 December 2, February 5, March 10, April 14, May
18, June 28, July 28, September 22

*Samplers were lost for most of the sampling period

82



Table 3.2. Parameters used for model calibration

SWAT Calibration Default Value Final Calibrated Value
Parameter
Soil  AWC (mm/mm) Varies 15 % increase
GWREVAP (dimensionless) 0.02 0.2
CN2 (dimensionless) Varies 10 % decrease
GWQMN (mm) 1000 3907
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Table 3.3. Fingerprinting properties that satisfied the range test and the Kruskal-Wallis H-

test (p=0.05) criteria at each site for particle size 63-212 pm

Range test
Sites Fingerprinting properties
1 B Na K Ti V Cr Ga Rb Y Zr Nb Sr Cs Ba Sm

Dy Lu Hf Ta W Ir Pt TI Pb Bi U

2 Li Be B Na Mg Al P K Ca S¢ Ti V Fe Co Cu
Zn Ga Rb Y Zr Nb Ag Cs Ba Sm Eu Gd Dy Ho Yb
Lu Hf Ta TI Pb Bi Th U

3 Li Be B Na K Al Sc Ti V Fe Co Ni Ga Se Rb
Zr Nb Ag Cs Ba Eu Lu Hf Ta W Ir Pt Hg Tl Pb

Bi U

Kruskal-Wallis H-test

Sites Fingerprinting properties

Sitel V. Cr Ga Zr Nb Ta W Pb Bi
Site2 Be B Al Sc V Fe Ga Zr Nb Ag Hf Ta Pb Bi Th
Site3 Li Be B Al S¢ V Fe Ga Ni Se Zr Nb Hf Ag Ta

W Pb Bi U
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Table 3.4. Fingerprinting properties that satisfied the range test and the Kruskal-

Wallis H-test (p=0.05) criteria at each site for particle size <63 pm

Range test

Sites Fingerprinting properties

1 Li Be B Na P K Sc Ti V. Cr Fe Co Ni Ga As
Rb Zr Nb Mo Cd Cs Ba Pr Eu Gd Ta W Ir Pt Hg
TT Pb Bi U

2 Li Be Mg Al K S¢c V Cr Fe Co Ni Zn Ga As Zr
Nb Cd Cs Ba Nd Lu Hf Ta W Ir Pt TI Pb Bi U

3 Li Be B Na Al K Sc V Cr Fe Co Ni Ga As Rb
Zrr Nb Cd Sb Cs Ba Pr Eu Hf Ta W Ir Pt Hg Tl
Pb Bi U

Kruskal-Wallis H-test

Sites Fingerprinting properties

1 Be Sc V Co Ga As Rb Nb Cd Ba Pr Eu Gd Ta Ir
Pt Pb Bi

2 Be V Ct Fe Ni Ga Zr Cd Hf Ir Pt Bi U

3 Be B V Cr Fe Co Ni Ga Rb Zr Cd Ba Pr Eu Hf
Ta 1Ir Pt Pb Bi U
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Table 3.5. Results of stepwise DFA at each site for particle size 63-212 um

Percentage = Cumulative  Tracer
source percentage discriminatory
Site Fingerprinting Wilks’ lambda samples source weighting
property classified samples
correctly classified
correctly
1 Bi 0.151 100 100 1.18
Ga 0.101 84.6 100 1.00
Pb 0.074 84.6 100 1.00
Ta 0.040 84.6 100 1.00
2 v 0.055 100 100 1.10
Pb 0.037 100 100 1.10
Bi 0.022 90 100 1.00
3 v 0.286 96.7 96.7 1.38
Ag 0.259 86.67 933 1.24
Pb 0.229 80.00 933 1.14
Se 0.181 70.00 96.7 1.00
Nb 0.153 80.00 96.7 1.14
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Table 3.6. Results of stepwise DFA at each site for particle size <63 pm

Site  Fingerprinting Wilks’ lambda Percentage  Cumulative  Tracer
property source percentage discriminatory
samples source weighting
classified samples
correctly classified
correctly
1 Bi 0.049 100 100 1.3
Ir 0.032 84.6 100 1.1
Ba 0.025 76.9 100 1.0
2 Ga 0.198 100 100 1.25
Ni 0.152 80 100 1
Bi 0.107 80 100 1
3 Rb 0.152 76.67 76.67 1.04
U 0.122 73.33 86.7 1.00
Zr 0.091 86.67 100 1.18
Pr 0.070 80 100 1.09
Eu 0.064 76.67 100 1.04
Ni 0.038 80 100 1.09
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Table 3.7. Relative mean error (%) between actual and optimized mixing model predicted

suspended sediment fingerprinting property concentration

Relative Relative Mean Relative Mean Error
Mean Error Error (%) (%)
(%)
Site 1 Site 2 Site 3
Month 63-212 <63 Month 63-212  <63um Month 63-212 um  <63um
um um um
20 October-2 Dec 20 6 20 October-2 Dec 21 17 20 October-2 Dec 24 25
2 Dec-5 Feb 9 10 2 Dec-5 Feb - - 2 Dec-5 Feb 22 29
5 Feb- 10 March 4 14 5 Feb- 10 March - - 5 Feb- 10 March 25 25
0 March-14 April 22 12 10 March-14 April 11 14 10 March-14 April 31 15
14 April- 18 May 18 11 14 April- 18 May 15 8 14 April- 18 May 30 14
18 May-28 June 17 9 18 May-28 June - - 18 May-28 June 10 8
28 June-28 July 10 29 28 June-28 July - - 28 June-28 July 27 13
28 July- 22 Sept 12 22 28 July- 22 Sept - - 28 July- 22 Sept 18 25

*Data not available because suspended sediment samplers were Iost.
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Table 3.8. Calibration and Validation metrics for monthly surface runoff (m*/sec), base

flow (m*/sec) and total flow (m*/sec)

Calibration (January 2011- December2014)

Validation (January 2015- December 2017)

Variable R’ NSE  PBIAS R’ NSE PBIAS
Surface Runoff (m’/sec) 0.84 0.77 18.5 0.83 0.82 -6.5
Baseflow (m’/sec) 0.85 0.75 18.8 0.90 0.88 9.3
Total Stream Flow 0.86 0.77 18.6 0.84 0.83 -7.5

(m3 /sec)
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Fig. 3.1. a) Land use distribution in the Moore’s Mill Creek watershed and b) Location of

suspended sediment, stream banks and construction sampling sites
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Fig. 3.2. Relative source contribution (%) to suspended sediment (for particle size 63-212

um) from stream banks and construction sites at: (a) site 1, (b) site 2, and (c) site 3
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CHAPTER 4

FINGERPRINTING THE DOMINANT SOURCES OF IN-STREAM SEDIMENT USING DISTANCES FROM

DISCRIMINANT FUNCTION ANALYSIS (DFA)

4.1 Introduction

Sediment is one of the major non-point source pollutants causing impairment of surface
waters. To develop effective and efficient watershed-level management plans aimed at mitigating
excessive delivery of sediment to streams, it is important to identify the dominant sources of
sediment within a watershed. Sediment fingerprinting techniques are being increasingly used to
identify sediment sources. These techniques help in development of watershed management
strategies aimed at reducing sediment loadings and restoring aquatic ecosystem health (Rose et al.,
2018; Smith & Blake, 2014). Sediment fingerprinting method involves comparison of physical or
geochemical properties of sediment in the potential sources to the corresponding properties in the
in-stream sediment (suspended or bed sediment) to quantify relative contributions of the potential
sources to in-stream sediment (Juracek & Ziegler, 2009). The fingerprinting properties may
include, but are not limited to, geochemical, radionuclide, mineral magnetic, stable isotopes,
organic constituents or color properties (Smith & Blake, 2014).

Studies conducted using sediment fingerprinting techniques to apportion the contribution

of different sources to in-stream sediment can be traced back to the 1970s (Rummery et al.,1979;
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Wall & Wilding, 1976; Wood, 1978). Since then, sediment source fingerprinting applications have
expanded greatly and substantial research efforts have been made to evaluate and improve
fingerprinting methods (Palazon et al., 2015; Smith et al., 2015). Over the past few years, research
has been conducted to evaluate uncertainties associated with the sediment fingerprinting methods
(Pulley et al., 2015; Sherriff et al., 2015; Smith & Blake, 2014). The various sources of uncertainty
include errors related to sampling methods, intra-versus inter-source variability in fingerprinting
properties, fingerprinting property selection, and mixing models (Barthod et al., 2015; Smith &
Blake, 2014; Stewart et al., 2015).

To reduce the uncertainty in the sediment fingerprinting procedures, statistical methods are
used to select composite of conservative fingerprinting properties that could best discriminate
among the sources (Collins & Walling, 2002; Liu et al., 2016). First, a range test is performed to
select fingerprinting properties that are conservative (Collins et al., 2012). Following the range
test, the fingerprinting properties that pass this test are subjected to a two-step statistical procedure
(Collins et al., 1997). In the first step, Kruskal-Wallis H-test is used to determine the uniqueness
of the sediment sources based on the fingerprinting property signatures. The Kruskal-Wallis H test
is commonly used because fingerprinting property data sets are rarely normally distributed and
most often have unequal variances (Collins & Walling, 2002). This test is followed by a stepwise
discriminant function analysis (DFA) to select the optimum combination of fingerprinting
properties needed to represent the largest proportion of variance. The DFA estimates discriminant
function coefficients, which indicate the explanatory power of individual fingerprint properties

(Collins et al., 2010; Davis & Fox, 2009). Subsequently, a multivariate mixing model is used to

estimate the relative contribution of the potential sources to in-stream sediment (Carter et al., 2003;

Collins et al., 1998).
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Depending on the statistical methods employed to quantify relative source contribution
from different sources to in-stream sediment, differences/similarities in sediment source
apportionment results have been reported. For example, Nosrati et al. (2018) showed the
importance of statistical procedures employed in fingerprinting studies by reporting statistical
significant differences in the predicted source contributions generated using three different
combinations of statistical tests. Also, Palazon et al. (2015) reported different source contribution
estimates using different set of statistical methods . However, limited work has been done to assess
the sensitivity of source apportionments results to statistical methods (Nosrati et al., 2018; Liu et
al., 2016). Therefore, the overall goal of this study was to test if the outputs from DFA alone can
be used to apportion the contribution of sources to in-stream sediment without the use of a mixing
model. The specific objectives of this study were to: a) compare the source contributions to stream
bed sediment estimated by Collins mixing model and the DFA for two particle size ranges (63-
212 um and <63 pum) and b) compare the source apportionment results determined using Collins
mixing model and the DFA for suspended sediment for the two particle size ranges (63-212 um

and <63 um).

4.2 MATERIALS AND METHODS

4.2.1 Study Area

The sediment source samples were sampled from a 31-km” Moore’s Mill Creek watershed,
located in the eastern part of Alabama, USA (Fig. 4.1.a). Lying within the Southern Piedmont
physiographic province, this watershed is a part of the lower Tallapoosa River Basin with sandy
loam and sandy clay as the dominant soil textures. Based on the Cropland Data Layer (2017)

developed by USDA-NASS (https://www.nass.usda.gov/Research _and Science/Cropland/
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SARS1a.php), land use in this watershed is predominantly developed (66%) with areas of forested
(23%), pasture (5%), and shrubland (4%) landcover (Fig. 4.1.a). This basin has an average annual
rainfall of 1430 mm (1997-2017) and average annual high and low temperatures of 25° C and 11°
C, respectively (1997-2017). The catchment is based of bedrock lithology ranging from Schist,

Gneiss, Mylonite, Quartzite to Sandstone.

4.2.2 Surface Soil Sampling and In-Stream Sediment Collection

The potential sources of sediment considered in this study included construction sites and
stream banks. Source sampling was done based on the general criteria of (i) accessibility, (ii)
potential connectivity or proximity of sampling locations to stormwater drains/streams and (iii)
presence of exposed actively eroding stream banks. Thirteen different construction sites were
sampled within this watershed and stream bank sampling involved collection of soil samples from
17 different sites within this watershed (Fig. 4.1.b; Appendix A. Fig. A1 and A2). The source
sample collection procedure is discussed in detail in the section 2.2.2 of chapter 2. Also, the stream
bed and suspended sediment sample collection procedure is discussed in detail in section 2.2.2 of
chapter 2 and section 3.2.2 of chapter 3 respectively (Appendix A Fig. A3 and A4).
4.2.3 Soil Analysis

Following the oven drying at 60° C and subsequent disaggregation using pestle and mortar,
the soil and sediment samples were dry-sieved to two particle size fractions, namely, 63-212 um
(fine sand) and <63 um (silt and clay). At the Wisconsin State Laboratory of Hygiene, Madison,
Wisconsin, USA, samples were analyzed for Li, Be, B, Mg, Na, Al, P, S, K, Ca, Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Nb, Rh, Pd, Ag, Mo, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr,

Nd, Sm, Eu, Gd, Dy, Ho, Yb, Lu, Hf, Ta, W, Ir, Pt, Hg, Tl, Pb, Bi, Th, and U using ICP-MS
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microwave-aided digestion procedure based on United States Environmental Protection Agency
Method 3052 (USEPA, 1996).
4.2.4 Statistical Analysis

All the measured fingerprinting property concentrations were subjected to a range test. This
test determines if the values of all fingerprinting property concentrations measured in the in-stream
sediment samples fall within the observed range of values obtained from the source sediment
samples (Franz et al., 2014; Gellis & Noe, 2013). A two-fold statistical selection procedure was
used to test the discriminatory power of the fingerprinting properties to discriminate among the
source groups. Firstly, Kruskal-Wallis H-test (a= 0.05) was used to select the tracers which can
discriminate between the source categories namely, construction sites and stream banks. The
fingerprinting properties that passed the Kruskal-Wallis H-test were included in the stage two,
which involved the use of stepwise DFA. The DFA output provided composite fingerprint
(optimum or smallest combination of fingerprinting properties) capable of providing maximum
discrimination between the sources.
4.2.5 Multivariate Mixing Model

Relative source contributions from construction sites and stream banks to in-stream
sediment at each site were calculated using the Collins mixing model based on the minimization
of the objective function i.e. sum of squares of the weighted relative errors (Collins et al., 2012).

The mixing model equation is described as follows:

p m B
Cssj_z_ CsjPi
=1
Cous

ssj

Wi
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where p is the number of fingerprinting properties in the composite fingerprint; m is the number
of source groups; C; is the concentration of the fingerprinting property (j) in the in-stream
sediment sample; Cs; is the mean concentration of the fingerprinting property (j) in the source
group; P;is the relative contribution from source group (i); and W; is the fingerprinting property
discriminatory weighting factor. The fingerprinting property discriminatory weighting factor (1;)
was used to ensure that the fingerprinting property with the greatest discriminatory power exerts
the greatest influence on the solutions of the mixing model (Collins et al., 2010). Two linear
boundary conditions must be satisfied by the multivariate mixing model to ensure that the relative
source contributions from each source group to in-stream sediment must lie between 0 and 1, and
the sum of the relative source contributions from all the source groups is unity:
i=1 Pi=l
0<P;<1
4.2.6 Identifying In-Stream Sediment Sources Using DFA
The method to determine source contrbutions to in-stream sediment using DFA alone was
adopted from Liu et al. (2016). Stepwise DFA was used to select the composite of fingerprinting
properties that provided best discrimination among the sources and subsequently the source

contributions were calculated using the following equations:

D= i1, % |Fi(sourcep,y — Fj(sediment;)| (1)
-1
War 5 @)
1
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Where, D,, is the distance from source m;, p is the percentage at which function i correctly classified
the groups; W, is the weighting for source m; W is the total weighting, P, is the contribution from
source m (%); m is the number of sources; n is the number of functions used to classify the groups;
Fi(source) 18 the centre of source; and Fi(sediment) 15 the center of sediment. The mixing model outputs

were compared with the outputs of DFA alone for each subwatershed for both the particle sizes.

4.3 RESULTS AND DISCUSSIONS

4.3.1 Statistical Discrimination of Fingerprinting Properties

The fingerprinting properties that passed the range test and Kruskal Wallis H-test for 63-
212 pm and <63 pum at each site for stream bed and suspended sediment are included in Tables 4.2
to 4.5. The number and combination of the fingerprinting properties selected by stepwise DFA
varied among different subwatersheds and the results are included in Tables from 4.6 to 4.9. The
optimum set of fingerprinting properties selected by the stepwise DFA for stream bed sediment
classified 100 % of the sources correctly at each site for both the particle size fractions. The
percentage of sources classified currently by the optimum set of fingerprinting properties selected
by DFA for suspended sediment varied from 96.7 to 100% for 63-212 um among three sites.
Whereas for < 63 um, optimum number of fingerprinting properties classified 100% of the source
samples correctly at each site. Overall, results of the stepwise DFA test show that optimum number
of fingerprinting properties selected for both particle size fractions provided strong discrimination
between construction sites and stream banks.
4.3.2 Estimation of Source Contributions by Collins Mixing Model

Relative source contributions to stream bed and suspended sediment based on the Collins

mixing model are discussed in detail in chapter 2 and 3. Briefly, for site 1, stream banks were the
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dominant sources of stream bed sediment for both the particle size fractions. Land use in this
subwatershed is mainly developed (91 %, Cropland Data Layer, 2017). The increase in
urbanization results in increase of stormwater runoff and hence increased risk of channel
instability (Bledsoe & Watson, 2001). Also, the temporal variability in the stream bed sediment
sources likely depended on the phase of construction activities from commencement to
completion during the time of sampling. Erosion rates vary at construction sites depending upon
the activities conducted at the site. Major activities that result in significant disturbance of soils
include clearing, grubbing, excavating, soil stockpiling, and utilities and infrastructure
installation (Pitt et al., 2007)

At site 2, stream banks were the dominant sources of the stream bed sediment for both the
particle size fractions. This subwatershed is also mainly urbanized and as indicated earlier,
urbanization of a watershed results in alteration of river channels owing to increased surface
runoff and increased hydraulic stress on the stream banks. For site 3, the dominant sources of
stream bed sediment for both the particle sizes were construction sites. High contribution from
construction sites was likely because of the existence of areas of active construction in close
proximity to the creek without enough riparian buffers (Chapter 3).

The construction sites were the dominant contributors of suspended sediment for both the
particle size fractions at all the sites. The rates of erosion from construction sites are considerably
higher than those from areas under undisturbed vegetation (Mukundan et al., 2010), which likely
resulted in greater contribution from construction sites to suspended sediment. Also, increase in
surface runoff due to increased development leads to excessive delivery of sediment from

construction sites to surface waters. Sediment yield tends to be larger in urban areas than
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unurbanized areas even if only small areas of unprotected or exposed soil are there (Leopold &

Pecora, 1968).

Moreover, the suspended sediment had greater specific surface area or was finer in size
(average specific surface area was 132.3+8.7 m* kg™ and 170.6+9.1 m* kg™ for particle size 63-
212 pm and <63 pum, respectively) compared to stream bed sediment (average specific surface
area was 60+4.2 m” kg and 120.6+5.9 m” kg for particle size 63-212 pm and <63 pm,
respectively). Also, the sediment from construction sites were finer (average specific surface area
was 129.91+9.6 m* kg and 291.26+24.5 m” kg™ for the particle size 63-212 um and <63um,
respectively) compared to sediment from stream banks (average specific surface area was
114.35£6.4 m*> kg and 212.7£9.5 m*> kg for the particle size 63-212 pm and <63um,
respectively). Therefore, as indicated by the specific surface area values, construction sites
consisted of finer particles compared to stream banks and therefore were the dominant sources of
suspended sediment. The stream bank particles could be present in the stream as aggregates
(because of mass wasting or bank failure) or individual particles depending upon the hydraulic
forces exerted during flow events (Lamba et al., 2015). But the aggregates are more likely to
deposit on the stream bed as compared to fine particles eroded from construction sites, which are
more likely to remain in suspension due to greater specific surface area. As a result, stream banks
were the dominant sources of sediment deposited on the stream bed and construction sites were

the dominant sources of suspended sediment.

4.3.3 Comparison of the Source Contributions Estimated by Collins Mixing Model and

DFA
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The results obtained by using DFA and Collins mixing model for site 1 are given in table 4.10.
For 63-212 um particle size fraction, both the methods showed that stream banks were the
dominant sources of stream bed sediment. Therefore, both the methods provided similar source
apportionment results. For <63 um particle size fraction, DFA indicated that for majority (73 %)
of the sampling period, construction sites were the dominant sources, whereas the mixing model
showed that for 46% of the samples collected, construction sites were the dominant sources of
stream bed sediment. Therefore, the dominant sources of stream bed sediment determined using
both methods for <63 pm particle size fraction varied. In site 2 subwatershed for 63-212 um and
<63 um, both the methods predicted that for majority of the sampling period, stream banks had
greater contribution to the stream bed sediment (Table 4.11). For site 3 subwatershed, both the
methods indicated that construction sites were the dominant sources of stream bed sediment for
63-212 um particle size fraction (Table 4.12). However, for <63 um particle size fraction, both the
methods did not return similar results. The mixing model indicated partial contribution from both
the construction sites and stream banks to the stream bed sediment, whereas the DFA indicated
that for 100 % of the samples collected, stream banks were the dominant sources of stream bed
sediment. In case of suspended sediment sources, both mixing model and DFA predicted similar
dominant sources for majority of the sampling period for both the particle size fractions at all sites
(Table 4.13- 4.15).

Overall, comparisons of two methods show that DFA and mixing model predicted similar
dominant sources of in-stream sediment for both the particle size fractions for majority of our
sampling period. However, dominant sources of in-stream sediment determined using both the
methods were not similar every time. Similar results were reported by Liu et al. (2016). Different

factors, such as, number of sources considered, sample size and conservative/non-conservative
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behavior of fingerprinting properties can affect source apportionment results predicted by two
methods (Liu et al., 2016). For example, a small sample size for each subwatershed could affect
source group centroids, which are used to determine relative source contributions in DFA method.
Tests on synthetic sediment mixtures which can help to improve parametrization of the DFA model
and characterizing source groups’ centroids accurately can help to improve the accuracy of the
DFA method to quantify contribution to in-stream sediment from different sources (Liu et al.,
2016). Further research is needed to understand the role of statistical procedures for fingerprinting

properties selection as it is fundamental to obtain reliable source contribution results.

4.4 Conclusions

Sediment source contributions were predicted for the Moore’s Mill Creek watershed,
Alabama, US. Stream bank and construction sites samples were collected across the whole
watershed, and in-stream sediment (suspended and stream bed) samples were collected at the
outlets of two subwatersheds as well the whole watershed outlet. Two methods were used to
determine relative contribution from different sources to suspended and stream bed sediment, the
Collins mixing model and DFA. Both the methods identified similar dominant sources for stream
bed as well as for suspended sediment at all sites for both the particle size fractions for majority
of the sampling period. However, the method of calculating the source contributions using
distances from DFA requires further research because the sediment source apportionment results
predicted by mixing model and DFA were not always similar. The results determined by using
DFA alone method largely depends on the sample size for each subwatershed and the optimum set
of fingerprinting properties used. Therefore, care must be taken while selecting the most

appropriate set of properties for the success of this method.
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Fig. 4.1. a) Land use distribution in the Moore’s Mill Creek watershed and b) Location of

in-stream sediment, stream banks and construction sampling sites.
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Table 4.1. Individual stream bed depth intervals at each site and the dates of in-stream

sediment sample collection throughout the sampling period

Sites Depth Intervals of the soil Stream Bed Sample Suspended Sediment
cores for the first month of Collection Dates Sample Collection
sampling period Dates
Site 1 0-5 cm, 5-10 cm, 10-15  December 2, February 5, December 2,
cm, and 15-20 cm March 10, April 14, May  February 5, March
18, June 28, July 28, 10, April 14, May
September 22 18, June 28, July 28,
September 22
Site 2 0-5 cm, 5-10 cm, 10-15 X December 2, April
cm 14, May 18"
Site 3 0-5 cm, 5-10 cm * December 2,

February 5, March
10, April 14, May
18, June 28, July 28,

September 22

*Sampling dates were same for all sites

**Samplers were lost for the rest of the sampling period
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Table 4.2. Fingerprinting properties that satisfied the range test and the

Kruskal-Wallis H-test (p=0.05) criteria for stream bed sediment at each site for particle size

63-212 pm

Range test

Sites Fingerprinting Properties

1 Li Be Na P K Ca v Cr Mn Co Ni Cu Zn Rb  Nb
Ag Cd Cs Ba Nd Sm Eu Gd Dy Ho Yb Lu Tl Pb Th
U

2 Be B Na P K Ca Mn Co As Rb Y Zr Rh  Ag Sr
Sb Cs Ba Pr Nd Sm Eu Gd Dy Ho Yb Lu Hg TI Pb

3 Li Be Na P K Ca Sc Ti v Cr Mn Fe Co Ni Zn
Ga As Rb Y Zr Nb Mo Ag Sr Sb Cs Ba La Ce Pr
Nd Sm FEu Gd Dy Ho Yb Lu Hf Ta Tl Pb U

Kruskal-Wallis H-test

Sites Fingerprinting Properties

1 Be V Ctr Nb Ag Pb Th

2 Be B Zr Ag Pb

3 Li Be Sc V Cr Fe Ni Ga As Y Zr Nb Mo Ag Pr
Nd Sm Ho Hf Ta Pb U
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Table 4.3. Fingerprinting properties that satisfied the range test and the Kruskal-Wallis H-test

(p=0.05) criteria for stream bed sediment at each site for particle size <63 pm

Range test

Sites Fingerprinting Properties

1 Li Be B Na Al S Ca Sc Cr Mn Co Ni Ga  As Rb
Sr Zr Mo Cd Cs Ba Pr Nd Sm Eu Gd Dy Ho Yb Lu
Hf Pt Tl Pb

2 Li Be B Al P S Ca Sc A" Cr Mn Fe Co Ni Zn
Ga  As Y Zr Mo Pd Cd Sn Sb Cs La Pr Nd Sm Eu
Gd Dy Ho Yb Lu Hf W Hg Tl Pb U

3 Li Be B Na Al P S Ca Sc A" Cr Fe Co Ni Zn
Ga  As Rb Sr Y Zr Mo Pd Cd Sb Cs La Pr Eu Gd
Dy Yb Lu Hf  Hg Tl Pb U

Kruskal-Wallis H-test

Sites Fingerprinting Properties

1 Be Sc Mn Co Ga As Rb Cd Ba Pr Nd Sm Eu Gd Dy
Ho Yb Lu Pt Pb

2 Be B A" Cr Fe Ni Ga Zr Cd Hf U

3 Be B A% Cr Fe Co Ni Ga Rb Sr Y Zr Pd Cd La

Pr Eu Gd Dy Yb Lu Hf Pb U
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Table 4.4. Fingerprinting properties that satisfied the range test and the Kruskal-Wallis H-

test (p=0.05) criteria for suspended sediment at each site for particle size <63 um

Range test

Sites Fingerprinting properties

1 Li Be B Na P K Sc¢ Ti V. Cr Fe Co Ni Ga As
Rb Zr Nb Mo Cd Cs Ba Pr Fu Gd Ta W Ir Pt Hg
TI Pb Bi U

2 Li Be Mg Al K S¢c V Cr Fe Co Ni Zn Ga As Zr
Nb Cd Cs Ba Nd Lu Hf Ta W Ir Pt TI Pb Bi U

3 Li Be B Na Al K Sc V Cr Fe Co Ni Ga As Rb
Zrr Nb Cd Sb Cs Ba Pr Eu Hf Ta W Ir Pt Hg Tl
Pb Bi U

Kruskal-Wallis H-test

Sites Fingerprinting properties

1 Be Sc V Co Ga As Rb Nb Cd Ba Pr Eu Gd Ta Ir
Pt Pb Bi

2 Be V Ct Fe Ni Ga Zr Cd Hf Ir Pt Bi U

3 Be B V Cr Fe Co Ni Ga Rb Zr Cd Ba Pr Eu Hf
Ta 1Ir Pt Pb Bi U
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Table 4.5. Fingerprinting properties that satisfied the range test and the Kruskal-

Wallis H-test (p=0.05) criteria for suspended sediment at each site for particle size

63-212 pm

Range test

Sites Fingerprinting properties

1 B Na K Ti V Ctr Ga Rb Y Zr Nb Sr Cs Ba Sm
Dy Lu Hf Ta W Ir Pt TI Pb Bi U

2 Li Be B Na Mg Al P K Ca Sc Ti V Fe Co Cu
Zn Ga Rb Y Zr Nb Ag Cs Ba Sm Eu Gd Dy Ho Yb
Lu Hf Ta TI Pb Bi Th U

3 Li Be B Na K Al Sc¢ Ti V Fe Co Ni Ga Se Rb
Zrr N\b Ag Cs Ba Eu Lu Hf Ta W Ir Pt Hg Tl Pb
Bi U

Kruskal-Wallis H-test

Sites Fingerprinting properties

Sitel V Cr Ga Zr Nb Ta W Pb Bi

Site2 Be B Al Sc V Fe Ga Zr Nb Ag Hf Ta Pb Bi Th

Site3 Li Be B Al Sc V Fe Ga Ni Se Zr Nb Hf Ag Ta
W Pb Bi U
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Table 4.6. Results of stepwise DFA for stream bed sediment at each site for particle size 63-

212 pm
Site  Fingerprinting Wilks’ lambda  Percentage Cumulative Fingerprinting
property source percentage property
samples source discriminatory
classified samples weighting
correctly classified
correctly
1 v 0.258 100 100 1.08
Nb 0.134 923 100 1
2 Ag 0.078 100 100 1.25
Be 0.057 80 100 1
3 v 0.286 96.7 96.7 1.53
Sm 0.262 70 93.33 1.1
Y 0.162 73.33 96.7 1.16
Fe 0.113 86.7 96.7 1.37
Zr 0.099 80 96.7 1.26
Ta 0.087 76.7 96.7 1.21
Ho 0.077 63.33 100 1
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Table 4.7. Results of stepwise DFA for stream bed sediment at each site for particle

size <63 um
Site  Fingerprinting property =~ Wilks’ lambda  Percentage Cumulative Tracer
source samples  percentage discriminatory
classified source weighting
correctly samples
classified
correctly
1 Mn 0.218 100 100 1.3
Be 0.116 76.9 100 1
Co 0.035 100 100 1.3
Rb 0.023 76.9 100 1
Ba 0.005 76.9 100 1
As 0.002 923 100 1.2
Sc 0.0006 84.6 100 1.1
Pt 0.0002 76.9 100 1
2 Ga 0.198 100 100 1.25
Ni 0.152 80 100 1
3 Cd 0.468 90 90 1.23
Rb 0.313 76.7 86.7 1.04
Ga 0.181 933 96.7 1.27
Sr 0.108 73.3 100 1
La 0.092 80 100 1.09
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Table 4.8. Results of stepwise DFA for suspended sediment at each site for particle size 63-

212 pm
Percentage = Cumulative  Tracer
source percentage discriminatory
Site Fingerprinting Wilks’ lambda samples source weighting
property classified samples
correctly classified
correctly
1 Bi 0.151 100 100 1.18
Ga 0.101 84.6 100 1.00
Pb 0.074 84.6 100 1.00
Ta 0.040 84.6 100 1.00
2 v 0.055 100 100 1.10
Pb 0.037 100 100 1.10
Bi 0.022 90 100 1.00
3 v 0.286 96.7 96.7 1.38
Ag 0.259 86.67 933 1.24
Pb 0.229 80.00 933 1.14
Se 0.181 70.00 96.7 1.00
Nb 0.153 80.00 96.7 1.14
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Table 4.9. Results of stepwise DFA for suspended sediment at each site for particle size

<63 um
Site  Fingerprinting Wilks’ lambda Percentage  Cumulative  Tracer
property source percentage discriminatory
samples source weighting
classified samples
correctly classified
correctly
1 Bi 0.049 100 100 1.3
Ir 0.032 84.6 100 1.1
Ba 0.025 76.9 100 1.0
2 Ga 0.198 100 100 1.25
Ni 0.152 80 100 1
Bi 0.107 80 100 1
3 Rb 0.152 76.67 76.67 1.04
U 0.122 73.33 86.7 1.00
Zr 0.091 86.67 100 1.18
Pr 0.070 80 100 1.09
Eu 0.064 76.67 100 1.04
Ni 0.038 80 100 1.09
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Table 4.10 Comparison of results from the DFA and mixing model for stream bed sediment for sit

63-212 um <63 um Are the dominant
sources of stream bed
sediment similar as
Using DFA Using DFA Using Mixing Model indicated by DFA
Using Mixing Model and mixing model?
63-212 <63 um
Months Stream  Construction  Giream  Construction Stream  Construction Stream  Construction Hm
Banks Sites Banks Sites Banks Sites Banks Sites
Dec (core 1) 94.8 52 100 0 47.2 52.7 48 52 Yes Yes
Dec (core 2) 94.1 59 100 0 44.6 55.4 37 63 Yes Yes
Dec (core 3) 96.4 3.6 100 0 60.3 39.6 54 46 Yes Yes
Dec (core 4) 90.2 9.8 100 0 36 63.9 36 64 Yes Yes
2 Dec-5 Feb 84.5 15.5 100 0 45.5 54.5 84 16 Yes No
5 Feb-10 March 83.9 16.1 100 0 84 15.9 100 0 Yes Yes
10 March-14 April 93.6 6.4 100 0 73.7 26.3 100 0 Yes Yes
14 April-18 May 83.6 16.4 100 0 43.9 56.0 72 28 Yes No
18 May-28 June 69.5 30.5 88 12 38.8 61.2 55 45 Yes No
28 June-28 July 79.9 20.1 100 0 26.1 73.8 0 100 Yes Yes
28 July-22 Sept 90.3 9.7 100 0 32.1 67.9 0 100 Yes Yes
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Table 4.11 Comparison of results from the DFA and mixing model for stream bed sediment for site 2

63-212 pm <63 pm Are the dominant

sources of stream bed
sediment similar as

indicated by DFA and

Using DFA Using Mixing Model Using DFA Using Mixing Model mixing model?
Months Stream  construction stream construction stream  construction stream construction | 63-212 um <63 pm
banks sites banks sites banks sites banks sites

2 Dec (core 1) 99.8 0.2 100 0 93.1 6.9 97 3 Yes Yes
2 Dec (core 2) 44.8 55.2 100 0 98.4 1.6 74 26 No Yes
2 Dec (core 3) 42.1 579 100 0 96.6 3.4 72 28 No Yes
2 Dec-5 Feb 68.4 31.6 100 0 98.6 1.4 82 18 Yes Yes
5 Feb-10 March 56.9 43.1 99 1 87.3 12.7 76 24 Yes Yes
10 March-14 April 60.5 39.5 97 3 92.8 7.2 93 7 Yes Yes
14 April-18 May 68.2 31.8 100 0 99.3 0.7 95 5 Yes Yes
18 May-28 June 92.5 7.5 100 0 89.3 10.7 100 0 Yes Yes
28 June-28 July 74.8 25.2 100 0 87.8 12.2 100 0 Yes Yes
28 July-22 Sept 69.8 30.2 100 0 85.7 14.3 100 0 Yes Yes
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Table 4.12. Comparison of results from the DFA and mixing model for stream bed sediment for site 3

Are the dominant
63-212 pm <63 pm sources of stream
bed sediment
similar as indicated
by DFA and mixing
Using DFA Using Mixing Model Using DFA Using Mixing Model model?
63- <63 pm
212
Months Stream construction stream construction stream construction stream construction | pm
banks sites banks sites banks sites banks sites
2 Dec (core 1) 46.9 53.1 20 80 93.4 6.6 46 54 Yes No
2 Dec (core 2) 59 41 57 43 91.8 8.2 45 55 Yes No
2 Dec-5 Feb 15.8 84.2 9 91 98.6 1.4 44 56 Yes No
5 Feb-10 March 22.1 77.9 28 72 87.1 12.9 42 58 Yes No
10 March-14 April ~ 60.0 40.0 59 41 80.8 19.2 42 58 Yes No
14 April-18 May 30.4 69.6 23 77 78.1 21.9 0 100 Yes No
18 May-28 June 14.5 85.5 90 10 60.0 40.0 47 53 No No
28 June-28 July 18.8 81.2 70 30 50.4 49.6 0 100 No No
28 July-22 Sept 40.0 60.0 46 54 58.1 41.9 0 100 Yes No
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Table 4.13. Comparison of results from the DFA and mixing model for suspended sediment for site 1

Are the dominant

63-212 um <63 um sources of suspended

sediment similar as

indicated by DFA

Using DFA Using Mixing Model Using DFA Using Mixing Model and mixing model?

Month Stream construction stream construction stream construction  stream construction | 63-212 <63 um

banks sites banks sites banks sites banks sites um

20 October-2 Dec 14.7 85.3 21 79 37.0 63.0 0 100 Yes Yes
2 Dec-5 Feb 74.6 25.4 44 56 333 66.7 72 28 No Yes
5 Feb- 10 March 7.5 92.5 48 52 14.0 86.0 20 80 Yes Yes
10 March-14 April  26.4 73.6 27 73 6.7 933 0 100 Yes Yes
14 April- 18 May 1.6 98.4 49 51 25.2 74.8 0 100 Yes Yes
18 May-28 June 28.6 71.4 40 60 62.1 37.9 20 80 Yes No
28 June-28 July 4.6 95.4 47 53 78.1 21.9 8 92 Yes No
28 July- 22 Sept 40.2 59.8 32 68 67.0 33.0 50 50 Yes No
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Table 4.14.

Comparison of results from the DFA and mixing model for suspended sediment for site 2

Are the dominant

63-212 um <63 um sources of
suspended
sediment similar
as indicated by
DFA and mixing

Using DFA Using Mixing Model Using DFA Using Mixing Model model?
Months Stream  construction  stream  construction  stream  construction construction | 63-212 <63
banks sites banks sites banks sites stream banks sites um um
20 October-2 Dec 75.2 24.8 29 71 31.9 68.1 45 55 No Yes
10 March-14 April  91.7 8.3 68 32 37.6 62.4 36 64 Yes Yes
14 April- 18 May 74.5 25.5 85 15 98.3 1.7 100 0 Yes Yes
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Table 4.15. Comparison of results from the DFA and mixing model for suspended sediment for site 3

63-212 um <63 pm Are the dominant
sources of suspended
sediment similar as
indicated by DFA and
Using DFA Using Mixing Model Using DFA Using Mixing Model mixing model?
Months  Stream construction stream construction stream construction stream  construction | 63-212 pm <63 pm
banks sites banks sites banks  sites banks  sites
20 October-2 Dec 94.1 59 34 66 28.9 71.1 0 100 No Yes
2 Dec-5 Feb 30.5 69.5 19 81 86.0 14.0 46 54 Yes No
5 Feb- 10 March 99.5 0.5 6 94 89.2 10.8 28 72 No No
10 March-14 April 63.7 36.3 0 100 17.5 82.5 10 90 No Yes
14 April- 18 May 42.9 571 0 100 62.3 37.7 20 80 Yes No
18 May-28 June 14.4 85.6 0 100 20.0 80.0 0 100 Yes Yes
28 June-28 July 4.5 95.5 0 100 24.5 75.5 0 100 Yes Yes
28 July- 22 Sept 22.3 77.7 3 97 16.4 83.6 0 100 Yes Yes
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CHAPTER 5

CONCLUSIONS

The major conclusions of this study were: (a) the relative importance of different sources
contributing to in-stream sediment (suspended and stream bed) change spatially and temporally
within a watershed, therefore, identification of sediment sources only at the watershed outlet and
only for few storm events might not be sufficient to target sources for best management practices
(BMPs), (b) sediment particle size (63-212 um and <63 pum) has a significant effect on the relative
contributions from different sources to in-stream sediment at a subwatershed level, and (¢) relative
source contributions might vary depending upon the statistical procedures employed in the
fingerprinting studies.

Based on the individual chapters, the following conclusions were made:

Sources of sediment deposited on the stream bed in this watershed varied temporally and
spatially (Chapter 2). Results of this study show that both construction sites and stream banks were
important sources of stream bed sediment. The contribution from construction sites and stream
banks to stream bed sediment within this watershed ranged from 0 to 100% and 0 to 100%,
respectively. Extent of an impervious area and riparian land use within a subwatershed affected
the relative contributions from construction sites and stream banks to stream bed sediment at each
site. The relative contributions to stream bed sediment from construction sites were greater in the
subwatershed with active construction activities in proximity to the stream.

The results of this study also show that generally the construction sites were the dominant

sources of suspended sediment for both the particle sizes at all the sites (Chapter 3). The
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contribution from construction sites to suspended sediment ranged from 0 to 100%, varying
temporally. The rapid urbanization in this watershed has increased the amount of surface runoff
generated within this watershed which has increased the entrainment of sediment from
construction sites in the runoff and hence the sediment delivery into the stream.

Apart from Collins mixing model, another method was also used to quantify the relative
source contributions from construction sites and stream banks using distances from DFA (Chapter
4). The method of calculating the source contributions using distances from DFA requires further
research because the sediment source apportionment results predicted by mixing model and DFA
were not always similar. The results determined by using DFA alone method largely depends on
the sample size for each subwatershed and the optimum set of fingerprinting properties used.
Therefore, care must be taken while selecting the most appropriate set of properties for the success
of this method.

Targeting BMPs on constructions sites within this watershed can significantly reduce the
sediment loadings to the streams. To minimize stream bank erosion, techniques for stream bank
stabilization should be recommended. The riparian areas should be restored and managed as they
perform an important function of trapping sediment. SWAT model can be used to identify
subwatersheds contributing disproportionately high amounts of surface runoff and water yield per
unit area to streams. The subwatersheds generating significant amount of surface runoff and water
yield have potential to contribute disproportionately high amount of sediment to streams.
Therefore, BMPs targeted in these areas can significantly reduce the sediment loadings to the
streams.

Future research should focus on determination of erosion rates from construction sites

during different phases to better understand the linkage between the phase of construction activities
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and the corresponding sediment erosion rates. In addition, quantification of effectiveness of BMPs
to reduce sediment loading with the use of watershed-scale modeling could be done. Also, fallout
radionuclides could be used to determine sediment residence time in streams and estimate the age

and percent new sediment in stream bed and suspended sediment samples.
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APPENDICES

Appendix A

Fig. Al. Construction sites within the Moore's Mill Creek watershed
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Fig. A2. Stream banks within the Moore's Mill Creek watershed
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Fig. A3. Stream beds at different locations within the Moore's Mill Creek
watershed
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Fig. A4. Time integrated in-situ suspended sediment collection samplers
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Fig. AS. Particle size analysis using Malvern Mastersizer
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