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Abstract

Purpose To better understand the behaviors of sediment-associated metals (Cu, Ni, Cd, Mn, Cr,
Pb, Fe, Sr, Mo, and Co), an evaluation of physicochemical parameters and metal speciation on
suspended and bedload sediment collected from the North Saskatchewan River was conducted in
2018. Sampling sites were selected within the urban region (Edmonton) to assess the influences of
anthropogenic inputs (e.g., municipal waste and/or agrochemical runoff) on water and sediment

qualities.

Methods The sequential extraction procedure was modified based on Tessier’s method to
investigate the association of metals with different fractions of sediments (e.g., exchangeable,
carbonate, Fe-Mn oxides, organics, and residual fractions). The mineralogical composition and
particle size distribution (<63um) were measured to help interpret the metal fractionation patterns.
Pollution levels were assessed by comparing results with the fresh water and sediment quality
guidelines (WQGs and SQGs) published by Environment Canada. Risk assessment code (RAC)

was employed to evaluate the bioavailability and potential toxicity of heavy metals.

Results Generally, suspended sediment contains more clay minerals, carbonates and particulate
organic carbon than bedload sediment. The size fractionation data indicate that there were more
clay-sized particles (<2pum) in suspended sediment. Sr, Cd, and Mo represented appreciable
portions in exchangeable fraction. Substantial amounts of Cu, Sr, Cd, Mn, Co, and Pb were
associated with carbonate fraction and Co, Pb, Ni, Fe, and Cr were predominantly bound to Fe-
Mn oxides and residual fraction. Cu and Mo represented relatively high proportions in oxidizable

fraction. For most heavy metals except for Cu and Mo, larger parts of non-residual fractions can



be observed in suspended sediments than in bedload sediments. Water quality assessment reveals
that all dissolved toxic metals and nutrients were in the environmentally acceptable ranges posted
by WQGs. SQGs suggest that the total concentrations of Mn, Ni and Cr in all sediment samples,
Cu in bedload samples and Cd in suspended samples were of environmental concern in the present
study and can occasionally be associated with adverse biological effects. According to RAC, for
both suspended and bedload sediments, Cr, Fe showed low risk, Co and Pb showed medium risk
and Mn showed very high risk to the environment. Other metals such as Ni, Mo, Cu, Sr and Cd

showed different levels of toxicity to the environment at different sampling sites.

Conclusion This study provides information about the sources, storage patterns (in suspended and
bedload sediment), fate and environmental impacts (bioavailability and potential toxicity) of
metals in the NSR and helps monitor the anthropogenic influences caused by a large city

(Edmonton) to better characterize the contaminant chemistry of the river.
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Chapter 1: Introduction

1.1 North Saskatchewan River (NSR)
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Figure 1.1 The North Saskatchewan River Basin with water monitoring stations (Anderson, 2011)

The North Saskatchewan River (NSR) is one of the major rivers in Alberta and the seventh largest
in Canada. It originates at Saskatchewan Glacier in Banff National Park, then descends almost 900
meters in elevation and flows over 1000 kilometers across Alberta (passing through Edmonton) to
Saskatchewan (Toomey, 1988) (Figure 1.1). It joins with the South Saskatchewan River in
Saskatchewan east of Prince Albert, flows into Lake Winnipeg in Manitoba, and eventually
empties into Hudson Bay (Neufeld, 2010). The NSR drains an area of approximately 55,000 km?,

with an average annual discharge at the Alberta/Saskatchewan border of around 7 billion m? (Stone,



2012a). Headwaters such as the Brazeau River, the Ram River and the Clearwater River are main
water sources of the NSR and generate 90% of the total annual flow (AESRD, 2014), but when
they contribute less water, the Sturgeon River and the Vermillion River instead become the main
tributaries that contribute flows to the mainstem. Discharge of the NSR is regulated by the Brazeau
dam (on the Brazeau River near its confluence with the NSR) and the Bighorn dam (on the
mainstem of NSR) (Halliday, 2009). These impoundments constructed in 1961 and 1972,
respectively, help redistribute flow to be higher than natural flow in winter and lower than natural

flow in summer (AESRD, 2014).

Mean annual temperature of the NSR basin varies between 0.3°C and 3.5°C, with average
temperatures in the Rocky Mountains, Edmonton and Alberta/Saskatchewan border approximately
-9°C, -13°C and -17°C in January and 13°C, 16°C and 18°C in July (Alliance, 2012). Climate in
the basin is semi-arid with annual precipitation up to 1000 mm in the Rocky Mountain headwaters
and less precipitation near the interprovincial border (up to 400 mm). By contrast, evaporation
rates increase eastward from 500 mm/y (at Rocky Mountain House) to 700 mm/y (at
Alberta/Saskatchewan border) (Alliance, 2012). Thodsen et al. (2008) and Walling (2009)
indicated that variations of temperature and precipitation in the NSR basin can directly influence
the rate, magnitude and variability of suspended sediment and associated pollutants via changes in
erosion processes and river discharges, or indirectly influence via changing input patterns from the
drainage basin (Stone et al., 2022). As a glacier-fed river, there is more than one type of snowmelt
runoff event in the NSR due to the combination of topography and climate. For example, the Rocky
Mountain snowmelt usually occurs in late spring or early summer (June/July), while the plain-
prairie snowmelt often occurs in April or May (Laceby et al., 2019). Apart from snowmelt runoff

contributions, during low flow seasons, the source of base flow is mainly controlled by



groundwater recharge (Dumanski et al., 2015; Zaremehrjardy, 2020). Generally, those climatic
and seasonal changes can affect the river hydrology and water quality, as well as influence the
source and transport of suspended solid and the solid-associated constituents (Laceby et al., 2019;

Lu et al., 2013; Milliman and Syvitski, 1992).

In the NSR basin, water flows through a wide variety of natural ecozones such as the Rocky
Mountains, Foothills, Boreal Forest, Grassland regions and Central Parkland; each differs with
respect to geology, soil, natural vegetation, and surficial deposit. Those differences can cause
instant or gradual changes to the river water chemistry (e.g., nutrients, metals, suspended loadings)
(Atkinson et al., 2018; Shaw et al., 1994; Stone, 2012a). For example, nutrient levels are typically
very low in the headwaters sampled in the Rocky Mountains, while by the time the NSR traverses
the Central Parkland Natural Region and flows to the areas downstream, its waters become richer
in nutrients and more bio-productive (Anderson, 2011). Geological variation indicates that the
mountains and foothills where the NSR originate comprise Palaeozoic to Cretaceous-aged
bedrocks of the Cordillera including dolomite, shale, sandstone and siltstones. East of the foothill
lies the Paskapoo Formation (non-marine, calcareous sandstones, siltstones and mudstones) and
Wapiti Formation (non-marine, sandstone and siltstone with coal beds) (Green, 1972; Shaw et al.,
1994). The major surficial deposits and landforms of the NSR comprise morainal, glaciolacustrine,
glaciofluvial et al. in the foothill and locally derived glacial till, rocks, recent alluvial deposits in
the Interior Plains and the river valley (Bjorge, 1983; Dudas and Pawluk, 1969; Laceby et al., 2019;
Shaw et al., 1994; Tokarsky, 1971; Ullman et al., 2016). In addition, longitudinal changes occur
when the river passes through successive natural regions since changes in elevation would
influence trends and patterns of sediment transportation in the river (Anderson, 2011; Caine, 2014).

For instance, the size of river bottom substrates tend to decrease from coarse-grained (cobbles) in



the headwaters to fine-grained sediments (silt and clay) in the middle and lower reaches due to
decreasing flow velocities in the regions of central parkland and grassland (AESRD, 2014;

Anderson, 2011).

The NSR basin also supports human land uses, which include major urban centers such as
Rocky Mountain House, Drayton Valley, Edmonton, and Fort Saskatchewan (Figure 1.1) (AESRD,
2014). Around one third of the total population (1.4 million) in the province live in the Capital
Region (City of Edmonton and adjacent areas) (Anderson, 2011; Canada, 2022), and along with
urbanization, it is expected that the population would increase to 1.7 million in the next 30 years
(AESRD, 2014). Other anthropogenic activities, such as infrastructure development, resource
exploitation and industry also influence river chemistry (Kienzle, 2012; Schindler and Donahue,
2006; Stone, 2012a). For example, there are several intensively developed areas along the river,
such as the oil and gas exploration activities in Drayton Valley area, the coal mining operations in
Wabamun area, the power plants in Genesee area, the petrochemical development in Industrial
Heartland area (Neufeld, 2010; Pomeroy et al., 2005; Stone, 2012a). In the central and eastern
portions of the basin, nutrients derived from agricultural lands are main sources of anthropogenic

contaminant discharges to the NSR during spring runoff and heavy rain events (Anderson, 2011).

By the time the NSR reaches Devon and flows through the industrial heartland and
Edmonton, water uses are dominated by human consumption, petrochemical processing, and
agricultural applications such as livestock watering and some irrigation (Kolter, 2018; Paterson
and Nursall, 1975; Wisner et al., 1981). Every year, around 5.5% of Alberta’s water supply is
sourced from the NSR and most of the treated (municipal and industrial discharges) and untreated
water (surface runoff) will be returned to the river at last (Stone, 2012a; Stone et al., 2022).

Although the industrial and population growth are managed carefully, point and non-point sources



of contaminants are also detected in the water and sediment samples collected downstream of
Edmonton (Clearwater, 2010; Neufeld, 2010; Stone et al., 2022), suggesting that more assessments

need to be done to better monitor human-derived inputs in the reach of the Capital Region.

1.2 Previous works on the NSR

The North Saskatchewan River supports many land-use activities within its basin that ultimately
influence its water quality (AESRD, 2014). In the past few years (from 2007 to 2022), several
studies have been conducted to monitor, model, and report the status of the NSR and its tributaries,
particularly in the reach of the Capital Region (Table 1.2). In those studies, information has been
collected at key locations to quantify temporal and spatial variations of pollutants and their types.
Modelling studies have been completed to help predict source and transport patterns of
contaminants. New tools have been developed for sample collection and data processing. Details
are discussed below:

Table 1.2 Recent studies (from 2007 to 2022) which investigated the status of the NSR and its

tributaries
Water quality
Reference Time frame Main contribution
Laceby et al. | April 1987- | a. Investigated the potential impact of road de-icers on the
(2019) Octorber 2017 | concentration of Cl™ in freshwater.
b. Examined spatial and temporal variations of major ions along
the NSR.
c. Predicted major sources of Cl".
Bell (2015) June, August | a. Measured water quality (e.g., metals, conductivity, alkalinity) of
and  October | four tributaries located upstream and downstream of Edmonton.
2014 b. Monitored differences in water quality between seasons.
AESRD (2014): | January 2007- | a. Provided long-term records of water quality (e.g., metals,
Long-term River | October 2012 | nutrients and dissolved oxygen) in the reach from Clearwater River
Network  (Low- to Pakan.
flow seasons) b. Helped manage the status and trend of the water quality.




AESRD (2014): | March, June | a. Conducted seasonal water quality measurements (e.g., metals,
Short-term and  October | nutrients and dissolved oxygen) along the entire length of the NSR.
(High-flow 2008; b. Observed spatial water quality variations as well as point and
seasons) May, July and | non-point sources of inputs.
October 2012 | c. Distinguished local impacts on the NSR water quality during
different seasons and flow levels.
d. Included surveys of tributaries along the river to provide datasets
for future NSR watershed planning.
AESRD 2007-2012 a. Measured conductivity, pH, temperature, turbidity, and

(2014):Datasonde

dissolved oxygen every 15min at 7 monitoring sites along the NSR
mainstem.

b. Recorded daily fluctuations of the water chemistry to better
understand the particular variables that have differences between
day and night (e.g., oxygen in summer).

c. Figured out which day-time sampling site may generate
unrepresentative results.

d. Recorded seasonal and spatial changes in water chemistry in
daytime to provide details for extreme events (e.g., low oxygen
levels under ice).

AESRD
(2014):Diurnal

October 2011
and 2012

a. Analysed water samples collected during daytime to figure out
if there are any differences (e.g., pH, turbidity, dissolved oxygen)
between day and night.

Golder (2013a)
Golder (2013b)
Golder (2013c¢)

2012

a. Monitored point sources of contaminant from water and
sediment samples collected in approved facilities (combined and
storm sewers, wastewater treatment plant/ water treatment plant).
b. Assessed the improvements of water quality within the city
based on Water Quality Index.

c. Generated sub—Water Quality Index values for metals, nutrients,
bacteria and pesticides.

d. Quantified water quality variations within the city under both
wet and dry seasons.

e. Documented impacts caused by seasonal events (e.g., dry
weather and runoff from snowmelt or rain) on the water quality
within the reach of Edmonton area.

f. Characterized water conditions at the tributary’s confluence with
the mainstem.

Sediment and Non-fish biota

Reference

Time frame

Main contribution

Stone (2012b);
Stone et
(2022)

al.

Fall 2010-
Fall 2011

a. Measured physical (grain size distribution) and chemical
(mineralogy and major element composition) properties of fine-
grained bedload sediment samples collected in the NSR and its
tributaries to investigate the source, transport and fate of sediment-
associated contaminants (trace metals and polycyclic aromatic
hydrocarbons).

b. Evaluated the bioavailability of trace metals.

c. Investigated the influences of a large city (Edmonton) on trace

metal chemistry in deposited river sediment.




AESRD (2014):
Long-term River
Network  (Low-
flow seasons)

January 2007-
October 2012

a. Provided long-term records of bedload sediment quality (e.g.,
metals) in the reach from Clearwater River to Pakan.
b. Helped manage the status and trend of sediment quality.

Clearwater Fall 2007 and | a. Analysed contaminants including nutrients, metals and organic

(2010) 2008 matters in depositional sediments.
b. Assessed sediment quality based on CCME Sediment Quality
Index.
c. Benthic invertebrates were enumerated and identified.
d. Epilithic algal were identified and analyzed for chlorophyll-a
content.

Golder (2014) August 2010 Observed macrophyte density and assessed the biotic/abiotic

and 2011 parameters between
a. Devon and Pakan.
b. Rocky Mountain House and the Alberta/Saskatchewan border.
Modeling

Reference Time frame Main contribution

Pilechi et al. | October 2011 | a. Described plume mixing patterns of three major effluents

(2012) (Goldbar, Capital Region, Agrium Redwater Fertilizer).
b. Determined the distance required to achieve full mixing of
treated wastewater.

TetraTech (2012) | 1998-2009 a. Represented non-point sources of sediment, nutrients, trace
metals and bacteria.
b. Provided a suite of models (e.g., wastewater mass balance
model) that intend to evaluate the water quality in the Capital
Region.
c. Helped build models for land-use management.
d. Investigated how hydrological processes influence the water
quality in the NSR watershed.
Data processing and Tools

Reference Time frame Main contribution

AEP (2018) 1990-2018 a. Compiled surface water and sediment quality guidelines posted
by previous studies and generated guidelines for environmental
protection in Alberta.

McDonald (2013) | 2000-2011 Based on the data collected from the Long-term River Network,
this model provided a useful tool for:
a. Selecting variables (except for bacteria) of concern in Devon and
Pakan.
b. Monitoring effects caused by effluent loadings on water quality
in the Capital Region.

Anderson (2011) | 2006-2009 Summarized comprehensive information on:

a. Point sources of contaminants discharged from the Capital
Region into the NSR (e.g., municipal and industrial effluences,
tributaries).
b. Natural contribution of loadings in the mainstem of NSR and its
tributaries.




c. Sensitivity (water and sediment quality variations) of the NSR
to anthropogenic and natural influences.

Kessler (2010) 2000-2008 a. Selected the best tool for loading calculation.

b. Provided information on total suspended solids, nutrients,
metals and bacteria in the reach of Capital Region.

c. Determined the in-stream loads and contributions from point
sources (e.g., municipal and industrial effluences, tributaries).
Neufeld (2010) 1950-2009 a. Summarized water quality changes in the NSR (Capital Region)
in last 60 years.

b. Indicated improvements in water quality in recent years due to
upgrades of wastewater treatment plants in Edmonton.

As summarized above, previous studies have provided information on current status of the
North Saskatchewan River. In sum, they show:
1. Flow. As a large glacier-fed river, the NSR has more than one flow season caused by natural
factors such as snowmelt and precipitation. Those seasonal variations within a year can generate
different levels of major ions and total suspended solids from both point and non-point sources.
Although two headwater dams (Bighorn and Brazeau) regulate flows to be higher in winter and
lower in summer (Halliday, 2009; NSWA, 2010), seasonal impacts on flows are still significant.
This results in four distinct patterns: (1) Medium flow season in April and May (spring) from
grassland ice melting. (2) High flow season in June and July (early summer) from mountain
headwaters due to contributions of snowmelt. (3) Medium flow season in late summer which is
treated as the end of the summer flow. (4) Low flow season from September to March (winter),
which is the lowest flow occurring in the whole year (AESRD, 2014; TetraTech, 2012).
2. Total suspended solid (TSS). TSS is important for indicating suspended particles in river water
columns. During the high-flow season in early summer, TSS increases in the mainstem due to
disturbance of surficial geology, erosion of riverbanks and resuspension of bedload sediments.
When the river velocity decreases in mid and late summer, suspended solids are mainly supplied

by tributaries (AESRD, 2014). In the reach of the Capital Region, seasonal changes were observed



by Golder (2013b) who indicated that TSS loadings derived from the City of Edmonton increased
from 5,389 kg/day in dry seasons (fall and winter) to 141,242 kg/day in wet seasons (spring and
summer), which was mainly caused by inputs from urban tributaries such as the Goldbar Creek
and the Whitemud Creek (Golder, 2013a). Additionally, longitudinal changes showed that
suspended solids content increased consistently towards downstream of Edmonton (from 130mg/L
at Devon to 150mg/L at Pakan) (AESRD, 2014; Golder, 2013Db).

3. pH. Water samples collected from the mainstem of NSR (from 2007 to 2012) were naturally
alkaline, with a median pH value of 8.3. Anomalies were observed in August and September, when
some monitoring sites (e.g., Fort Saskatchewan and Vinca) located downstream of the Capital
Region reported pH values >9.0, which exceeded the Alberta Water Quality Guideline (6.5-9)
(AESRD, 2014).

4. Dissolved oxygen (DO). DO concentrations measured by Datasondes (from 2007 to 2012)
indicate that oxygen contents in the river were generally higher in winter (10-12 mg/L) than in
other seasons (8-10 mg/L). When the NSR flows through the Capital Region, DO concentration
fluctuated over a wide range (from 1 to 20 mg/L) and showed lower values at all sites downstream
of Edmonton Fort Saskatchewan (<6.5 mg/L) and Vinca (< 5mg/L), which were mainly attributed
to impacts caused by both aquatic activities (e.g., respiration and photosynthesis by algae and plant)
and anthropogenic inputs (e.g., from Wastewater Treatment Plants).

5. Chloride. The Long-term River Network monitoring program conducted from 2007 to 2012
indicate that the median CI" concentration in the NSR (3.2 mg/L) was lower than the water quality
guidelines (3.6 mg/L) calculated by McDonald (2013). While during local spring runoff in 2008,
an increasing concentration (from around 10 to 16 mg/L) of Cl- was observed downstream of

Edmonton, which was mainly attributed to de-icers (sodium chloride, calcium chloride and



magnesium chloride) applied on the road during winter (AESRD, 2014; Laceby et al., 2019). In
the summer of 2008 and 2012, CI- concentrations measured at Fort Saskatchewan (downstream of
Edmonton) were relatively high (around 2 mg/L) compared with upstream of Edmonton (1 mg/L),
due to influences caused by groundwater or Wastewater Treatment Plant (WWTP) effluents
(Golder, 2013c¢). Anderson (2012) summarized the temporal variations (from 1998 to 2011) of CI-
and found that there was an increasing trend for chloride levels from Pakan to Devon.

6. Nutrient. During open-water seasons from 2007 to 2012, median concentrations of several
nutrients exceeded the Water Quality Guidelines (WQGs), which include total phosphorus (TP) at
all monitoring sites (Clearwater River, Devon and Pakan), total dissolved phosphorus (TDP) at
Devon, NO3+NOz" at Pakan, total organic carbon (TOC) at both Devon and Pakan. Spatial
variations of nutrients were observed as follows: 1) From upstream (headwater) to downstream
(Alberta/Saskatchewan border), TKN (Total Kjeldahl Nitrogen which include organic nitrogen
and ammonia) and TOC increased gradually (from 0.1 to 0.6 mg/L and 1.0 to 5.0 mg/L
respectively), with significant elevations (from 0.1 to 0.5 mg/L and 1.0 to 4.0 mg/L respectively)
occurring east of Rocky Mountain House. 2) NO3+NOz" were at relatively low levels (<100 ug/L)
in the upstream reaches (from the headwater to Edmonton), with significant increases (>200 ug/L)
occurring downstream of Edmonton. 3) For TP and TDP, both continuous increases (from 20 to
25 ug/L and 5 to 6 ug/L respectively) in the upstream reaches and abrupt high values (from 25 to
50 ug/L and 6 to 8 ug/L) in the Capital Region were observed (AESRD, 2014). Nutrient changes
in the upstream of NSR were attributed to nutrient-rich inputs from prairie tributaries and
agricultural lands. The loading analysis conducted in the City of Edmonton indicated that the
increasing trends of nutrients (e.g., TP, ammonia, ammonium and NO3+NOz") were sourced from

GoldBar WWTP in both dry and wet weather conditions (Golder, 2013a). Temporal variations

10



showed that upgrades of WWTPs in the Capital Region were main reasons for the declines in
ammonia, NO3+NO2", TN, TP, TDP from 1987 to 2009 (Anderson, 2012).

7. Metals. Water samples collected in the Long-term River Network (2007-2012) showed that
several metals (e.g., Pb, Ag and Zn at Devon; Co, Cu at both Devon and Pakan; B, Cd, Fe at
Clearwater River, Devon and Pakan) exceeded the WQGs published by Environmental Canada
(AEP, 2018). In the 2008 and 2012 short-term surveys (during high flow seasons), dissolved metals
showed four spatial trends along the river (AESRD, 2014): 1) No trend (for Be, Fe, Mn, Se, Ag,
Th and Sn). 2) Increasing in headwaters and then remaining unchanged in the downstream reaches
(for Ba). 3) Continuously increasing trend (for Sb, As, B, Cu, Pb, Li, Ti, U and V). 4) Significant
increases downstream of Edmonton (Al, Bi, Cd, Co, Mn, Mo, Ni and Zn) (AESRD, 2014). Golder
(2013b) indicated that the increases of metal concentrations in the mainstem can partially attributed
to influences from tributaries since the total concentrations of Al, As, Cd, Cr, Cu, Fe, Pb, Mn, Hg,
Mo, Se, Ag and Zn were observed to be higher than the WQGs in at least one sample collected
from tributaries in 2012. Besides, the total concentrations of Al, Mo and Zn in treated effluent
samples collected from the Goldbar and Capital Region WWTPs were higher than WQGs,
suggesting that wastewater discharges can be one of the reasons for the enrichment of these metals
in the NSR (Anderson, 2011).

8. Wastewater mixing pattern. The contaminants (e.g., metals and nutrients) associated with
wastewater treatment plants (WWTP) were detected at the opposite bank sampling sites by 6.3 km
(for Capital Region WWTP) and 11.6 km (for Goldbar WWTP) from the outfalls. At a sampling
site located 92 km downstream of Edmonton, the effluents from WWTPs were observed to be
diluted from 60 to 133 times depending on the effluent volumes (from 0.7 m3/s to 3.2 m?/s).

Accordingly, some contaminants may be undetectable in the laboratory due to the high dilution
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rates. In addition, the WWTP-related pollutant presented higher concentrations on the south (right)
bank compared with the north (left) bank for a very long distance downstream of Edmonton
(Pilechi et al., 2012).

Sediment (bedload sediment) quality studies were conducted initially from 2007 to 2008
by Clearwater (2010) at 30 locations on the mainstem (from Rocky Mountain House to the
Alberta/Saskatchewan Border) and then from 2010 to 2011 by Stone (2012b) at 20 locations along
the NSR (from Rocky Mountain House to Lloydminster) and 10 locations at the confluences of
tributaries. The results showed that:

1. Mineralogy. Mineralogical analyses conducted in 2010 and 2011 provide spatial and temporal
patterns of mineralogical composition of bedload sediment collected from the mainstem and
tributaries of NSR. For example, all sediments consisted of varying concentrations of quartz, albite,
microcline, muscovite, chlorite, dolomite, calcite and smectite. Compared with the NSR sediment,
tributary sediment had larger proportions of quartz, albite, dolomite and calcite (Stone, 2012b).

2. Particle size. Particle size was measured in both studies (Clearwater, 2010; Stone, 2012b) and
the results indicated that sediment samples were dominated by sand and silt, with a small amount
of clay. From the data collected in 2007 and 2008, the decrease in particle size was observed from
upstream to downstream, showing more silt and clay content in sediment samples collected in
Edmonton (downstream). Stone (2012b) indicated that the average diameter of sediment collected
in the mainstream was 90 pm compared with 228 um in tributaries. Temporal variations suggested
that the range of particle size measured in 2011 (up to 500 um) were wider than in 2010 (up to 300
um).

3. Metal. Extractable and total concentrations of metals were measured in both studies conducted

in 2007-2008 and 2010-2011 (Clearwater, 2010; Stone, 2012b). In 2007 and 2008, the
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concentration for most of the metals showed increasing trend from upstream to downstream of the
NSR. Elevated concentrations of Cr, Pb, Mn and Ni were observed at some monitoring sites
located downstream of Edmonton. Based on the Interim Sediment Quality Guidelines (ISQG) and
Probable Effects Level (PEL), Cd, Cu, Hg and Zn were all below their toxic limits in the sediment
samples collected from 2007 to 2008. However, As and Cr concentrations exceeded the ISQG at
some sampling sites along the NSR (Clearwater, 2010), indicating that those metals may cause
adverse influences to the environment. Stone (2012b) found that Cr (in both 2010 and 2011) and
Ni (in 2010) could potentially pose harm to the ecosystem since they exceeded the consensus-
based threshold effect concentration (TEC) at sampling sites located downstream of the Capital
Region. Temporal variations suggested that compared with 2011, the concentrations of Cu, Hg,
Pb, Ni were higher, while the Cr and As were lower in 2010 (Stone, 2012b). Anderson (2011) also
showed that higher concentration of metal is likely to coincide with higher TSS levels in high flow
seasons (e.g., in summer or spring runoff).
4. Metal fractionation. The metal fractionation data for the NSR and tributary sediments indicated
that some metals (Hg in 2010 and 2011, Pb in 2011) were mainly controlled by geological factors
(e.g., weathering) since there was no significant change in distribution of these metals in sediments
collected from Rocky Mountain House (upstream) through to Lloydminster Ferry (downstream).
Other metals (e.g., Ni and Zn) showed increasing trend of extractable fractions (exchangeable,
bound to carbonate, bound to Fe-Mn oxides and bound to organic matters) in sediments when the
river flows through areas (e.g., Drayton Valley, Edmonton and Fort Saskatchewan) affected by
human activities (Stone, 2012b).

As discussed above, studies have been conducted not only on water, but also on sediment,

which is considered to be the major transporter for contaminants in aquatic systems (Horowitz,
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1991; Owens et al., 2005; Turowski et al., 2010). Compared with bedload sediment, suspended
sediment is composed of finer particles and more chemically active components, making it a better
carrier for contaminates in natural river water (Horowitz, 2008; Turowski et al., 2010; Walling and
Fang, 2003). Moreover, most bedload sediment samples collected along the river were not from
the actual places which are affected by contaminants (AESRD, 2014). However, to date (as
summarized in Table 1.2), the geochemical and contaminant properties of suspended sediments in
the NSR are poorly documented. Such information is required to assess the storage ability of river
suspended sediment and evaluate its fate and environmental impacts (toxicity and bioavailability)

(Stone, 2012b).

1.3 Objectives

To address the information gap discussed above, suspended sediment samples were collected in
2018 at 8 sites along an 100km reach of the NSR to answer the following questions:

1. What are major differences (physical and chemical) between suspended and bedload sediments?
2. How do bedload and suspended sediments effect behaviors of trace elements in natural water
column?

3. Which elements can pose environmental risk to the ecosystem of the NSR and why?

To address these questions, and better understand the behavior of sediment-associated
contaminants, this study evaluates physical (grain size distribution) and chemical (mineralogical
composition) properties of the sediments (suspended and bedload) and their trace metal
distributions. To determine the current status of the NSR and its stressors, assessments for water

(major ion, nutrient, anion, trace metal, pH and alkalinity) and sediment (trace metal) quality
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conditions are provided by comparing with standard values in water and sediment quality
guidelines (WQGs and SQGs) (AEP, 2018). Spatial (from upstream of Edmonton to downstream)
variations of the geochemical properties (e.g., pH and alkalinity) and contaminants (e.g., metals
and nutrients) along the river are presented to discuss the impacts of anthropogenic activities

(urbanization). The specific objectives of this study are to:

1.3.1 Assess water and sediment qualities in the NSR with the aid of guidelines.

Anthropogenic wastes containing trace metals, degradable organics, nutrients, domestic effluent,
and agricultural waste are main sources of wastewater discharge into rivers (Lenat, 1988). An
unexpected change of dissolved matters can directly reflect the source of contaminants such as
trace metals and nutrients since they tend to bound to solid particles and will be diluted very
quickly within tens of kilometres along the river (Mohiuddin et al., 2010; Pilechi et al., 2012;
Prartono et al., 2016). Additionally, it is widely accepted that the long-standing measurement of
water quality should be based on assessing the sediment-associated constituents (Forstner, 2004a;
Forstner and Wittmann, 1979; Horowitz, 1991; Horowitz, 2008; Lu et al., 2005; Peijnenburg et al.,
2007; Tessier et al., 1979). In most aquatic systems, the amount of metals in sediment (including
suspended sediments or bedload) can be orders of magnitude higher than those in the dissolved
phase (Ankley et al., 1996; Enguix Gonzalez et al., 2000; Forstner and Wittmann, 1979; Horowitz,
1991; Horowitz, 2008; Sharma et al., 1999; Singh et al., 2005; Srivastava et al., 1994). Thus, acting
as both carriers and sinks for contaminants in aquatic environment (Jain, 2004; Singh et al., 2005),
river sediments can either pose direct threats to the ecosystem or store heavy metals as reservoirs

(Ke et al., 2017; Pratap et al., 2020; Saeedi et al., 2013; Sundaray et al., 2011).
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To properly evaluate the levels of pollution in water and sediment, guidelines are essential
since they provide consistent, science-based recommendations for the protection of a specific use
of water or other aquatic ecosystem components (Al-Mamun and Zainuddin, 2013; Liang et al.,
2018; Sousa et al., 2018). Developed from extensive supporting data (AEP, 2018), various
statistical techniques (guidelines) have been applied in assessing water and sediment qualities,
which update the knowledge of current conditions of rivers and support contaminant loading
studies (Chatterjee etal., 2010; Kumar et al., 2016; Vieiraet al., 2012; Wang et al., 2017). However,
when using environmental quality guidelines, we should be aware that there are limitations which
may lead to inadequate understanding of bioavailability and toxicity of sediment-associated
contaminants. For example, they do not include guidelines for suspended sediment, which is a
better carrier for trace metals and more sensitive to environmental conditions change (Owens et

al., 2005; Walling and Fang, 2003).

1.3.2 Trace metal distribution in suspended and bedload sediments.
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Figure 1.3.2 Pathways of trace metals entering the aquatic system (modified from Gaillardet et
al. (2003) and Foster and Charlesworth (1996))
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As shown in Figure 1.3.2, trace metals in river water are mainly derived from natural and
anthropogenic sources (originally from continental crust). During geochemical processes and
human activities, trace metals have multiple pathways entering the river water system and cause
environmental problems in both dissolved and particulate forms (Owens et al., 2005). Based on a
world river database compilation, Gaillardet et al. (2003) concluded that the majority of metals are
transported through solid forms, and only the most mobile elements can be transported in dissolved
forms. Jain and Sharma (2001) also indicated that more than 97% of the heavy metals were
transported to the ocean through river sediment. Martin and Meybeck (1979) estimated that
sediment-associated contribution accounts for more than 90% of the total river-borne flux of
elements such as P, Ni, Mn, Cr, Pb, Fe and Al.

During transportation, trace metals associate with river suspended sediments (e.g., minerals,
organics) via ion exchange, adsorption, precipitation, and surface complexation (Sakai et al., 1986;
Thorne and Nickless, 1981). However, most of the metals are not permanently sequestered onto
suspended sediment surfaces, but instead, they can be released into the water or change their
aqueous speciation with varying environment conditions (e.g., pH, redox potential, or organic
ligand concentrations) (Yuan et al., 2004). Therefore, the mobility and toxicity of metals also
depend on their phases in water, and in this regard, it is critical to ascertain the mode of occurrence
by which a metal is present in sediments to gain a more precise understanding of the mobility and
bioavailability of metals (Liu et al., 2008). This theory is also suitable for fine-grained bedload
sediment (<63pum) quality analysis since they can be resuspended from river bed with agitation
during high flow seasons or pose threats directly to the local ecosystem by releasing contaminants

with changes in environmental conditions (Horowitz, 1991).
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Since the mobility and toxicity of metals partially depends on their fractionations in
sediment, significant attention has been directed at evaluating metal contamination by applying
sequential extraction procedures (Stone, 2012b). Generally, the sequential extraction method is
based on the theory that one or more reagents can selectively isolate trace metals in different
sediment fractions (Horowitz, 1991). And, when sequential extractions are conducted on
sediments or soils, the most mobile metals should be removed first and continue in order of
decreasing of mobility (Zimmerman and Weindorf, 2010). For example, the five-step procedure
adopted by Tessier et al. (1979) can essentially separate soils and sediments into five different
fractions such as exchangeable fraction, carbonates, Fe-Mn oxides, organics and residue (Qiang et
al., 1994; Ryan et al., 2008; Shan and Chen, 1993). Depending on different purposes and sample
types, the procedure and reagent can be variable. For instance, Ure et al. (1993) reduced the
fractions to 4 by combining the exchangeable and carbonate-bound fractions, whereas Miller et al.
(1986) split the soil/sediment into 9 fractions for agricultural waste analysis. Accordingly,
sequential extraction method provides valuable information for researchers to better understand
the transport and fate of sediment-associated metals in natural water systems, which can help
develop appropriate strategies for environmental protection and soil remediation (de Andrade
Passos et al., 2010; Huang and Kretzschmar, 2010; Nemati et al., 2011; Plan et al., 1997; Rao et

al., 2010; Singh et al., 2005; Tessier et al., 1979).

1.3.3 The physical and chemical properties which may affect distribution of trace metals in
sediments
The transport capacity of sediment-associated trace metals is influenced by a wide variety of

physical attributes such as grain size, surface area, specific gravity, surface charge, bulk density,
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sheer stress, porosity, and permeability (Horowitz, 1991; James et al., 2006; Zhang et al., 2011).
Generally, in natural water systems, grain size is considered to be one of the most important factors
controlling a sediments’ capacity for accumulating trace metals (Liebens, 2001; Ma et al., 2019;
Yao etal., 2015; Zhu et al., 2008). Jones and Bowser (1978) showed that the clay-sized sediments
(<2um) have specific surface areas measured in square meters per gram (m?/g), while the sand-
sized particles have specific surface areas commonly measured in tens of square centimeters per
gram (cm?/g). Because of the larger specific surface areas, finer particles can contain more binding
sites on the surface for metal adsorption (Gibbs, 1973; Jenne, 1968; Jenne et al., 1980). Based on
this theory, to better understand the presence of trace metals in sediments during transportation in
rivers, numerous techniques have been applied to determine the grain-size distribution of various
sediment samples and specific grain-size fractions were separated for subsequent chemical
analysis (Jain and Sharma, 2001; Priju and Narayana, 2007; Sattarova et al., 2021). As a result,
Horowitz (1991) pointed out that there is a strong correlation between decreasing grain size and
increasing trace element concentrations. Stone and Collins (2010) indicated that inorganic and
organic particulate matters which <63pm are main scavengers for contaminants of concern in
aquatic system.

The mobility of sediment-bound trace metals is not only related to the physical properties
(e.g., surface area) but also the geochemical composition of sediments (Stone et al., 2022). During
river transport, trace metals accumulate onto minerals such as clays, carbonates, Fe-Mn oxides,
organic matters, sulfides and silicates through adsorption onto the surface of fine particles,
precipitation/co-precipitation with substrates or incorporation in crystalline lattices (Horowitz,
1991). Those processes form different strength of bindings between solid phases and trace metals,

which in return, reflect the ability of different capacities for retaining metals (Singh et al., 2005;
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Tessier et al., 1979). In addition, the most surface-active components (e.g., Fe-Mn oxides and
hydroxides, organic carbon and clay minerals) increase with decreasing grain size (Forstner, 2004b;
Forstner and Wittmann, 1981). Horowitz and Elrick (1987) determined the capacity of minerals
for trace metals in the following sequence: amorphous Fe oxide> total extractable Fe> total organic
carbon> reactive Fe> clay minerals> total extractable Mn> Mn oxides. Accordingly, the physical
(grain size distribution) and chemical (mineralogical composition) properties of sediment samples
collected in the NSR should be measured to better interpret the concentration and distribution

patterns of sediment-associated metals.

1.3.4 The bioavailability and subsequent toxicity of heavy metals with the aid of risk
assessment code (RAC)

The risk assessment code was initially proposed by Perin et al. (1985) and supported by the theory
that trace metals are bound to different fractions of the sediment with different strengths (Forstner
and Wittmann, 1981; Li et al., 1995; Peijnenburg et al., 2007; Sundaray et al., 2011; Tessier et al.,
1979). This is important because metals introduced by anthropogenic activities were preferentially
accumulated in the exchangeable and carbonate fractions, which can easily equilibrate with the
aqueous phase and thus became more bioavailable (Singh et al., 2005). Therefore, to better assess
the risk of heavy metals in an aquatic environment, RAC has been applied to scale the percentages
of metals in the exchangeable and carbonate fractions (Liu et al., 2008; Perin et al., 1985; Sundaray
etal., 2011). For example, Zhang et al. (2017) investigated metal fractionation in sediments of the
Pearl River estuary in China, and found that Cd was in the medium to high risk category. Mondal
et al. (2020) used RAC to evaluate potential contamination of Ganges River sediment in India,
finding that Cu and Cr posted medium to high ecological risk. Moreover, both studies indicated

that heavy metals were highly associated with bioavailable fractions in both urban and
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reclamation-affected river sediment, suggesting that rapid urbanization and industrialization are
main reasons for the increase of the active forms of metals (Mondal et al., 2020; Zhang et al.,

2017).

1.3.5 The influences of anthropogenic activities (in Edmonton)

Milliman and Syvitski (1992) hypothesized that human activities have significant impacts on
global sediment fluxes — the modern estimations are at least 100% higher than 2000 years ago.
40% of the total sediment fluxes are sourced from wastewater discharges, atmospheric fallouts
(e.g., road dust), and direct release of fine sediments (Carter et al., 2003; Robertson et al., 2003).
Other studies were conducted to determine the anthropogenic sources of river sediments, and they
collectively found that most sediment was sourced from topsoil in agricultural fields (especially
arable and overgrazed grassland) (Collins et al., 1997; Owens et al.; Walling et al., 1999) and
others from forestry, construction and mining activities (Motha et al., 2003).

As the capital city of Alberta, Edmonton has a population of more than 1 million people,
making it the fifth-largest city and sixth-largest metropolitan area in Canada (Canada, 2022). The
North Saskatchewan River flows through and bisects the city. Water usage and discharge along
the river in the industrial heartland and Edmonton region include two water treatment plants, three
wastewater treatment plants, agricultural lands and many industries (Figure 2.1.2) (Parks, 2015).
This river supports Edmonton and its surrounding communities with drinking water, and the
population, industrial and municipal growth along the river are expected to continue (Laceby et
al., 2019). Due to the cumulative effects of human activities in urban areas, more contaminants
were detected in the water and sediment samples collected from downstream than upstream (Stone

et al., 2022). For example, Laceby et al. (2019) indicated that, compared with upstream of
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Edmonton (Devon), the concentrations of CI, Na" and K" detected downstream (Pakan) increased
by 5.5, 4.8, and 2.7 times respectively. These elements likely entered the river through the
application of salt on road during winter, runoff from agricultural land, as well as effluents from
wastewater treatment plants and industries. Stone et al. (2022) investigated the geochemical
composition and trace metal speciation of fine-grained bedload sediments collected in the
Edmonton area and found that the proportion of extractable Cr in bedload sediments was
significantly higher downstream of Edmonton compared with the upstream sites.

Over the years, the city of Edmonton has been one of the main sources of wastewater
discharge to the NSR and the water quality in this river had been significantly influenced by
municipal wastewater until the Goldbar Wastewater Treatment Plant began operation in 1956 and
provided secondary treatment (AESRD, 2014). Then in 1984, the Capital Region Wastewater
Treatment Plant was opened to upgrade wastewater treatment ability not only for municipal
wastewater but also the storm and combined sewers (Anderson, 2011). Although the ongoing
upgrades and implementation of state-of-the-art technologies have provided efficient tools for
wastewater treatment (e.g., removal of biological nutrient, UV disinfection and membrane
filtration), there are still water contamination issues when the volume of surface runoff exceeds
sewer capacity or during a high flow season (Anderson, 2011). Thus, to protect aquatic ecosystem
of the NSR, assessments are required to help manage the impacts of urbanization on water and

sediment.
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Chapter2 Materials and methods

2.1 Water and sediment sampling method

The eight sampling sites are shown in Figure 2.1.1 from Devon to Sturgeon River, and a list of all

sample locations are provided in Table 2.1.

Industrial Heartland
and Capital Region
Water Management Area

River Monitoring Site
@ Wastewater Trestment Plant (WWTP)
@  Water Treatment Plant (WTF)
@  Exampies of Inoustnal Facites.
@ Sampling site

|
Aa
© 2002 Government of ARea L

ettt e s s et B {
0255 10 15 20

i e e dutwil Gange @ haied and whetve §
PR Al G SN ey e P e Sy R o
Kilometers

@ wrosns

Figure 2.1.1 Sampling sites along the North Saskatchewan River (Modified from McDonald
(2013))
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Table 2.1 Water and sediment sampling locations on the NSR

Site Location Distance from the last | Southern/Northern
monitoring site (km) Bank
1 Devon Voyageur Park 0 Southern
2 Shalom Park 7 Southern
3 Willian Hawrelak Park 30 Southern
4 Allan Stein Park 10 Northern
Rundle Park (near Gold Southern
5 Bar Wastewater 15
Treatment Plant )
Alberta Capital Region Southern
6 Wastewater Treatment 16
Plant
7 Fort Saskatchewan 15 Southern
Confluence of the Northern
8 Sturgeon River and the 10
mainstream

As the NSR is typically ice-covered from November to March in Edmonton, all samples

were collected in July 2018 as high river flow usually transports large amounts of suspended solids

and associated contaminants such as nutrients and metals. (Ashmore and Day, 1988). The turbidity

data (Figure 2.1.2) also indicate that the highest flow in 2018 occurred in July.
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Figure 2.1.2 The turbidity data from the Water Survey of Canada’s National Water Data Archive
Station ABO5SDD0010 (Devon)
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Water samples were collected approximately 30 cm below the water surface, with high

density polyethylene bottles that were acid washed three times.

Bedload sediments were directly sampled from shallow water about 10 m away from the
riverbank. All samples were randomly collected (3 times) at each sampling point from sediment
surface to a depth of about 30 cm. All samples were sealed in clean polyethylene bags and

preserved in a cooled box on site before they were carried to the laboratory.

Suspended samples were collected in the form of suspension with acid rinsed buckets (20

L) from the surface of the water down to a depth of around 1 m (see supplementary, Figure S1).

2.2 Water analysis
Once transported to the laboratory, all water samples were preserved in a refrigerator at 3-4°C.
0.45um filters were used to remove solid particles in the water and concentrated HNO3 was added

to bring the pH of the samples down to 2.0.

After pre-treatment (filtration, acidification, dilution), part of the water samples was
analyzed using an Agilent 8800 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) to
quantify the concentration of major and trace metals in the NSR. Other water samples were sent
to the Natural Resources Analytical Laboratory (NRAL), Department of Renewable Resources, at
the University of Alberta for analysis of dissolved organic carbon (DOC), total and dissolved

nitrogen (TN, DN), anions, nitrate/nitrite. Apparatuses are summarised in Table 2.2.
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Table 2.2 Apparatuses used to measure dissolved contaminants

Dissolved P, S, Ca, Mn, Fe, Gu, Zn,
As, Sr, Se, Mo, Pb, Cd, Cr, Co

Agilent 8800 Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS)

Anions (phosphate, chloride, sulfate)

Dionex Ion Chromatography (IC) DX600

DOC and TN Shimadzu TOC-V CHS/CSN Model Total
Organic Carbon Analyzer

Nitrate/Nitrite SmartChem  Discrete  Wet  Chemistry
Analyzer, Model 200

Alkalinity Automated continuous titrator, Metrohm

Titrando 905

2.3 Sediment analysis

2.3.1 X-ray diffraction (XRD) analysis

After drying in an oven (40°C) for over 24 h, around 0.5 g of each sample was weighted and then
ground in anhydrous ethanol with a McCrone Micronizing Mill for 4 minutes. Samples were then
air-dried in a desiccator for about 24 h and disaggregated by agate mortar and pestle. The ion-
exchange process was carried out on sediment samples at room temperature with 100mL of 1M
CaCl2-2H20. The suspension was shaken mechanically for 24h before separation of the solid
fraction. In the last step, samples were rinsed three times with deionized water and disaggregated

again with the agate mortar and pestle.

For the XRD processes, a humidifier was applied to control the relative humidity in the

range of 20-80% (Bish et al., 2003), and at the beginning and end of each patten collection, relative

humidity was recorded.
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2.3.2 Sequential weight loss on ignition (LOI)

The sequential weight loss on ignition (LOI) method is widely used to determine organic and
inorganic carbon (carbonate) contents in river sediments (Bengtsson and Enell, 1986; Dean, 1974;
Heiri et al., 2001). At around 500°C, organic carbon is oxidized to carbon dioxide (COz2) and ash,
and at around 800°C carbonate minerals breakdown into CO2 (Heiri et al. (2001). Based on this
theory, several studies were conducted to measure C contents in sediment and found that the weight
losses during those two reactions are correlated to the amount of organic carbon and carbonate in

the original sample (Dean, 1974; Heiri et al., 2001).

The protocol of LOI in this study was modified from Heiri et al. (2001), Bengtsson and
Enell (1986), Dean (1974) and Wang et al. (2011). To avoid instrumental errors, crucibles were
rinsed by deionized water three times and placed in a mechanical oven (Thermo Scientific™,
Heratherm Mode) at 105°C for more than 48 h until they reached solid weights. Then, 100 mg
samples were weighed (METTLER TOLEDO, XPR Micro and Ultra-Microbalance) and dried
overnight (12 h) in the same oven at 105 °C. After that, for the first step, samples and crucibles
were placed in a box furnace (Thermo Scientific™, Lindberg/Blue) and heated to 550 °C for 12 h
to combust organic carbon to ash and COz. The following equation was used to calculate LOI

(Heiri et al., 2001):

LOIs50=((DW105-DW3s50)/DW10s) *100

Where LOIsso represents weight loss at 550 °C (%), DWios (g) represents the dry weight of the
sample before heating to 550 °C. After cooling to room temperature in a desiccator, sample and
crucible were weighted again to get the DWsso (g). The furnace was then reheated to 950 °C for 12

h and the amount of CO2 evolved from carbonate minerals can be calculated as:
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LOIos0=((DWs550-DWo950)/DW105) *100

Where LOlvso represents LOI at 950 °C (%), DWsso (g) and DWoso (g) are the dry weights of
samples after heating to 550 °C and 950 °C respectively. DW1os (g) is the dry weight of initial
sample. When calculating weight loss in this step, Bengtsson and Enell (1986) indicated that the
molar mass of CO2 and CO* are 44 g/mol and 60 g/mol, thus the weight loss by LOI at 950 °C
multiplied by 1.36(60/40) theoretically match the initial weight of carbonate in the original sample.

This also implies that inorganic carbon = 0.273 x LOloso (the fraction of C in CO2) (Dean, 1974).

2.3.3 Sieving and laser diffraction particle size analyzer

Bedload sediment coarser than 63 pm was separated by sieving (see supplementary, Figure S2).
To avoid contamination from metallic sieves, non-metallic sieves were used in this section
(Horowitz, 1991; Sakai et al., 1986). First, 70-100 g dried and ground bedload sediment samples
were weighed and put into a vertical nylon nest of 7 sieves with opening of 2 mm, 1 mm, 710 pm,
500 pum, 250 pm, 125 pm, 63 um. Then the sieve box was set onto a shaker with continuous
vibration for 1 h. Dry weight of each size range (Table 2.3.3) was then recorded, and samples were

stored in a refrigerator at -20 °C for subsequent analysis.
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Table 2.3.3. Classification of grain sizes (Panchuk, 2019)

Clast name Diameter Range

Boulder Larger than 256mm
Coarse-grained Cobble 64mm-256mm

Pebble 2mm-64mm

Coarse 500pm-2mm
Medium- Sand | Medium 250um-500um
grained

Fine 63um-250um
Fine-rained Ciny St thar 2

For bedload sediment finer than 63 um and suspended sediment, 100 mg of each sample
was weighed, and a laser diffraction particle size analyzer (Malvern, Mastersizer3000) was used

to deduce the size, surface area and volume distribution patterns of particles in each sample.

2.3.4 Total digestion and sequential extraction of heavy metals
Most sequential extraction methods follow similar procedures with little variation, and here, a five-
step extraction method adopted by Tessier et al. (1979) was used as a basic frame and some

modifies were made to suit our samples and testing apparatus:

Under a fume hood, bedload samples were dried for seven days, then ground and sieved to
isolate the particles that are smaller than 63 pum after a portion of the sample was taken for textural
analysis (sand, silt, clay, and gravel percentages, section 2.3.3). Suspended samples were filtered
by vacuum filtering system through 0.45 um filter upon arriving back at the lab. Then the solid
phase was air dried under the room temperature and scraped with a spatula before being

homogenized (see supplementary, Figure S3). All sediment samples were stored in Falcon tubes
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at around -20 °C before the following total digestion and sequential extraction analysis (Horowitz,

1991; Horowitz, 2008; Horowitz and Elrick, 2017).

Extractive reagents were prepared in advance based on 4Van Rees (1995), Li et al. (1995),

Wilson et al. (2006), Tessier et al. (1979) and von Gunten et al. (2017), details are as follows

(Table 2.3.4):
Table 2.3.4 Selected reagents employed in sequential extraction
Solution 1 0.5M magnesium chloride (MgCl2)
Solution 2 IM sodium acetate (C2H3NaO2)
Solution 3 0.04M hydroxylammonium hydrochloride (NH20H-HCl)
Solution 4a 0.02M nitric acid (HNO3)
Solution 4b 30% hydrogen peroxide (H202)
Solution 4¢ 3.2M ammonium acetate (C2H302NHa)

Heavy metal fractionations were measured by modified sequential extraction scheme
(Figure 2.3.4) and these fractions were divided into five categories (the quantities of extraction

reagents below refer to 0.3 g sediment samples):

Step 1. (Exchangeable Metals): 4.8 mL solutionl was added into each polyethylene tube to extract
the sediment at room temperature. The solution was then carefully adjusted pH to 7 using pH Meter

and then put on a rotary shaker for 20 mins.

Step 2. (Metals Bound to Carbonates): 4.8 mL solution2 was added into each tube to react with
the residue from Step 1. At room temperature, pH was adjusted to 5 with acetic acid. After that,

continuous agitation was maintained by rotary shaker for 5 h.
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Step 3. (Metals Bound to Iron and Manganese Oxides): The residue from Step 2 was extracted
with 12 mL solution3. Samples were then put on a preheated oven (96 °C) for 6 h with occasional

agitation every hour.

Step 4. (Metals Bound to Organic Matter): For each tube, 1.8 mL solution 4a and 3 mL 4b were
added, and the mixture was adjusted to pH=2 using HNOs and heated to 85°C for 2 h with
occasional agitation every hour. After 2 hours, 1.8 mL solution4b was added to react with the
mixture of solution at the same temperature for 3 h with occasional agitation. After cooling, 3 mL
solution4c and 2.4 mL deionized water were added, samples were then put on the rotary shaker for

30 mins.

Step 5. (Residual Metals): In the last step, the residue from Step 4 was transferred into a more
resilient PTFE tube and digested with a mixture of 65 % HNO3, 30 % H202 and 70 % HF to obtain
a total metal concentration. Specifically, 5 mL 65 % HNOs3 and 5 mL 30 % H20:2 were added into
each tube, and samples were then moved to the hotplate and heated to 120 °C with lids sealed for
1 h. After that, 2 mL hydrofluoric acid was added in each tube and temperature was increased to
130 °C until nearly dry of the solution (around 3.5 h). Finally, 20 mL 4.5 % H3BO3 was added to

dissolve the residue at 130 °C for 1 h.

H3BO03; was added in the last step of sequential extraction to (1)remove HF and improve
safety for sample handling, (2)better recover the elements by reducing volatilization losses (e.g.,
Si) and solubilizing metal fluoride complexes (e.g., Ca, Al and Mg), (3)increase detection limits

for Inductively Coupled Plasma(ICP) analysis (Wilson et al., 2006).
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Figure 2.3.4 Modified chart of the speciation scheme of sediments (Martin and Meybeck, 1979;
Tessier et al., 1979; Wilson et al., 2006)

After each extraction step, to minimize the loss of solid materials, the supernatant solution
was separated by centrifugation (Thermo Scientific™, LYNX) at 15000 rpm for 15 mins. The
supernatant solution was then extracted with a pipette and diluted with a mixture of 2 % HNO3
and 0.5 % HCI. The solution was filtered (0.45 um) for trace metals (Zn, Cu, Ni, Cd, Mn, Cr, Pb,
Fe, Sr, Co, Mo) and analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Also,
after exposing the solids to extractive solutions in each step, deionized water (Milli-Q Millipore,
18.2 MQ/cm resistivity) was used to rinse the residue three times along with the same
centrifugation processes before the next extractive solution was introduced. Blanks were included
to avoid contamination of extractive reagents and help monitor instrumental errors. Each sample

was performed in triplicate.
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Accuracy of the metal concentrations in sediment samples were determined through
repeated analysis of STSD-3 and the results were found to be within + 5% of certified values.
STSD-3 is a mixture of stream sediment samples collected in Ontario and British Columbia to
represent typical stream sediments from various geochemical environments in Canada. The

recommended values of 65 elements are given by thirty-five laboratories.

The concentration of trace elements measured by total digestion were compared with the
sum of the metal concentrations in each individual fractions (exchangeable, carbonate, Fe-Mn
oxides, organic, residual fractions), and the results showed good agreement for all trace elements.

The detection limits are summarized in Table 2.3.5:

Table 2.3.5 The ICP-MS detection limit for different metals

Element Detection limit (ug/L)
Zn 1.110
Cu 0.140
Ni 0.280
Cd 0.007
Mn 0.470
Cr 0.380
Pb 0.010
Fe 1.260

Sr 0.050
Mo 0.007
Co 0.020

2.4 Pollution extent and risk assessment
The Water Quality Guidelines (WQGs) include guidelines for general features (e.g., pH,
temperature and hardness), nutrients, metals, petroleum hydrocarbons and mixtures. For the

protection of aquatic life, both long-term and short-term guidelines are provided. The long-term
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guidelines are levels of condition that should result in negligible risk of adverse effects on growth,
reproduction, or survival of aquatic biota, which is more stringent than the short-term guidelines
(AEP, 2018). In this study, the risk assessment code (RAC) was used to classify bioavailable
fractions (exchangeable and carbonate-bound fraction) and non-bioavailable fractions of heavy
metals in sediment samples. According to the RAC guidelines (Perin et al., 1985) summarized in
Table 2.4.1, for any trace metal, less than 1 % participation of total metal in exchangeable and
carbonate fractions is considered to be safe to the environment. The percentage of bioavailable
fractions within 1-10 %, 11-30 % and 31-50 % represents low, medium, and high risk to the
environment, respectively, whereas larger than 50 % means the environment is under very high

risk of pollution.

Table 2.4.1 Risk assessment code (Perin et al., 1985)

Category Risk Metal in carbonate and exchangeable fractions (%)
1 No Risk <1

2 Low Risk 1-10

3 Medium Risk 11-30

4 High Risk 31-50

5 Very High Risk >50)

For sediment quality guidelines (SQGs), the Interim Sediment Quality Guidelines (ISQG)
and Probable Effects Level (PEL) are listed separately to indicate different levels of contamination
(Table 2.4.2). Comparison between the total concentration and the SQGs can help us better

understand the toxic level of a specific trace metal.

Table 2.4.2 Classification of sediment quality guidelines and their effects (AEP, 2018)

<ISQG Not associated with adverse biological effects.
ISQG - PEL May occasionally be associated with adverse biological effects.
>PEL Frequently associated with adverse biological effects.
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Additionally, a Lowest Effect Level (LEL) guideline (Persaud et al., 1993) was introduced

to complement some missing data.
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Chapter3 Results and Discussions

3.1 Physicochemical parameters of the NSR water
3.1.1 Major ions and general properties

Major ions

Concentrations of major ions in the NSR and Water Quality Guidelines (WQGs) are summarized
in Table 3.1.1. The median concentrations of cations and anions in the NSR are in the order of
calcium (Ca?") > magnesium (Mg?") > sodium (Na") > potassium (K*) and HCO3" (bicarbonate) >
SO4* (sulfate) >CI- (chloride), respectively. HCO3™ was estimated based on the alkalinity since it
would be the predominant form of inorganic carbon at the pH range between 7.6 and 8.5 (Langmuir,
1997). According to Table 3.1.1, the median open-water major ions were all below their WQGs
(chronic and acute). Spatial variations indicate that, generally, from Devon Voyageur Park (S1) to
Fort Saskatchewan (S7), the concentrations of Mg?*, Na* and K" increased from 15.18, 4.07 and
0.83 mg/L to 16.28, 7.07 and 1.45 mg/L, respectively. Similarly, in the same reach, Cl- and SO4*
increased from 1.17 to 4.44 mg/L and 41.00 to 51.93 mg/L respectively. At S8, all major ions

showed relatively lower concentrations compared with the S7.
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Table 3.1.1 Concentration of major ions and general properties of the NSR

Sampling Site Ca* Mg*  Na' K* Cr SO4* pH Temperature  Alkalinity
(mg/L) (mg/l) (mgl) (mg/L) (mgl) (mgl) (O (mg/L)
sitel (S1) 41.14 15.18 4.07 0.83 1.17 41.00 836 17.30 133.86
site2 (S2) 4090 15.06 4.05 0.82 1.00 41.16  8.27 17.50 136.62
site3 (S3) 40.36  15.03 5.81 1.08 0.48 47.12  7.64 18.20 130.73
site4 (S4) 41.50 1543 4.87 0.93 1.86 4518 7.70 18.70 128.42
site5 (S5) 42.28 15.77 5.01 0.95 0.34 4638 7.74 18.00 134.07
site6 (S6) 40.61 1534 6.32 1.23 4.44 48.45 791 19.00 131.27
site7 (S7) 42.35 16.28  7.07 1.45 3.77 51.93 8.51 19.00 132.01
site8 (S8) 40.90 1596 4.87 0.98 1.73 48.44  8.50 19.20 133.23
Maximum 42.35 16.28  7.07 1.45 4.44 51.93 8.51 19.20 136.62
Minimum 40.36  15.03 4.05 0.82 0.34 41.00 7.64 17.30 128.42
Median 41.02 1539 494 0.96 1.45 46.75 8.09 18.45 132.62
Average 41.25 15.51 5.26 1.03 1.85 46.21 8.08 18.36 132.53
Standard deviation 0.74 0.45 1.07 0.21 1.50 3.73 037 0.72 2.49
Long-Term (Chronic) N/A N/A N/A N/A 120.00 309.00 8(5)8- N/A >20
Short-Term (Acute) N/A N/A N/A N/A 640.00 N/A N/A  N/A N/A

Long-term, levels of the condition that should result in negligible risk adverse effects on aquatic biota in an
indefinite period, data from WQGs (AEP, 2018).
Short-term, levels of the condition that should result in no lethality for most aquatic biota during intermittent and
transient period, data from WQOGs (AEP, 2018).

Previous studies showed that multiple anthropogenic activities caused spatial and temporal
variations of major ions (e.g., Ca?*, Mg?*, Na*, K*, CI', SO4*, CO3? and HCO3") in the reach of
the Capital Region (AESRD, 2014; Anderson, 2011; Laceby et al., 2019). For example, Laceby et
al. (2019) indicated that during spring runoff (in April and May), sodium chloride (salt applied on
road as de-icing agents) and other chloride-containing compounds (e.g., MgClz, CaCl2) are major
sources (54%) of chloride in the NSR, while softener brines from WWTPs and fertilizers from
agricultural land can also cause pronounced increases of major ions (e.g., Na*, K*, CI', SO4*)
downstream of Edmonton (AESRD, 2014; Golder, 2013c). In summer (sampling season in this
study), Golder (2013c) indicated that CI" concentrations measured at individual outfalls (e.g.,

effluents from WWTPs) were still high (from 143 mg/L to 218 mg/L). In June and July, elevated
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levels of Cl in water samples collected in tributaries such as Whitemud Creek (60-100 mg/L,
between S2 and S3), Goldbar Creek (60-80 mg/L, between S4 and S5) and Sturgeon River (around
60 mg/L, S8) were observed in wet weather conditions due to flushing of salts in soils (Golder,
2013c). Accordingly, the increasing trend of major ion concentrations between S1 and S7 can be
attributed to high chloride-containing inputs from WWTPs and tributaries. Additionally, Pilechi
et al. (2012) found that WWTP-related contaminants presented higher levels on the south bank
than the north bank in the reach of the Capital Region, which can explain the obvious decreases of
major ion concentrations at S8 (which is located on the north bank at the upstream of the Sturgeon

River month) (Figure 2.1.1).

pH and alkalinity

Aqueous pH is affected by multiple factors including dissolved/suspended pollutants and
biological activities (Shaw et al., 1994). Generally, there was no significant change in pH along
the NSR (Table 3.1.1). Relatively high pH values were found in sampling sites near Devon at
around 8.3 (S1 and S2) and sites located downstream of the WWTPs at around 8.5 (S7 and S8),
while other monitoring sites showed lower pH values, ranging from 7.64 to 7.91 (S3-S6).
Alkalinity refers to acid-neutralizing capacity of water (Dickson, 1992) and the buffering ions
include carbonate, bicarbonate, borates, phosphates, and silicates etc. (Clesceri et al., 1989). The
alkalinity values were stable (stand deviation = 2.49) along the river, with a relatively lower value

at S4 (Allan Stein Park, 128.42 mg/L).

According to the WQGs, all pH and alkalinity values were in the environmentally
acceptable range. In this study, S1 and S2 showed their pH at 8.36 and 8.27, which confirms the
results from the Long-term River Network conducted between 2007 and 2012 which indicated that

the median pH in the reach of the Capital Region (from Devon to Pakan) was around 8.3 (AESRD,
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2014). Bell (2015) measured pH values of four tributaries in Edmonton area (e.g., Wedgewood
Creek, Horsehills Creek, Sturgeon River and Red River) and found that pH in the Wedgewood
Creek (7.99, between S2 and S3) and Horsehills Creek (7.93, between S5 and S6) were all below
the values measured at S1, S2, S7 and S8, which provides a likely reason for lower pH between
S3 and S6 (from 7.64 to 7.91). For sampling site 7 and 8, previous studies showed that individual
values sometimes exceeded the WQGs of 9.0 at WWTPs and Fort Saskatchewan (S7) (AESRD,
2014). Thus, the relatively high pH values (8.51 at S7 and 8.50 at S8) were most likely due to the
cumulative contribution of alkaline materials and nutrients from the WWTPs. By stimulating algal
growth, nutrients can indirectly influence the rates of algal photosynthesis and respiration in above

areas, causing higher pH values during daytime through the consumption of COz (reaction 1).

[1] CO2 + H20 = CH:20 + 02

This hypothesis is proved by the spatial trends of both periphyton biomass and dissolved oxygen
levels measured between Devon and Pakan (AESRD, 2014). The Datasonde data (measured every
15 minutes) also showed biological influences by presenting diurnal fluctuations (higher during

the day and lower during the night) of pH in the study area (AESRD, 2014).

3.1.2 Trace metals

Trace elements, especially heavy metals, are among the most common pollutants because of their
toxicity, persistence, and non-degradability in the environment (Morley et al., 1993; Singh et al.,
1999). In natural rivers, elevated concentration of dissolved heavy metals can be used to reflect

the source of the pollutant (e.g., effluent from WWTPs) since they tend to bond to solid particles
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in aquatic system and can be diluted very quickly within tens of kilometres along the river

(Mohiuddin et al., 2010; Pilechi et al., 2012).

In this study, dissolved nickel (Ni), cadmium (Cd), chromium (Cr) and cobalt (Co) were
below detection limits. Concentrations of dissolved manganese (Mn), iron (Fe), copper (Cu), zinc
(Zn), strontium (Sr), molybdenum (Mo) and lead (Pb) are presented in Table 3.1.2. Generally, the
median levels of those heavy metals follow the sequence of Sr (338.50 pug/L) > Zn (6.18 ng/L) >
Fe (3.38 pg/L) > Mo (0.85 pg/L) > Mn (0.72 pg/L) > Cu (0.40 pg/L) > Pb (0.11 pg/L). Significant
fluctuations were observed in Pb, Zn and Mn, with the maximum values 45, 32 and 16 times higher

than the minimum values.

Table 3.1.2 Concentration of dissolved metals (png/L) in the NSR

Sampling Site Mn Fe Cu Zn Sr Mo Pb

sitel (S1) 0.50 3.27 0.31 9.13 327.47 0.69 0.07
site2 (S2) 0.48 2.87 0.23 2.69 324.99 0.66 0.05
site3 (S3) 1.49 7.10 0.76 1.13 332.73 1.96 0.28
site4 (S4) 1.66 3.79 0.82 13.72 335.56 0.86 0.75
site5 (S5) 1.81 3.72 0.59 1.73 341.43 1.15 0.14
site6 (S6) 0.95 2.83 0.46 4.86 349.67 0.85 1.80
site7 (S7) 0.14 3.48 0.33 7.50 378.36 0.90 0.06
site8 (S8) 0.11 0.85 0.23 36.99 372.35 0.72 0.04
Maximum 1.81 7.10 0.82 36.99 378.36 1.96 1.80
Minimum 0.11 0.85 0.23 1.13 324.99 0.66 0.04
Median 0.72 3.38 0.40 6.18 338.50 0.85 0.11
Average 0.89 3.49 0.47 9.72 345.32 0.97 0.40
Standard deviation 0.69 1.73 0.23 11.81 20.15 0.43 0.61
Long-Term (Chronic) 50 300.00 7.00 61.00 N/A 73.00 4.00
Short-Term (Acute) N/A N/A 21.00 550.00 N/A N/A N/A

Long-term, levels of the condition that should result in negligible risk adverse effects on aquatic biota in
an indefinite period (AEP, 2018),data from WQGs.

Short-term, levels of the condition that should result in no lethality for most aquatic biota during
intermittent and transient period (AEP, 2018), data from WQGs.
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Dissolved Cu in aquatic system is mainly from weathering of copper minerals (Shaw et al.,
1994). Its background concentration is usually below 20 pg/L, and human activities may cause
higher levels in river water (Linder et al., 1998). According to Table 3.1.2, the concentration of
dissolved Cu was relatively low at sampling site located upstream of Edmonton (Devon Voyageur
Park, S1, 0.31 pg/L). Towards downstream, it increased from S2 (Shalom Park, 0.23 pg/L) to S4
(Allan Stein Park, 0.82 pg/L), then decreased gradually from S4 to S8 (Sturgeon River mouth, 0.23

pg/L). Compared with WQGs (7 pg/L), dissolved Cu showed no adverse effects on aquatic biota.

Dissolved Fe can be released into the water column through weathering of sulfide minerals
(e.g., pyrite) and leaching from sandstones (Fantle and DePaolo, 2004). Anthropogenic sources
include burning of coke and coal, acid mine drainage, mineral processing etc. (Miiller et al., 2006).
In water samples collected from Devon Voyageur Park (S1), the average concentration of
dissolved iron was 3.27 ug/L. From Shalom Park (S2) to Willian Hawrelak Park (S3), it increased
from 2.87 pg/L to 7.10 pg/L, then dropped from 7.10 ug/L to 3.48 pg/L (S7) and showed its lowest
value at S8 (0.85 ug/L). According to the WQGs (300ug/L), all the data collected from the

mainstem were lower than the guidelines.

For Pb, compared to natural enrichment pathways in the aquatic environment,
anthropogenic inputs play a more important role. For example, Del Rio-Salas et al. (2012)
indicated that industrial and municipal discharges and urban runoff, as well as the atmospheric
deposition caused by vehicle and industrial emissions, can increase the Pb concentration in surface
waters. According to Table 3.1.2, the concentration of dissolved Pb showed an upward trend from
S1 to S4 (0.07-0.75 pg/L), then it was diluted to 0.14 pg/L at S5. The peak value of 1.80 ug/L was

found at S6. After that, the concentration of dissolved lead decreased again to 0.06 pg/L at S7 and
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0.04 pg/L at S8. According to the WQGs (4 pg/L), all the data collected from the mainstem were

lower than it.

Dissolved Mn mainly comes from soil, sediments, rocks and human-derived sources such
as industrial discharges (Li et al., 2014). In this study, dissolved Mn increased along the mainstem
from 0.48 pg/L (S2) to 1.81 ug/L (S5) and then dropped to 0.11 pg/L (S8). The highest value of
dissolved manganese was 1.81pg/L, which is much lower than the standard value suggested by

WQGs (50ug/L).

The main sources of dissolved Mo in aquatic environment include weathering of igneous
and sedimentary rocks and utilization of fertilizers (Novotny and Peterson, 2018). The highest
concentration (1.96 pg/L) was observed in water samples collected at S3 (Hawrelak Park). Another
peak was found in water samples collected in Rundle Park (S5, 1.15 pg/L). According to WQGs

(73.00 pg/L), all the data collected from the mainstem were lower than it.

Natural weathering and human activities will increase the concentration of Sr in river water
(Shaw et al., 1994). Although not actively mined in Canada, Sr can be released into water column
through pathways such as by-product of other mining operations and industrial effluents (Health,
2018). According to Table 3.1.2, dissolved Sr showed no significant change in concentration along
the river. Generally, it increased from upstream at around 325 pg/L to downstream at around 370
pg/L. There are no WQGs for Sr, but according to the consultation document developed by Health
(2018), the maximum acceptable concentration of 7000 pg/L is proposed for total strontium in

drinking water. All the data were lower than that value.

Dissolved Zn is widely distributed in natural environment and it can be sourced from

natural inputs (geochemical weathering of rocks) and/or anthropogenic inputs (Davis et al., 2001).
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Generally, compared to the long-term guideline (61 pg/L), the mean concentration of dissolved Zn
in the NSR was low (9.72 pg/L). However, there was a dramatic increase in zinc concentration
between S7 and S8 (from 7.50 pug/L to 36.99 ng/L), indicating that there were additional inputs of

Zn between those two sites.

Table 3.1.3 The enrichment pattern of dissolved metals

Sampling Site S1 | S2 | S3 S4 S5 | S6 | S7 | S8
Mn | Mn | Mn
Fe Fe Fe
Cu Cu Cu
/n /n /n
Mo Mo Mo
Pb Pb Pb

Elevated levels of dissolved metal in the surface water are efficient signatures for targeting
anthropogenic sources (AESRD, 2014). In Table 3.1.3, the three highest concentrations of Mn, Fe,
Cu, Zn, Mo and Pb were selected as indicators of the contaminant sources. Sr is excluded since it
showed constant increasing trend from S1 to S8, which can be related to natural factors (AESRD,
2014). Those metals display their highest concentrations in three main areas: S1, S3-S5 and S6-

S8. The three main sources of metals include:

(1) inputs from tributaries: Golder (2013b) collected water samples from tributaries in the Capital
Region in 2012 and found that the increases of dissolved metals in the mainstem are partially
related to tributary influences. Specifically, the previous study indicated that metal levels were
higher in Whitemud Creek (between S2 and S3), Mill Creek (between S3 and S4) and Goldbar

Creek (between S4 and S5), Horsehills Creek (between S5 and S6) and Sturgeon River (S8).
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(2) inputs from municipal/industrial wastewaters or WWTPs: Golder (2013b) indicated that higher
concentrations of dissolved Mo and Zn were observed in treated effluent from Goldbar and Capital

Region WWTPs.

(3) sediment-associated metals: when environmental conditions change (e.g., salinity, pH, redox
potential), heavy metals which were bound to solid particles can be released into the water column
(Yuan et al., 2004). In this study, the total concentrations of Fe and Cu in sediment (both suspended
and bedload) followed the opposite pattern (lower values at S3, S4 and S5) (Table 3.2.4), indicating
that the elevated levels of dissolved Fe and Cu found at S3, S4 and S5 were associated with
sediment-bound species. As summarized above, other metals were more related to inputs from

tributaries and effluents from human-derived activities (Table 3.1.4).

Table 3.1.4 Possible sources of dissolved metals

Inputs from tributaries Inputs from Sediment-associated metals
municipal/industrial
wastewaters or WWTPs
Mn, Zn, Mo, Pb Mn, Zn, Mo, Pb Fe, Cu

3.1.3 Nutrients

Nitrogen

Nitrogen is one of the essential nutrients for the growth of aquatic algae, cyanobacteria and
macrophytes (Lu et al., 2009). In natural water systems, total dissolved nitrogen (TDN) includes
inorganic forms such as nitrite (NO2"), nitrate (NO3"), ammonia/ammonium (NH3/NH4") and
organic forms such as amino acids, amines and proteins (Shaw et al., 1994). Dissolved inorganic
nitrogen (DIN) is one of the most bioavailable forms of nitrogen and mainly dominated by

anthropogenic inputs (Dagg et al., 2004; Meybeck, 1982; Turner et al., 2003). In natural rivers,
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increasing DIN (e.g., NO27, NOs3", NH3/NH4") can directly influence the growth of primary

producers (e.g., plant and algae) and cause environmental problems (Grizzetti et al., 2011).

Table 3.1.5 Concentration of dissolved nutrients in the NSR

Sampling Site DOC DON NH3/NH4® NO2 NO3- PO4* pH
(mg/L) (mg/L) (ug/L) (ug/L) (ug/L) (ug/L)
sitel (S1) 17.74 0.11 61.81 N/A 106.74 N/A 8.36
site2 (S2) 18.13 0.14 53.82 N/A 114.10 N/A 8.27
site3 (S3) 21.34 0.22 2.04 N/A 125.54 N/A 7.64
sited (S4) 18.19 0.14 31.34 2.08 169.02 1.94 7.70
site5 (S5) 19.08 0.17 8.06 4.14 105.62 3.86 7.74
site6 (S6) 16.00 0.31 15.68 8.04 777.19 7.51 7.91
site7 (S7) 17.75 0.57 110.06 38.66 1774.77 36.10 8.51
site8 (S8) 13.14 0.19 50.04 3.14 327.15 2.93 8.50
Maximum 21.34 0.57 110.06 38.66 1774.77 36.10 8.51
Minimum 13.14 0.11 2.04 2.08 105.62 1.94 7.64
Median 17.94 0.18 40.69 4.14 147.28 3.86 8.09
Average 17.67 0.23 41.61 11.21 437.52 10.47 8.08
(Sital?d?rd 2.37 0.15 35.42 15.51 586.68 14.48 0.37
eviation
Long-Term 138.00- 20.00- 6.50-
(Chr%)nic) N/A N/A 1200.00 60.00 3000.00 N/A 9.00
Short-Term 60.00-
(Acute) N/A N/A N/A 130.00 124000.00 N/A N/A

Long-term, levels of the condition that should result in negligible risk adverse effects on
aquatic biota in an indefinite period (AEP, 2018),data from WQGs.

Short-term, levels of the condition that should result in no lethality for most aquatic biota
during intermittent and transient period (AEP, 2018),data from WQGs.

Table 3.1.5 reveals that the NO3™ (147.28 ng/L) exhibited the most abundant dissolved
inorganic form of nitrogen in the study area, which was followed by NH3/NH4" and NO2 (40.69
nug/L and 4.14 pg/L). DON showed its maximum value at 570 pg/LL and minimum value at 110

pg/L in the same reach.

Nitrite is an intermediate, partially oxidized anion, which can be oxidized rapidly to nitrate,

forming the more stable and abundant species of nitrogen (Grizzetti et al., 2011). Along the NSR,
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nitrite and nitrate increased gradually from Devon Voyageur Park (S1) to Alberta Capital Region
Wastewater Treatment Plant (ACRWWTP) (S6) (from 0 to 8.04 pg/L and 106.74 to 777.19 pg/L
respectively). Then dramatic increases were observed at S7 (Fort Saskatchewan) (from 8.04 to
38.66 png/L and 777.19 to 1774.77 ng/L respectively) (Table 3.1.5). In the same reach, the
concentration of dissolved organic nitrogen (DON) also showed an increasing pattern from S1
(0.11 mg/L) to S7 (0.57 mg/L). Ammonification generates ammonia (NH3) and ammonium (NH4")
from organic nitrogen, and total ammonia (NH3/NH4") can cause adverse effects on aquatic species
such as fish (Anderson, 2011). According to Table 3.1.5, the concentration of total ammonia
fluctuated in the study area with three peaks at S1 (61.81 pg/L), S4 (31.34 pg/L) and S7 (110.06
ug/L), which were nearly 2 to 55 times higher than S3, S5, S6 (2.04, 8.06 and 15.68 pug/L). At S8,

all dissolved species of nitrogen were significantly lower than S7.
Phosphate and dissolved organic carbon

Phosphorus is the nutrient that most often limits productivity of aquatic biotas in freshwater
ecosystems (Shaw et al., 1994). It occurs in organic and inorganic compounds and in particulate
and dissolved forms. Dissolved inorganic phosphorus (DIP) is considered to be the most
bioavailable form of phosphorus and high concentration of DIP (orthophosphate or PO4*) in
natural river water can be attributed to anthropogenic inputs (Dagg et al., 2004; Meybeck, 1982;
Turner et al., 2003). In the NSR, DIP followed similar longitudinal trends to that of nitrogen. It
was below the detection limit at S1, S2 and S3, and increased gradually from S4 (1.94 pg/L) to S6
(7.51 pg/L) and reached its peak at S7 (36.10 pug/L). Then it dropped to 2.93 ng/L at S8 (Table

3.1.5).

The natural sources of dissolved organic carbon (DOC) in fresh river water include

leaching of humic substances and degradation of plant and animal materials (Shaw et al., 1994).
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Lu et al. (2009) and Shaw et al. (1994) demonstrated that municipal and industrial wastewaters
and runoff from agricultural land can also increase DOC in surface waters. According to Table
3.1.5, DOC levels remained stable along the mainstem of the NSR. Only a slight increase was

found between S2 and S3, from 18.13 to 21.34 mg/L.

Generally, dissolved nitrogen, phosphate and organic carbon were all below their WQGs
(chronic and acute), while several nutrients (e.g., NO2"and NOs3") showed their potential toxicity
as their maximum values were approaching the chronic levels (38.66/60 and 1774.77/3000 pg/L
respectively) at S7 (Fort Saskatchewan). The spatial trends of nutrient contents in river water can
be confirmed by previous studies. For example, the Long-Term River Network program (2007-
2012) indicated that, in open water seasons (April-October), the median values of NO2/NOs and
TDP increased from around 7 to 300 pg/L and 6 to 8 ng/L respectively, while the DOC showed no
significant change between Devon and Pakan (AESRD, 2014). The synoptic surveys conducted in
2008 and 2012 indicated that concentrations of NH3/NH4", NO2"/NOs-, DON, DOC and TP were
significantly higher at sampling site located at Fort Saskatchewan (S7) compared to other sites
located upstream and downstream of S7 (Golder, 2013c). The loading analysis program (from
2008 to 2012) revealed that the Goldbar WWTP is the predominant source of NH3/NHs*, NO2
/NOs3, DON, DOC and TP to the NSR within the city in wet seasons, which was also confirmed
by Kessler (2010), who found that the WWTPs (both Goldbar and Alberta Capital Region) were

major contributors for nitrogen and phosphorus in dissolved forms.

WWTP-related pollutants showed distinct right bank-left bank differences in concentration
in the Edmonton area since both Goldbar WWTP and Alberta Capital Region WWTP discharge
their effluents on the right bank (south bank), which leads to lower levels of total ammonia,

nitrite/nitrate and DON in water samples collected from centre channel or north bank (e.g., S8)
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(Anderson, 2011). The unexpected high level of NH3/NH4" observed at S4 (31.31 pg/L, in north-

bank samples) was less likely related to WWTPs and needs more assessment in the future.

3.2 Physicochemical parameters of the NSR sediment

3.2.1 Mineralogical composition and organic carbon content

The mineralogical composition of both suspended and bedload sediments in this study are
summarized in Table 3.2.1. Sediment samples were composed of various types of minerals such
as quartz, feldspar (albite), micaceous phyllosilicates (muscovite), carbonates (dolomite and
calcite), clay minerals (smectite), and amorphous parts (e.g., organics and Fe-Mn

oxides/hydroxides).

According to Table 3.2.1, in both suspended and bedload sediments, quartz accounted for
the largest portion at 31.12% and 40.76% respectively. The amorphous group represented similar
percentages in suspended and bedload samples, accounting for 15.82% and 13.71% respectively.
By comparing differences between suspended and bedload sediments, carbonates (e.g., dolomite
and calcite) were markedly higher in suspended sediments (33.45 %) than in bedload sediments
(17.06 %). For albite and muscovite, higher percentage of those minerals were found in bedload
samples, while suspended sediments contained more smectite than bedload sediments. The Loss
on Ignition (LOI) experiments reveal that the mean concentration of particulate organic carbon
was higher in suspended sediments (7.20%) compared with in bedload samples (3.04%) (Figure

3.2.1).
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Table 3.2.1 Mineralogy of the NSR sediments in this and previous studies (% by weight)

Quartz Albite Muscovite Dolomite Calcite Smectite Amorphous
NSR bedload sediments

(this study) 4076 18.03 633 1080 626 4.1l 1371
gff::;?;ndedsedimems 3112 478 423 17.01 1644 106 15.82
if%or;f)inmm (Stone et 3380 1120 44 1270 7.10  3.00 16.3
ifgogizb)“taries (Stone et 3800 1070 3.5 16.40 1440 2.00 134

Figure 3.2.1 The percentage of particulate organic carbon in suspended and bedload sediments
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3.2.2 Particle size distribution

Textural compositions of bedload sediments are shown in Table 3.2.2, and the size distribution of
fine particles (<63 um) as well as their specific surface area are summarized in Table 3.2.3.
According to Table 3.2.2, particles smaller than 250 um, which include fine sand (63-250um) as
well as silt and clay (<63um) fractions, accounted for the largest part of bedload sediments at all
sampling sites, ranging from 75.35% to 98.47%. As grab samples of bedload sediments were used
in this section, spatial variations in grain size (especially in the fractions smaller than 250 pum)

were significant and random among the 8 sampling sites (Table 3.2.2). Stone and Saunderson
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(1992) found that in suspensions, the <63 um fraction accounts for 60% to 99% of total particles,
which implies that those fine-grained materials settled on the stream bed can be resuspended and
transported under various flow conditions (e.g., spring melt and storm flow) and settle down again
in other places via physical, chemical, or biological processes (e.g., flocculation) (Black et al.,

2002; Dade et al., 1990; Liss et al., 2004; Stone and Collins, 2010).

Table 3.2.2 Textural composition (%) of bedload sediments collected in the NSR

Larger than ?201(31& m %88_ m 631:250 tshr:r?ller Total
Sites e 2r(nl§relbble) (Coarse (Mettlium ?Fine ?;ﬁfn and :Zig};z ( O)f
Sand) Sand) Sand) Clay) pieie
1 (upstream) 0.00 0.00 1.53 43.41 55.06 119.79
2 0.06 0.85 3.76 28.06 67.26 70.04
3 2.10 3.97 6.92 54.48 33.12 120.11
4 10.14 3.32 4.42 66.97 15.15 149.9
5 11.10 6.41 6.63 50.83 24.52 150.66
6 0.37 0.43 2.02 38.75 58.41 60.48
7 0.18 0.20 4.57 79.26 15.78 150.12
8 (downstream) | 2.84 1.10 1.32 49.34 45.38 100.14

The <63um fraction was divided into three categories (clay, silt, sand) (Table 3.2.3). The
average clay fraction in suspended sediments was around 70 % compared to around 57 % in
bedload sediments. By contrast, bedload sediments contained more silt fraction (around 43 %) than
suspended sediments (around 30 %). Differences in particle size characteristics between suspended
and bedload sediments were not significant because large amounts of bedload sediments can be

disturbed and re-enter the suspension under high turbulence conditions (Horowitz, 1991).
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Table 3.2.3 Size fractionations of fine-grained suspended and bedload sediments

Clay
(<2pm)
Suspended sediment
Average (%) 69.18
Min 63.04
Max 73.57
Median 70.16
Stdev 3.68
Bedload sediment
(<63 pm)
Average (%) 56.91
Min 51.53
Max 75.67
Median 54.87
Stdev 7.99

Silt

(2-50pm)

30.80
26.42
36.95
29.82
3.68

43.07
24.30
48.45
45.13
8.00

Sand
(>50pm)

0.02
0.01
0.04
0.02
0.01

0.02
0.01
0.03
0.02
0.01

Specific surface area
(m*m/kg)

341.71
260.50
390.90
349.25
47.62

316.95
245.60
503.50
298.60
80.97

Sediment composition and grain size are important factors that directly influence how

researchers interpret information of environmental pollutants (Clearwater, 2010). Normally,

suspended sediment can concentrate and transport more pollutants than bedload sediment since it

contains a larger portion of finer particles (clay-sized fraction) (Table 3.2.3). As particle size

decreases, the specific surface area will increase (Horowitz, 1991). This is important because

sediments with larger surface areas per unit mass will have more binding sites on the surface to

concentrate and transport heavy metals and other sediment-bound contaminants (Stone et al.,

2022). According to Table 3.2.3, the median specific surface area of suspended sediment was

349.25 m?/kg, while that of bedload sediment was 298.60 m?/kg. Moreover, grain size can cause

further impact on mineralogy since clay minerals, organic matters, and Fe-Mn oxides are

preferentially concentrated in the finer size fractions (Forstner, 2004a; Horowitz, 1991).
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Previous studies conducted in 2010 and 2011 (Table 3.2.1) summarized the mineralogical
composition of bedload samples collected along the NSR (mainstem and tributaries) in the areas
with different regional and local geology, soil type and weathering rate (Stone, 2012b), and found
that the bedload sediments contain less clay minerals (3% in mainstem samples and 2% in tributary
samples) than suspended sediment in this study (10.6%). This comparation confirms the
differences in particle size between bedload and suspend sediments, which in return, indicates that
with different physical (grain size, surface area) and chemical (mineralogy) properties, suspended

sediment can be a better scavenger for contaminants in the NSR.

Stone (2012b) also found that in low flow seasons (low flow open water and ice cover
periods), bedload sediment, which mainly consist of silt and sand size particles with low levels of
organic matter, might make the tracking of sediment-associated contaminants more difficult. Since
during low flow season, the deposition zones of those bedload sediment are usually not the original
contaminated areas. Thus, in low flow season, suspended sediment can better reflect the
contaminant chemistry of the NSR. However, in natural river system, situations are much more
complicated. For example, the organic matter has two major forms in aquatic environment: (1)
surface coating that tends to concentrate on various minerals and finely dispersed particles
(Forstner and Wittmann, 1981); (2) and separate particles associated with large size fractions
(Horowitz, 1991). Similarly, iron and manganese oxides commonly occur as surface coatings in
aquatic systems (Horowitz, 1991). The clay minerals, apart from being direct sorbents for trace
elements, they can also act as mechanical substrates and form organic and hydrous Fe-Mn oxides
coatings to bind metals (Forstner, 2004b). Thus, those different forms of absorbents might lead to
unexpected results and recognizing the limitations of the natural samples can help us better

interpret the data collected from polluted areas.
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3.2.3 Sediment quality assessment and urbanization effects

Sediment quality assessment

Suspended and bedload sediment samples were analysed for total concentrations of Cu, Ni, Cd,
Mn, Cr, Pb, Fe, Sr, Mo, and Co. According to Table 3.2.4, the mean concentrations (ug/g) of Ni,
Cd, Mn, Cr, Pb, Fe, Mo, and Co in suspended sediments were 29.97, 0.46, 546.54, 74.44, 16.34,
43449.33, 173.98, 1.49, 8.80, respectively, while in bedload sediments those same metals were
21.91,0.30,412.19, 51.75, 13.68, 30967.56, 0.88, 7.38, respectively. By contrast, Cu and Sr were
more enriched in bedload sediments (114.95 and 189.32) than in suspended sediments (16.98 and
173.98), which implies that the presence of trace metal in sediments can not be simply interpreted
by differences in grain size and mineralogical composition. In natural environment, metals can
enter aquatic ecosystem naturally through biogeochemical cycles or from anthropogenic sources
(Gaillardet et al., 2003). Ip et al. (2007) indicated that dissolved trace metals in the river water can
be scavenged and accumulated in both suspended and bedload sediments through geochemical
processes (e.g., adsorption, co-precipitation). When environmental conditions change (e.g., pH,
redox potential), those sediments will act as potential secondary sources of metal contamination

in river water (Forstner and Salomons, 1980).

An assessment was made by comparing mean values of total metal concentrations with the
freshwater sediment’s quality guidelines (SQGs) published by Environmental Canada (AEP, 2018)
and Persaud et al. (1993). According to Table 3.2.4, for both suspended and bedload sediments,
Cr showed higher values than the Interim Sediment Quality Guideline (ISQG), but it did not exceed
the Probable Effect Level (PEL), indicating that Cr only occasionally poses a potential adverse
effect to the biology in the river. Ni was observed to have higher values than the Lowest Effect

Level (LEL) in all sediment samples, indicating that the river water was marginally polluted by Ni
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in the reach of the Capital Region. Other metals such as Fe, Co, Sr, Mo and Pb were safe to the

aquatic environment.

Metals distributions were also found between suspended and bedload sediment samples.
For example, Cu was higher than the ISQG in bedload samples collected from 7 sampling sites
(except for S8), indicating its potential toxic effects, while that in suspended sediments showed no
harm to the environment. By contrast, some metals showed their higher values in suspended
sediments. Specifically, Mn was found to be higher than the LEL in suspended samples collected
from 7 sites (except for S3), while in the bedload samples only S2 showed higher Mn concentration
than the LEL. Similarly, Cd exceeded the LEL in suspended samples collected from S2, while
depositional Cd showed no harm to the environment (Table 3.2.4). Overall, the above results lead
to the conclusion that toxic metals such as Cr, Mn, and Ni in both suspended and bedload samples,

Cu in bedload samples, and Cd in suspended samples may cause toxic effects on biosphere of the

NSR.

Table 3.2.4 Total concentration of heavy metals and Sediment Quality Guidelines

Metal (pg/g) Cr Mn Fe Co Ni Cu Sr Mo Cd Pb
ISQG(ng/g) 37.3 N/A N/A N/A  N/A 35.70  N/A N/A N/A 35.00
PEL(pg/g) 90 N/A N/A N/A N/A 197.00 N/A N/A N/A 91.30
LEL(ug/g) N/A 460 N/A 50 16.00 N/A N/A 5 0.60 N/A
Suspended sediments

sitel (S1) 71.99 493.42 45314.15 9.22 2634 1526 174.06 1.10 0.37 15.20
site2 (S2) 70.08 523.99 4349279 8.86 26.82 1295 17529 1.27 1.00 15.19
site3 (S3) 71.97 40294 42164.38 8.01 3343 17.21 200.84 1.54 0.41 17.18
site4 (S4) 7241 51536 44291.05 8.64 2563 17.04 162.08 1.40 0.37 16.93
site5 (S5) 73.40  548.55 45576.75 9.20 29.02 1929 162.88 1.49 0.47 18.08
site6 (S6) 7743 61738 49761.73 996 2934 18.83 19148 1.41 0.33 17.97
site7 (S7) 77.18  704.44 40546.83 8.84 2856 19.60 180.25 2.15 0.35 15.85
site8 (S8) 81.04 566.26 3644697 7.66 40.66 15.69 14499 1.56 0.41 14.28
Maximum 81.04 704.44 49761.73 996 40.66 19.60 200.84 2.15 1.00 18.08
Minimum 70.08 402.94 3644697 7.66 2563 1295 14499 1.10 0.33 14.28
Median 7291 536.27 4389192 885 2879 17.13 174.67 145 0.39 16.39
Average 7444 546.54 4344933 8.80 2997 1698 17398 149 0.46 16.34
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Standard deviation 3.71 88.86 392190 0.72 4.95 2.28 17.62 031 022 1.41

Bedload sediment

sitel (S1) 48.28 387.85 30394.67 7.15 22.82 12592 188.69 096 0.41 11.41
site2 (S2) 54.53 505.88 35137.04 8.61 25.02 19441 198.24 0.85 039 19.62
site3 (S3) 53.18 416.13 31621.77 7.98 25.13 4519 197.85 0.87 0.26 14.14
sited (S4) 48.69 419.53 2915741 690 1931 10646 186.92 0.80 0.29 12.52
site5 (S5) 5443 403.80 29240.79 7.02 20.03 50.61 184.98 090 0.28 12.84
site6 (S6) 52777 386.86 32270.49 7.29 2093 183.71 185.13 0.79 0.26 14.06
site7 (S7) 54.19 409.39 31631.71 7.45 22.83 183.07 188.05 1.27 0.29 12.90
site8 (S8) 4793 368.07 28286.60 6.67 19.20 30.21 184.67 0.61 0.24 11.93
Maximum 54.53 505.88 35137.04 8.61 25.13 19441 198.24 127 041 19.62
Minimum 4793 368.07 28286.60 6.67 19.20 30.21 184.67 0.61 0.24 11.41
Median 5298 406.59 31008.22 7.22 21.88 116.19 187.49 0.86 0.28 12.87
Average 51.75  412.19 30967.56 7.38 2191 11495 189.32 0.88 0.30 13.68

Standard deviation 2.93 41.59 219497 0.63 240 67.68 5.58 0.19 0.06 2.58

Urbanization effects

Figure 3.2.3 The total concentration of Cu in sediments and dissolved phases
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In this study, distinct longitudinal fluctuations of Cu were observed in water and sediment samples
collected along the river (Figure 3.2.3). From S1 (Devon Voyageur Park) to S2 (Shalom Park), Cu
precipitated from the water column and presented increasing trend in bedload sediments (from 126
to 194 pg/g); as a result, Cu in suspended sediments and dissolved phases decreased from 15 to
13pg/g and 0.3 to 0.2pug/L, respectively, in the same reach. From S2 to S5 (Rundle Park), bedload
Cu showed a decreasing trend (from 194 to 51 pg/g), while suspended and dissolved Cu increased

from 13 to 19ug/g and 0.3 to 0.5ug/L, indicating the possible release of Cu from the bedload
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sediments. East of S5, the depositional and suspended Cu increased to S7 (Fort Saskatchewan)
(from 51 to 183 ug/g and 19 to 20ug/g respectively). By contrast, the concentration of dissolved
Cu in water column dropped consistently among those sites (from 0.5 to 0.2ug/L), which might
suggest that the adsorption and precipitation were the main controls of Cu from site 5 to 7. At S8,
suspended and dissolved Cu (16 pg/g and 0.2 pg/L) were almost equal to the values observed at
S1 (15 pg/g and 0.3 pg/L), from S7 to S8, Cu in bedload sediments also dropped from 183 to 30
ng/g, which might indicate that there was little accumulation/precipitation of Cu at S8. Overall, in
June and July, bedload sediment acted as a reservoir for Cu and the majority processes of releasing
and accumulating of Cu happened within the study area. This finding also confirms the results
from Stone et al. (2022) who indicated that Cu concentrations were lower in bedload samples

collected downstream of Edmonton.

3.2.4 Metal speciation
Results of the sequential extraction carried out on suspended and bedload sediments showed that
trace metals (Cu, Ni, Cd, Mn, Cr, Pb, Fe, Sr, Mo, Co) displayed different degrees of association

with the five targeted fractions (see supplementary, Table S1).
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Figure 3.2.4 Cu fractionations in the sediment samples
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Figure 3.2.4 reveals distribution patterns of Cu in suspended and bedload sediments. The
partitioning of Cu within different fractions in bedload sediments were as follows: carbonate
(45.64%) > organic matter (26.86%) > Fe-Mn oxides (9.97%) > residual (15.67%) > exchangeable
(1.85%). While in suspended sediments, different fractionations were observed as: residual
(50.69%) > organic matter (29.73%) > carbonate (12.22%) > Fe-Mn oxides (6.86%) >
exchangeable (0.49%) (Table S1). Compared with other metals, a larger proportion of Cu was
organically bound in suspended and bedload sediments. This is consistent with the results from
previous studies conducted in polluted areas (Dhanakumar et al., 2013; Jain et al., 2008; McBride,
1994; Okbah et al., 2005; Pagnanelli et al., 2004; Palleiro et al., 2016; Zhang et al., 2017), which

indicated that Cu can be preferably fixed with particular organic matter (POM) in river sediments.

Zhang et al. (2017) found a strong correlation between organically bound Cu and organic
carbon content in surface sediments collected in the Pearl River Estuary, China, indicating that
organic carbon is one of the major components for Cu retention in sediments. Under oxic

conditions, organically bound copper can re-enter the overlying water column with the
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mineralization of the host organic matter and cause environmental problems (Jain et al., 2008).
The sequential extraction data also indicate that more carbonate-bound Cu (average) was found in
bedload sediments (45.64%) than in suspended sediments (12.22%), which reflects the

accumulation pattern of Cu in the study area.

Figure 3.2.5 Sr fractionations in the sediment samples
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The sequential extraction results for Sr show similar patterns among the 8 sampling sites
(Figure 3.2.5), with more non-residual Sr found in suspended sediments (47.88%-81.75%) than in
bedload sediments (32.29%-46.92%). For both bedload and suspended sediments, Sr was enriched
in exchangeable and carbonate fractions. Many researchers found that the interaction between Sr
and sediments during transport is mainly through cation exchange at pH<9 (Bouzidi et al., 2015).
For example, Kilincarslan Kaygun et al. (2017) and Stone et al. (2022) reported that finer particles,
such as natural clay minerals, organic carbon and Fe-Mn oxides and hydroxides, have high
adsorption efficiency for trace elements. Thus, with higher proportions of clay minerals and
organic carbon, suspended sediments may act as a more efficient adsorbents, which can bind more

Sr in the exchangeable fraction (Harrison et al., 1981; Modak et al., 1992; Nriagu, 1979; Singh et
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al., 2005). High flow season can also affect metal intake by bedload sediments from anthropogenic
sources (Prartono et al., 2016) and lead to small fraction of exchangeable Sr in bedload sediments.
For the carbonate fraction, it is suggested that strontium and calcium have similar chemial

properties and can form strontianite (SrCOs3) in basic medium (Bouzidi et al., 2015).

Compared with other heavy metals, Sr is the only metal which shows a larger exchangeable
fraction in suspended sediments (14.90%-25.39%) than in bedload sediments (10.11%-14.57%).
This phenomenon was explained by Mondal et al. (2020) who demonstrated that higher
bioavailable fractions of metals in suspended sediments is related to short period of contamination

and/or relatively short distance between sampling sites and the source of pollutant.

Figure 3.2.6 Cd fractionations in the sediments
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Distribution patterns of Cd indicate that it was predominantly bound to the exchangeable
(7.14%-19.30%), carbonate (36.88%-54.11%) and Fe-Mn oxides phases (18.74%-23.72%)
(Figure 3.2.6). To explain this phenomenon, Modak et al. (1992) and Forstner and Wittmann (2012)
indicated that Cd has a special affinity with carbonate and can coprecipitate with carbonate

minerals in alkaline environment (Ahdy and Youssef, 2011). Previous studies also showed similar
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distribution patterns of Cd in sediments (Boughriet et al., 2007; Ianni et al., 2000; Korfali and
Davies, 2004). For example, Tessier et al. (1979) found a large amount of Cd in the exchangeable
and carbonate fractions in Yamaska and St. Francois River sediments, Canada. Okbah et al. (2005)
and Singh et al. (2005) showed that more than 50% of total Cd contents were associated with the
exchangeable and carbonate fractions. Modak et al. (1992) demonstrated that Cd has a special
affinity for clay minerals since their ionic radii are similar to those of potassium metal primarily
associated with clay minerals. Additionally, through electrostatic attraction on the sediments
colloid surface, Cd can adsorb on the surface of solid particles (Li et al., 2009; Sims and Kline,

1991).

As the most unstable host fraction for trace metals, the exchangeable Cd can easily become
dissolved in the water column when environmental conditions change. For example, previous
studies indicated that lower pH and higher ionic strength will inhibit Cd adsorption onto clay
minerals (Gu and Evans, 2007; Gu and Evans, 2008; Gu et al., 2010). Hao et al. (2020) tested three
different clay minerals (kaolinite, illite and montmorillonite) and found that montmorillonite (the
most abundant form of smectite in river sediments) has a relatively high sensitivity to changes in
environment, displaying more than 30% of Cd loss from river to the ocean conditions. In this study,
less exchangeable Cd was observed in suspended sediments (4.59%-9.28%) than in bedload
sediments (15.26%-22.07%), which might relate to the low concentration of dissolved Cd (below
detection limit in the study area) and the relatively stable environment for bedload sediments
(Anderson, 2011; Anderson, 2012). By contrast, a higher proportion of carbonate-bound Cd was
found in suspended sediments (44%-64%) than in bedload sediments (28%-44%), which might be
attributed to higher carbonate mineral contents in suspended sediments. In urban areas, there are

several ways for Cd to enter the aquatic system, which include the phosphate fertilizer from
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agricultural areas nearby the river (Huang et al., 2004; Sundaray et al., 2011) and Cd emission

from road traffic (Sundaray et al., 2011). According to Figure 3.2.6, Cd was predominately

accumulated in carbonate fraction and can be released into the water column with a slight lowering

of pH (Ghrefat et al., 2012).

100%

80%

60%

40%

20%

0%

Figure 3.2.7 Fractionations of Mo in the sediments
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As shown in Figure 3.2.7, Mo was likely to be retained in bedload sediments in the following

order: residual (45.91%) > organic matter (21.19%) > Fe-Mn oxides (18.44%) > exchangeable

(10.28%) > carbonate (4.18%). Similarly, in suspended sediments, fractionations were observed

as: residual (60.52%) > organic matter (21.06%) > Fe-Mn oxides (11.82%) > exchangeable

(4.87%) > carbonate (1.73%). The majority of Mo occurred in the residual phase and lesser extent

in the organic phase, suggesting that it formed various complexes with organic hydroxy

compounds (Borovec, 1993).
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Figure 3.2.8 Fractionations of Mn, Co and Pb in the sediments
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For Mn, Co and Pb, more than 50 % of those three metals were extracted in the
exchangeable, carbonate, and Fe-Mn oxides fractions. According to Figure 3.2.8, little variation
was found spatially in the 8 sampling sites or between suspended and bedload samples. The Mn
extracted from carbonate fraction could come from the dissolution of Mg/Ca carbonates, as Mn
can substitute for Mg in dolomite and Ca in calcite (Gao et al., 2010; Rath et al., 2009; Shan and
Chen, 1993; Sundaray, 2007; Zhang et al., 1988). The Fe-Mn oxides fraction was one of the main
non-residual fractions for bonding Mn, Co and Pb in river sediments since the metal oxides have
a high affinity to heavy metals through adsorption, flocculation and co-precipitation (de Andrade
Passos et al., 2010; Iwegbue et al., 2009; Rath et al., 2009; Venkateswaran et al., 2007). Changes
in pH and redox potential can remobilize Mn, Co and Pb associated with carbonates and Fe-Mn

oxides and cause adverse effects on aquatic biotas (Jain et al., 2008).
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Figure 3.2.9 Fractionations of Ni, Fe and Cr in the sediments
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According to Figure 3.2.9, Ni, Cr and Fe were predominantly bound to the residual fraction
(nearly 50% for Ni, 70% for Fe and 90% for Cr on average). This phenomenon indicates that these
three metals are strongly associated with crystalline silicate lattices and are expected to be
chemically stable and biologically inactive (Tessier et al., 1979; Xiao et al., 2015). Prartono et al.
(2016) and Rodrigues and Formoso (2006) indicated that the labile fractions (exchangeable,
carbonate, Fe-Mn oxides, organic fractions) of trace metals mainly originate from human-derived
inputs, while metals associated with the non-labile (residual) fraction mainly come from natural
processes (Yu et al., 2001). Thus, the data strongly suggest that predominant Ni, Fe and Cr in both
suspended and bedload sediments were from the erosion of lithogenic bedrock. Other forms of Ni,
Fe and Cr were associated with carbonate, Fe-Mn oxides and organic phases, which may be

attributed to anthropogenic inputs (e.g., industrial effluent and urban runof¥).

3.2.5 Bioavailability and toxicity of heavy metals

Figure 3.2.10 depicts the bioavailable fractions (%) of metals in suspended and bedload sediments
of the NSR. The concept of bioavailable fraction is based on the sum of exchangeable fraction and
carbonate-bound fraction since these fractions of metals can be easily released into water column

and utilized by aquatic plants and animals (Owens et al., 2005).
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Figure 3.2.10 Bioavailable fractions (exchangeable and bound to carbonate) of the river samples
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Based on the RAC criteria (Table 2.4.1), for both suspended and bedload sediments, Cr, Fe
fell in the low-risk category (1-10%), while Co and Pb showed medium risk (11-30%) to the river’s
biota. Mn was in the very-high-risk category (>50%) since more than 55% of it was found in

exchangeable and carbonate fractions.

According to Table 3.2.5, some metals were at higher toxic levels in the bedload sediments.
For example, half of the sampling sites (2,3,5,6) had Ni and 7 sampling sites (1,2,3,4,5,6,8) had
Mo in the medium-risk (11-30%) category, while in suspended sediments, Ni and Mo were posing
low risk (1-10%) to the aquatic environment in most of the sites. Similarly, bedload Cu showed
high to very high risk (>30% ~ >50%), while suspended Cu posed low to medium risk (1-30%) to
the biota. Different distribution patterns were observed for Sr and Cd which showed larger
bioavailable fractions in suspended sediments than in bedload sediments. For example, suspended

Sr was in the high to very-high-risk category (>30% ~ >50%), while in bedload samples, Sr posed
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medium to high risk (11-50%). Suspended Cd showed very high risk (>50%) at all sites, while in

bedload sediments, site 4,7 and 8 showed less toxicity, falling in the high-risk (31-50%) category.

Table 3.2.5 Bioavailable fractions (%) in suspended and bedload sediments

Suspended
sediments
Sitel (S1)
Site2 (S2)
Site3 (S3)
Site4 (S4)
Site5 (S5)
Site6 (S6)
Site7 (S7)
Site8 (S8)

Maximum
Minimum
Median
Average
Standard
deviation

Bedload

sediment

Sitel (S1)
Site2 (S2)
Site3 (S3)
Site4 (S4)
Site5 (S5)
Site6 (S6)
Site7 (S7)
Site8 (S8)

Maximum
Minimum
Median
Average
Standard
deviation

Cr

1.59%
1.47%
1.56%
1.45%
1.37%
1.62%
1.53%
1.96%

1.96%
1.37%
1.54%
1.57%

0.18%

1.80%
1.49%
1.37%
1.21%
1.08%
1.38%
1.11%
1.27%

1.80%
1.08%
1.32%
1.34%

0.23%

Mn

67.78%
56.68%
54.89%
61.95%
58.10%
67.99%
59.15%
58.20%

67.99%
54.89%
58.62%
60.22%

5.24%

57.05%
61.98%
53.61%
54.36%
62.46%
55.31%
48.55%
55.49%

62.46%
48.55%
55.40%
56.10%

4.52%

Fe

1.88%
1.70%
1.27%
1.77%
1.65%
1.72%
1.77%
2.14%

2.14%
1.27%
1.75%
1.74%

0.24%

4.20%
5.61%
1.52%
3.38%
3.45%
5.02%
3.46%
4.16%

5.61%
1.52%
3.81%
3.85%

1.23%

Co

21.95%
21.45%
20.92%
16.69%
15.30%
16.89%
10.08%
10.50%

21.95%
10.08%
16.79%
16.72%

4.66%

19.47%
21.97%
22.04%
18.67%
22.28%
20.79%
18.59%
17.78%

22.28%
17.78%
20.13%
20.20%

1.79%

N1

9.75%
8.58%
9.29%
12.76%
8.73%
8.40%
7.76%
8.47%

12.76%
7.76%
8.65%
9.22%

1.55%

9.37%
12.00%
11.36%
9.34%
12.04%
11.61%
8.09%
8.49%

12.04%
8.09%

10.37%
10.29%

1.63%

Cu

9.99%
9.38%
8.40%
20.15%
9.99%
9.68%
11.74%
22.35%

22.35%
8.40%
9.99%
12.71%

5.38%

57.71%
49.23%
37.22%
55.92%
43.58%
43.70%
53.22%
39.36%

57.71%
37.22%
46.46%
47.49%

7.68%

Sr

52.35%
48.25%
40.32%
49.00%
46.14%
61.86%
50.69%
70.19%

70.19%
40.32%
49.84%
52.35%

9.43%

32.32%
37.37%
24.96%
29.56%
32.32%
35.80%
28.19%
28.61%

37.37%
24.96%
30.94%
31.14%

4.13%

Mo

6.81%
6.29%
12.77%
7.35%
8.32%
5.20%
2.60%
3.50%

12.77%
2.60%
6.55%
6.60%

3.15%

11.38%
22.07%
22.37%
14.75%
16.79%
12.07%
5.37%

10.87%

22.37%
5.37%

13.41%
14.46%

5.82%

Cd

62.26%
21.37%
57.26%
65.47%
52.41%
68.62%
69.32%
60.87%

69.32%
52.41%
61.56%
61.26%

6.41%

60.70%
63.90%
56.06%
49.99%
61.49%
62.34%
48.04%
46.94%

63.90%
46.94%
58.38%
56.18%

6.93%

Pb

15.93%
13.65%
13.65%
17.75%
17.05%
21.11%
17.04%
20.05%

21.11%
13.65%
17.04%
17.03%

2.68%

24.14%
24.19%
15.00%
25.03%
26.53%
26.12%
23.20%
23.66%

26.53%
15.00%
24.16%
23.48%

3.62%

67



3.3 Conclusions

The mineralogical analyses (XRD and LOI) show that suspended sediment contains more clay
minerals (smectite), carbonates (dolomite and calcite) and organic carbon, while bedload sediment
contains more quartz and feldspars (albite). The textural composition analysis shows that solid
particle smaller than 250 um accounts for the largest portion of bedload sediment collected from
the surface down to a depth of 30 cm. For the <63um fraction, suspended sediment contains more

clay-sized (<2pm) particles than bedload sediment.

The trace elemental speciation data indicate that compared with other metals, Sr, Cd, and
Mo were largely in the exchangeable fraction, which can easily enter the water column and pose
adverse impacts on aquatic biota. Substantial amounts of Cu, Sr, Cd, Mn, Co, and Pb in sediments
were associated with carbonate fraction. Fe-Mn oxides and residual fraction were predominant
scavengers for Co, Pb, Ni, Fe, and Cr. Copper and Mo had special affinity towards organics and
represented relatively high proportions in oxidizable fraction. For most heavy metals except for
Cu and Mo, larger parts of non-residual fractions can be observed in suspended sediments than in

bedload sediments.

WQGs reveal that dissolved toxic metals and nutrients showed no harm to aquatic system
of the NSR. SQGs suggest that the total concentrations of Mn, Ni and Cr in all sediment samples,
Cu in bedload samples and Cd in suspended samples were of environmental concern in the present
study and can occasionally be associated with adverse biological effects. According to RAC, for
all sediments, Cr, Fe fell in the low-risk category, Co and Pb showed medium risk to the
environment and Mn fell in the very high-risk category. Other metals such as Ni, Mo, Cu, Sr and

Cd showed different levels of toxicity to the environment at different sampling sites.
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Overall, the enrichment of heavy metals in river sediments and their fractionation patterns
indicate that the NSR was influenced by anthropogenic inputs. Rapid urbanization and reclamation
processes along the river generate industrial effluents, municipal waste, and agrochemical runoff

which can cause environmental threats to the aquatic system.
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Chapter 4: Limitations and future directions

Study limitations

In this study, although some trace metals showed different concentrations and distribution patterns
between suspended and bedload sediments, little variation was observed spatially along the river
(from S1 to S8). This is because sampling activities and pre-treatment processes are highly labour
intensive as they must be done in a short time to avoid sampling errors. Thus, a simple, time-
integrated, in situ suspended sampler designed by Phillips et al. (2000) can be used in the future to

obtain representative and sufficient suspended samples.

Sequential extraction methods have been applied to a variety of substrates such as river
sediments, agricultural soils, road particulates (urban soils), airborne particulate matters, etc.
(Alvarez et al., 2006; Fujiwara et al., 2006; Moc¢ko and Wactawek, 2004; Robertson et al., 2003;
Yang et al., 2006). This approach helps to better understand the behaviour of toxic elements in the
natural environment and provides additional information to assess sediment quality (Bacon and
Davidson, 2008). However, there are a lot of problems regarding the non-selectivity of the reagents,
as they may alter surface chemical characteristics of sediments tested and lead to incomplete
extraction and redistribution of metals among the remaining fractions during extraction processes
(Zimmerman and Weindorf, 2010) (Qiang et al., 1994; Shan and Chen, 1993). For example, a
study conducted on soils indicated that metal concentrations determined by sequential extraction
for the fractions of exchangeable, carbonates, and Fe-Mn oxides were less than the actual
concentrations (Shan and Chen, 1993). Parat et al. (2003) compared three different procedures and
found that sodium acetate could remove considerable amounts of metals in forms other than
exchangeable ones. Independent studies of mining waste (Lacal et al., 2003) and anoxic sediments

(Burton et al., 2006; Peltier et al., 2005) indicated that hydroxylamine hydrochloride can
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mistakenly increase the metal concentration bound to Fe-Mn fraction by dissolving sulfide
minerals. To solve this problem, Tlusto$ et al. (2005) suggested that at least two independent
procedures should be applied to minimise the influences of different extractants. However,
Kalembkiewicz and Soc¢o (2005) still obtained unreliable Cr distribution pattern after using 11
different schemes. In addition, before adding extractants, metal re-distributions could possibly
happen in processes of sample drying (room temperature or freeze drying) and grinding (Bacon
and Davidson, 2008). Thus, to precisely assess the sediment quality, other techniques such as X-
ray-based analysis can be conducted in the future research (Calmano et al., 2001; Tipping et al.,

1985).

Future directions

Generally, bulk suspended sediments are collected during high flow events. Although the peak
flow of the NSR is usually in June and July, the spring flow cannot be neglected. Factors that may
cause the early peak flow include; (1) overland flow and erosion caused by the snowmelt in the
drainage basin in late winter or early spring, (2) water contributions from tributaries along the
lower reaches of the river in late March to early May, and (3) wastewater discharge from industrial
and municipal effluents in snowmelt season (Laceby et al., 2019). This is important because all
those factors will increase suspended sediment content and human-derived contaminants in the

river.

Sediment source fingerprinting is a link between geochemical properties of suspended
sediments and those of their sources (Stone et al., 2022). By comparing the properties with those
of the individual potential sources, the fingerprinting approach is considered to be a reliable way
of assembling the information required (Stone and Collins, 2010). To document sediment sources,

representative samples are needed (Stone and Collins, 2010). For example, in a large-scale river
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drainage basin, the sub-catchments from an individual tributary or discrete geological zones can
help to investigate the spatial provenance of suspended sediment (Bottrill et al.; Owens et al.;
Walling, 1999). In small catchments, to appropriately characterise sediment provenance, different
sources such as topsoil of the woodland, road dust, pasture and cultivation, solids from sewage
should be considered as “fingerprints” (Carter et al., 2003; Motha et al., 2004; Walling and Collins,
2005; Walling and Woodward, 1995). In the future research, a sediment source fingerprinting
approach can be included to elucidate the contributions of different types of sources (such as
channel banks, forests, agricultural land and urban areas) or even major tributaries which

contribute sediments to the main stream (Stone et al., 2022).
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Appendix

Figure S1 Sampling sitel

Figure S2 Bedload sediment sieving
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Figure S3 Filtered suspended sediments

Table S1 Metal distribution in different fractions of NSR sediments

Stepl (F1) Step2 (F2) Step3 (F3) Step4 (F4) Step5 (F5)
Ratio (%) Ratio (%) Ratio (%) Ratio (%) Ratio (%)

Suspended sediment

Cu

Cd

Cr

Max 0.67% 21.75% 11.83% 38.08% 59.49%
Min 0.35% 7.86% 2.80% 24.19% 27.74%
Median 0.52% 9.46% 6.71% 28.98% 54.77%
Standard deviation 0.12% 5.39% 2.51% 3.98% 10.85%
Average 0.49% 12.22% 6.86% 29.73% 50.69%
Max 0.88% 12.24% 31.55% 14.26% 62.26%
Min 0.16% 6.88% 18.99% 10.28% 41.43%
Median 0.57% 8.25% 25.52% 12.20% 53.26%
Standard deviation 0.27% 1.57% 3.96% 1.23% 6.13%
Average 0.53% 8.69% 25.17% 12.00% 53.61%
Max 9.28% 64.07% 26.43% 6.65% 21.96%
Min 4.59% 44.54% 19.25% 4.96% 0.00%
Median 7.48% 55.40% 24.26% 5.38% 9.63%
Standard deviation 1.52% 7.11% 2.50% 0.58% 8.52%
Average 7.14% 54.11% 23.72% 5.55% 9.47%
Max 2.42% 66.21% 36.76% 2.92% 20.76%
Min 0.97% 53.65% 19.95% 1.97% 2.56%
Median 1.61% 56.95% 28.90% 2.70% 7.82%
Standard deviation 0.43% 5.08% 6.33% 0.31% 5.83%
Average 1.61% 58.61% 28.59% 2.63% 8.56%
Max 0.47% 1.55% 5.48% 5.58% 91.55%
Min 0.35% 1.03% 3.85% 3.04% 86.98%
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Median 0.39% 1.11% 4.22% 3.81% 90.42%
Standard deviation 0.05% 0.16% 0.54% 0.77% 1.37%
Average 0.40% 1.17% 4.32% 3.94% 90.17%
Pb Max 0.13% 20.98% 46.08% 15.13% 44 .82%
Min 0.01% 13.63% 32.88% 8.42% 18.74%
Median 0.02% 17.03% 35.77% 10.59% 34.74%
Standard deviation 0.04% 2.66% 4.21% 2.27% 8.40%
Average 0.04% 16.99% 36.70% 10.78% 35.49%
Fe Max 0.02% 2.11% 27.35% 8.99% 71.34%
Min 0.00% 1.26% 20.62% 6.32% 61.52%
Median 0.01% 1.74% 22.77% 7.91% 67.71%
Standard deviation 0.01% 0.24% 1.91% 0.88% 2.72%
Average 0.01% 1.73% 23.11% 7.80% 67.36%
Sr  Max 25.39% 44.80% 8.42% 3.14% 52.12%
Min 14.90% 25.42% 5.82% 1.59% 18.25%
Median 17.72% 32.40% 6.77% 2.22% 40.85%
Standard deviation 3.37% 7.63% 0.77% 0.47% 10.29%
Average 18.56% 33.79% 6.85% 2.21% 38.58%
Mo Max 10.42% 2.36% 15.30% 29.01% 74.90%
Min 2.01% 0.59% 6.51% 11.78% 48.57%
Median 4.46% 1.83% 12.39% 20.54% 60.44%
Standard deviation 2.73% 0.61% 2.92% 5.90% 8.16%
Average 4.87% 1.73% 11.82% 21.06% 60.52%
Co Max 0.26% 21.80% 51.16% 12.87% 43.87%
Min 0.13% 9.90% 26.94% 9.35% 25.47%
Median 0.18% 16.66% 32.02% 10.85% 39.84%
Standard deviation 0.04% 4.69% 8.02% 1.19% 5.58%
Average 0.18% 16.55% 34.07% 10.70% 38.51%
Bedload sediment
Cu Max 2.77% 55.32% 13.45% 39.66% 24.49%
Min 1.10% 36.13% 6.17% 20.18% 6.78%
Median 1.77% 44 .91% 9.48% 25.78% 15.29%
Standard deviation 0.54% 7.27% 2.90% 5.58% 5.88%
Average 1.85% 45.64% 9.97% 26.86% 15.67%
Ni Max 2.14% 11.04% 29.41% 14.01% 56.16%
Min 1.00% 7.03% 22.93% 10.89% 46.80%
Median 1.28% 8.88% 25.91% 12.34% 51.36%
Standard deviation 0.38% 1.53% 2.33% 1.04% 2.79%
Average 1.37% 8.92% 26.07% 12.22% 51.42%
Cd Max 22.07% 44.74% 25.93% 12.64% 26.75%
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Min 15.26% 28.70% 12.70% 5.31% 4.68%

Median 19.86% 38.17% 17.34% 9.63% 15.16%
Standard deviation 2.46% 6.26% 4.42% 2.32% 9.93%
Average 19.30% 36.88% 18.47% 9.28% 16.06%
Mn Max 9.11% 55.41% 28.77% 3.78% 20.80%
Min 3.94% 42.41% 18.91% 2.99% 11.58%
Median 6.52% 49.69% 22.92% 3.31% 17.79%
Standard deviation 1.61% 4.39% 2.82% 0.25% 2.75%
Average 6.55% 49.55% 23.27% 3.31% 17.32%
Cr Max 0.64% 1.19% 4.29% 5.51% 92.78%
Min 0.30% 0.75% 2.89% 3.02% 90.11%
Median 0.34% 0.90% 3.37% 3.36% 91.39%
Standard deviation 0.13% 0.18% 0.46% 0.90% 0.98%
Average 0.40% 0.94% 3.47% 3.74% 91.45%
Pb Max 0.34% 26.41% 32.39% 10.84% 49.73%
Min 0.04% 14.80% 19.26% 6.82% 36.21%
Median 0.11% 24.09% 26.69% 8.37% 41.13%
Standard deviation 0.10% 3.66% 3.76% 1.18% 4.03%
Average 0.13% 23.35% 26.39% 8.41% 41.72%
Fe Max 0.02% 5.59% 22.06% 7.64% 70.63%
Min 0.01% 1.50% 20.01% 5.79% 65.91%
Median 0.01% 3.79% 20.86% 6.62% 69.14%
Standard deviation 0.00% 1.23% 0.76% 0.55% 1.73%
Average 0.01% 3.83% 20.94% 6.63% 68.59%
Sr  Max 14.57% 22.80% 6.93% 2.77% 67.71%
Min 10.11% 11.86% 4.98% 2.34% 53.08%
Median 12.40% 18.77% 6.68% 2.64% 59.67%
Standard deviation 1.44% 3.50% 0.64% 0.14% 4.64%
Average 12.27% 18.87% 6.47% 2.62% 59.77%
Mo Max 19.01% 9.32% 28.82% 32.37% 76.76%
Min 3.69% 1.67% 7.99% 9.89% 27.94%
Median 9.11% 3.55% 17.88% 22.31% 46.39%
Standard deviation 4.63% 2.33% 6.07% 6.80% 16.18%
Average 10.28% 4.18% 18.44% 21.19% 45.91%
Co Max 2.00% 20.96% 31.09% 11.40% 42.38%
Min 0.86% 16.92% 28.03% 10.35% 36.42%
Median 1.44% 18.58% 28.42% 10.70% 39.96%
Standard deviation 0.34% 1.57% 1.16% 0.37% 2.05%
Average 1.43% 18.77% 29.03% 10.77% 40.00%

F1, exchangeable bound; F2, carbonate bound. F3, Fe-Mn oxides bound; F4, organic
bound;: F3, residual bound.
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