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Abstract

Understanding the processes that lead to seasonal changes in grain size on muddy macro-tidal flat and channel complexes will
assist efforts to predict future changes caused by climate change and construction of infrastructure like tidal power generators,
wind farms, and causeways. Surficial sediment samples were collected for disaggregated inorganic grain size (DIGS) analysis
every month for 1 year from a tidal flat and from a tidal channel and its banks in Kingsport, NS, Canada, which is located in the
Minas Basin of the Bay of Fundy. A process-based parameterization of the DIGS distribution was used to determine floc fraction,
representative of the percentage of fine-grained material deposited to the seabed in flocs. Small changes in floc fraction occurred
seasonally in the channel. Values were higher in late winter and lower in late summer. A more pronounced seasonal variation in
floc fraction was observed on the tidal flats. Observed changes in floc fraction correlated with elevation. Results from this study
are discussed in terms of the controls on floc fraction which include suspended particulate matter concentration (SPM), turbu-
lence, and stickiness in the water column, all of which can be used to understand the formative processes responsible for shaping

the bottom sediment texture.
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1 Introduction

Tidal flats provide important habitat for shore birds, benthic
invertebrates, and commercial fish species but unfortunately
also act as repositories for contaminants (e.g., Widdows and
Brinsley 2002). Intertidal deposits provide natural coastal de-
fenses that will respond in poorly understood ways to future
rises in sea level (e.g., Reed et al. 1999; Widdows and
Brinsley 2002; Townend and Whitehead 2003; Kirwan et al.
2010) and to installations of infrastructure such as tidal power
generators, wind farms, and causeways (van Proosdij et al.
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2009; Wu et al. 2011; Ashall et al. 2016). The wide variety
of functions of intertidal deposits has motivated substantial
research into not only their morphology but also into the pro-
cesses that control their morphology.

Knowledge of sediment transport is vital to understanding
intertidal deposits. The processes driving sediment erosion,
deposition, and transport in these environments are numerous,
complicated, and inter-related (Eisma 1998). Water motions
are induced by tides, wind-driven currents, waves, density
contrasts, and drainage from flats (Le Hir et al. 2000).
Biophysical interactions are important, with sediment affect-
ing the biota and the biota affecting sedimentary processes
(e.g., Austen et al. 1999; Black et al. 2002; Widdows and
Brinsley 2002; Garwood et al. 2015). Sediments in intertidal
deposits are characteristically heterogeneous, with marked
variability in sediment size and composition (Eisma 1998;
Holland and Elmore 2008).

Grain size is a fundamental defining property of soft-
sediment benthic ecosystems. Grain size distributions hold
within them a record of the processes responsible for the for-
mation of sedimentary deposits (Kranck 1973, Kranck 1975,
Kranck and Milligan 1985). Grain-size analysis is especially
useful for description of tidal flats because flats are generally
composed of mixed grain-sized beds. Tidal flats often have
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abrupt transitions from sands at lower elevations where tidal
stresses are larger to fine muds at higher elevations, where
shear stresses are lower. The processes of deposition, erosion,
and transport of sand sized grains are relatively well under-
stood (Soulsby 1997). Early results of Shields (1936) showed
that sand transport is a function of grain size and the shear
stress imposed at the seabed, with larger grains progressively
eroded as shear stress increases. Mud, or the < 63-pum fraction,
behaves in a different manner. Particle-particle electro-chem-
ical and organic bonding acting on the large surface areas of
small particles makes mud cohesive (Hill et al. 2001; van
Ledden et al. 2004; Milligan et al. 2007). Cohesion of muds
increases the erosion resistance, so the transport of mud par-
ticles can require the same or greater shear stresses as are
required to move much larger sand size grains (Wiberg and
Smith 1987; Wiberg et al. 1994).

The mud fraction within surficial sediments is important
for many reasons. Muds often have high water content, which
reduces their ability to support the weight of humans or vehi-
cles (Rose and Willig 2004; Harris et al. 2008). Increasing
mud content on the seabed can increase the primary produc-
tivity by microphytobenthos, which can result in changes to
the food chain (Ysebaert and Herman 2002). Changes in grain
size can result in changes to channel stability and other
morphodynamic features (Dyer et al. 2000). Finally, the mud
fraction, and more specifically the < 16-um fraction, plays a
large role in the trapping and the sequestering of surface reac-
tive pollutants such as heavy metals, PCB’s, PAH’s, and other
persistent organics (Zwolsman et al. 1996; Milligan and
Loring 1997; Santschi et al. 1997).

The deposition, transport, and erosion of fine sediment are
affected fundamentally by flocculation (McCave 1984;
Kranck and Milligan 1991). Flocculation is the process where-
by particles clump, either by electrochemical attraction or or-
ganic bonding, to form “flocs.” Flocs sink much faster than
the component particles within them (Sternberg et al. 1999).
Therefore, settling within flocs is responsible for the majority
of deposition of fine-cohesive sediments (Kranck 1980;
McCave et al. 1995; Curran et al. 2002).

A promising tool for understanding fine-grained cohesive
sediment behavior is a process-based analysis of disaggre-
gated inorganic grain size (DIGS) distributions (Kranck and
Milligan 1991; Kranck et al. 1996a, 1996b; Curran et al.
2004). A DIGS sample is one in which all organics have been
removed, and the bonds between the remaining inorganic
component grains have been disrupted. DIGS distributions
can be used to infer how much of a deposit was delivered to
the seabed as flocs versus single grains, thereby providing a
parametric description that accounts for the dominant deposi-
tional processes. This process-based interpretation of a DIGS
sample relies on the assumptions that material in suspension is
composed either of flocs or of single grains and that flocs
incorporate into their structure all suspended sediment sizes
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in an unbiased way (Kranck et al. 1996a; Curran et al. 2004).
Deposition of flocs does not alter the overall size distribution
of the remaining suspended population. Single-grain settling,
however, sorts particles according to size, thereby producing
evolution in the size distribution of the remaining population
(Kranck et al. 1996a, 1996b).

The process-based parameterization of DIGS can be used
to quantify the spatial and temporal changes in flocculation in
the overlying water column that were responsible for the
changes in the texture of fine-grained bottom sediments
(Christiansen et al. 2000; Curran et al. 2004; Fox et al. 2004;
Milligan and Law 2005; George et al. 2007; Milligan et al.
2007; Law et al. 2013; O’Laughlin et al. 2014). Christiansen
et al. (2000) focused on intertidal sediment and showed that
the fraction of sediment deposited as flocs, which is termed
the “floc fraction,” decreased along a transect extending from
the edges of a secondary channel into the interior of a vege-
tated mesotidal salt marsh. O’Laughlin et al. (2014) studied a
hyper-tidal creek in the Bay of Fundy and showed that the
suspension in that creek was consistently and highly floccu-
lated and that the large incoming suspended sediment concen-
tration (> 100 mg/L) caused extensive flocculation and rapid
settling as hydrodynamic forces waned. On a mesotidal
mudflat in Willapa Bay, Washington, Law et al. (2013)
showed that floc fractions in the seabed were related to eleva-
tion on the flat. Larger floc fractions were found in tidal chan-
nels and on channel banks, and smaller floc fractions were
found higher on the flats.

The goal of this present paper is to apply the process-based
parameterization of DIGS to understanding of the role of floc-
culation in determining the spatial and temporal variations of
grain size on a muddy, macro-tidal flat. Understanding the
natural variation of sediment in suspension and on the seabed
(i.e., baseline conditions) in the Upper Bay of Fundy is essen-
tial for the development of coupled hydrodynamic-sediment
transport models. Operational models can then be used to
predict the hydrodynamics and sediment dynamics in the
creeks, on tidal flats, and in other areas, which in turn can be
used to explore the effects on sedimentation caused by anthro-
pogenic activity.

2 Methods
2.1 Overview

The study site was the Kingsport, Nova Scotia, tidal-flat com-
plex, in the Minas Basin, which is part of the inner Bay of
Fundy (Fig. 1). The site experiences mixed, slightly asymmet-
ric semi-diurnal tides with mean tidal range of approximately
11.5 m and with maximal current velocities at mid-flood tide
(Amos et al. 1988, 1992; Faas et al. 1993; Garwood et al.
2015). Although the area experiences limited wave activity,
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due to its sheltered location, wind-waves can be responsible for
significant sediment resuspension, especially during winter
(Ashall et al. 2016). Amos and Mosher (1984) classified the
area as composed of mostly glaciated sediments rich in illite
and chlorite and reduced in smectite and kalonite, which leads
to particle adhesion controlled by biological activity and organ-
ic glue and not cohesion by particle-particle bonding.
Biological activity increases during the summer months, driven
by an increase in diatom mats and foraging by Corophium
volutator and shore birds (Daborn 1991; Garwood et al.
2015). In the winter months, ice rafting and anchor-ice forma-
tion can also play roles in sediment transport processes (Knight
and Dalrymple 1976; Gordon and Desplanques 1983).

From April 2012 to March 2013, around the 20th day of
each month, a series of 60 stations, 37 from the tidal flat and
23 from the tidal channel (Fig. 2), were sampled for bottom
sediment disaggregated inorganic grain size (DIGS) analysis.
Samples were collected on foot during low water using a
spoonula to sample only the top 0.5 cm of the bottom sedi-
ment. Sampling was conducted between 3 and 4 h after high
tide.

2.2 LiDAR data

LiDAR data were collected at low, low-tide conditions in an
east to west and then overlapping north to south direction by

Fugro, Inc., for the Canadian Hydrographic Service (CHS) of
the Department of Fisheries and Oceans, Canada. Vertical
datum is referenced to Canadian Geographic Vertical Datum
of 1928 (i.e., CGVD) and horizontal datum to North
American Datum of 1983 (i.e., NADS3). Independent ground
control points in the vertical (z) and horizontal (x-y) were
acquired using static positioning techniques throughout the
project area. The processed LiDAR data were compared to
three ground control points within the project area. A triangu-
lated irregular network (TIN) model was created, and a z value
was interpolated. A regional, LIDAR generated digital-eleva-
tion-model, DEM, was developed with error in the horizontal
< 1.0 m and error in the vertical < 0.05 m (Fig. 2). Data points
collected during the monthly regional grain-size surveys were
plotted in the GIS software program ARC GIS (ESRI ©) and
placed onto the LIDAR composite image (Fig. 2). The hori-
zontal uncertainty of the handheld GPS, Garmin 76CS, used
to obtain the data locations of the monthly sampling was 3—
4 m.

2.3 Grain-size analysis
The disaggregated inorganic grain size (DIGS) distributions of
bottom sediment samples were determined using a Coulter

Multisizer III. Organic matter was removed from bottom sed-
iments with 35% hydrogen peroxide (H,O,). Prior to analysis
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Elevation (m)
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Fig. 2 LIDAR and sample station data from the Kingsport tidal-flat
complex. Elevation in meters is referenced to CGVD28, while
horizontal points are referenced to NAD-83. Inserts from top right to
bottom left include cross-section profile of the channel in distance vs.

on the Multisizer, inorganic sediments were resuspended in a
1% NaCl solution and then disaggregated with a sapphire-
tipped ultrasonic probe. Three tubes, with apertures of 30,
200, and 400 pm, were used to obtain the DIGS distribution
over a size range from 0.8 to 240 pum. Particle sizes were
binned in a 1/5 phi interval (i.e., phi (®) =—log,D; D = diam-
eter in mm). The DIGS obtained from the Multisizer are
expressed as log of equivalent volume fraction versus log of
the diameter. Volume fraction is assumed to equal mass frac-
tion, which implies constant particle density across all sizes.
Error in the size measurements of the Coulter Multisizer III is
< 10%. For a complete description of the methods of the par-
ticle size analysis, see Kranck and Milligan (1979) and
Milligan and Kranck (1991).

DIGS distributions were analyzed using standard
granulometric parameters and the inverse model of Curran
et al. (2004). The inverse model determines the relative pro-
portions of the bottom sediment delivered to the seabed as
flocs or single grains. Median diameter, d50, and other
grain-size descriptors such as d75 (the grain size between
the third and fourth quartiles of the population), d95, d84,
d25, d16, and d5 were calculated. Values for d50 and other
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granulometric parameters are expressed in micrometers.
These values were converted to phi units (by formula above)
and a method-of-moments analysis was completed for each
grain size distribution to determine the geometric mean diam-
eter (GMD), inclusive graphic standard deviation (#,), inclu-
sive graphic skewness (SK), and graphic Kurtosis or peaked-
ness (K), following Folk and Ward (1957).

The inverse floc model of Curran et al. (2004) applies a
non-linear least squares fit to the DIGS curves, taking the form
of the equation:

2
wo-s(ye L () .
where J(i) is the mass flux of size class i to the seabed in
kg mZs! g3 equals the flux to the seabed (kg m?2sHofa
reference grain-size diameter (d,) (m) contained within flocs,
and d, is the diameter of size class i (m). Source slope, m
(dimensionless), reflects the relative proportions of coarse

and fine material found in the bottom sediment and is a func-
tion of how the parent rock weathers (Kranck et al. 1996a).
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The parameter d (m) is the grain size whose concentration has
fallen to 1/e ofits initial concentration in the parent population
and is used as an approximation for the largest grain size in
suspension. Floc limit, d¢ (m), is the grain diameter for which
the fluxes of mass to the seabed from flocs and single grains
are equal. Mathematically, the floc limit is defined as:

18wefiu

“ =N e

(2)

where wy is the settling velocity of flocs (m s '), f
(dimensionless) is the mass fraction of material bound within
flocs in suspension, y is the dynamic viscosity (kgm ' s™"), pq
is the sediment density (kg m ), p represents the fluid density
(kg m ), and g is the gravitational acceleration (m s2).
Finally, floc fraction, K¢ (dimensionless), is the mass fraction
of material that was deposited to the seabed in flocs. It is
described by the equation

nclass

2 )

(e @))ew

where C(i) is the concentration of size class 7 (kg m °), and
nclass represents the number of size classes present in the
DIGS distribution. Sensitivity analysis of the inverse model
revealed that random noise of up to 20% introduced to the
DIGS curves did not significantly affect the estimated param-

eters of m, d, dg, and K¢ (Curran et al. 2004). Error introduced
to fitting the model to the DIGS distributions is assumed to be
less than that introduced from error in Coulter Counter mea-
surements (i.e., < 10%) and therefore is unlikely to produce
spurious trends in the estimated parameters. This study focus-
es on floc fraction and how it varied as a function of position
on the flats and as a function of time.

(3)

2.4 Physical oceanography/wave data

An upward-looking Acoustic Doppler Current Profiler,
ADCP (2 MHz, Nortek Aquadopp), was deployed on a
bottom-mounted frame in the middle of the tidal flat. The
Aquadopp was deployed approaching spring tide for two tidal
cycles in January 2013 and for 4.5 tidal cycles approaching
neap tide in June 2103. The ADCP was positioned 0.10 m
above the seabed in a weighted aluminum channel. Data were
collected in burst mode at 8 Hz and 2400 samples. This fre-
quency of sampling allowed data collection for 5 min every
15 min and enabled the measurement of both current veloci-
ties and orbital velocities due to waves. A wave-current-
interaction model developed by Grant and Madsen was used

to determine the combined wave-current shear stress at the
seabed (Grant and Madsen 1986; Madsen 1994).

3 Results

The bed surface sediments from the Kingsport tidal-flat com-
plex were composed mainly of mud with geometric mean
diameters <63 pm and ranged from 12.3 to 43.6 um over
the study period, with an average of 23.6 um. The < 16-um
fraction was variable and ranged from 22.1 to 73.9% based on
the 707 samples analyzed with an average < 16-pum fraction of
49.4%. The mud fraction (<63 um) in samples analyzed
ranged from 85.5 to 100% with an average of 96.1%. Of the
707 samples analyzed, <5% had a mud fraction that was <

90%.

The average grain size of samples collected in the tidal
channel at Kingsport over the course of the 12-month study
period had slightly higher values of d50 in winter and lower in
summer (Fig. 3). Average median grain diameter, d50, ranged
from a low of 14.4 pm in April to a high of 22.8 um in
October, but generally, d50 values ranged from 14 to 18 um
(Fig. 3; Table 1). The mud fraction from the samples collected
in the channel ranged from 94.0 to 98.9% with the lowest and
highest values coming from the summer and late winter/early
spring, respectively (Table 1). Modal size ranged from 21.1 to
42.0 um, with the range generally between 28 and 32 um over
the course of the 12-month study (Table 1).

Kingsport Channel Average Grain Size
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Fig. 3 Average DIGS from the Channel over the monthly sampling was
expressed as equivalent weight percent versus diameter in micrometers.
Size distributions do not vary markedly among months
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The along-channel grain size showed a slight coarsening
moving from the channel mouth at the seaward station I to the
landward station K (Figs. 2 and 4). Two samples from stations
I, J, and K in the channel were averaged over the 12-month
study period (N =24 from each station) and examined.
Median grain diameter, d50, ranged from 18.3 pum at the sea-
ward station I to 16.8 wm near the middle of the channel
section at station J to 16.4 pm at the landward end of sample,
called station K (Fig. 4; Table 2). The sand fraction remained
relatively constant near 3% with slightly more sand in the
bottom sediment at the seaward station I at 4.1% compared
to closer to 3% at the inner stations, J and K (Table 2). Modal
size from the three stations gave the best indication of a sea-
ward coarsening of grain size with values ranging from
27.8 um at station K to 36.8 um at station I (Table 2).

Average grain size values from the Kingsport flat were
more variable than the channel samples (Fig. 5). Median grain
size values of flat samples ranged from 13.7 to 27.7 um.
Generally, the higher d50 values, i.e., those > 20 um, occurred
in the later summer, fall, and early winter, and those with d50
values <20 pm usually occurred from late winter into spring
(Table 3). The sand fraction of samples from the flat ranged
from 1.7 to 6.8% with the larger fraction of sand generally
found in the bed sediments at the same time as the higher d50
values. Modal size ranged from approximately 18 um to
42 pum, with values generally between 28 and 37 pum, with
the lowest values in the spring months between April and June
(Table 3). The other main difference between the channel and
flat samples was greater variability in the < 16-um fraction
which ranged from 38.5 to 59.6% over the study period
(Fig. 5; Table 3).

Inclusive graphic standard deviation, sigma (), a measure
of sorting, ranged from 1.16 ¢ to 1.85 ¢, with an average of
1.56 @. These values indicate that the samples were poorly
sorted (Folk 1968). Inclusive graphic skewness, a measure of
the degree of asymmetry in the samples, ranged from 0.02 to

Along Channel DIGS
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Fig.4 Average DIGS from along the channel over the monthly sampling
expressed as equivalent weight percent versus diameter in micrometers.
Channel position does not have a large effect on grain size

0.51, with an average of 0.23, indicating that the samples were
fine skewed (i.e., 0.1 to 0.3) (Folk 1968). Approximately 20%
of the samples had skewness values between 0.3 and 0.5 and
were classified as strongly fine skewed. Kurtosis, a measure of
peakedness, ranged from 0.84 to 1.23, with an average value
of 0.97. These values indicate that the distributions were
platykurtic (i.e., between 0.9 and 1.11) (Folk 1968). When
examining flat versus channel differences, samples collected
from the flat had standard deviation values ranging from 1.46
@ to 1.67 ¢ with an average of 1.58 ¢ (Table 4). Skewness
values from flat samples ranged from 0.15 to 0.33 with an
average of 0.25, and kurtosis values ranged from 0.93 to

Table 1 Yearly average grain size

parameters from the tidal channel ~ Date FF <4 <16 <63 d50 d75 d25 d5 d95 d84 dl6  Modal
Apr12 075 205 584 975 144 282 59 18 661 373 37 211
May12 057 209 580 972 144 290 58 18 676 384 37 211
Jun12 050 17.1 490 940 187 362 75 20 916 477 45 279
Jul12 052 173 486 948 189 362 75 20 842 467 45 320
Augl2 059 204 596 967 140 278 59 18 710 382 38 211
Sep12 054 168 497 944 183 367 7.6 2.1 82 490 46 279
Oct12 057 146 429 940 228 429 91 23 792 535 54 422
Nov12 057 181 508 966 178 358 70 20 706 459 43 320
Dec 12 059 185 531 977 166 332 67 20 659 427 42 279
Jan13 057 175 5001 971 181 358 73 20 682 456 44 320
Feb13 056 180 527 976 168 334 70 20 662 431 43 320
Mar13 057 185 548 989 158 3L1 67 19 594 397 42 320
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Table 2 Along channel average

yearly grain size parameters Station <4 <16 <63 >63 d50 d75 d25 ds dos dg4 dl6  Modal
1 175 498 959 4.1 18.3 369 73 20 732 478 44 36.8
J 18.0 527 972 28 16.8 326 7.0 20 677 420 43 32.0
K 18.7 535 96.8 3.2 164 332 6.7 09 697 437 4.1 27.8

1.04 with an average of 0.97 over the study period (Table 4).
Bottom sediments from the channel had sigma values of 1.56
@ to 1.69 @ with an average of 1.63 ¢ (Table 4). Skewness
values in the channel over the 12 month period ranged from
0.12 to 0.28, average of 0.20, while kurtosis values ranged
from 0.93 to 1.00 with an average of 0.94.

The DIGS distributions for all bottom sediments were also
analyzed using the process-based parameterization model of
Curran et al. (2004). Floc fraction values from all analyzed
bottom samples ranged from 0.10 to 0.81 with an average
value of 0.53 (Fig. 6; Tables 1 and 3). When all floc fractions
were plotted against elevation, no relationship emerged (i.e.,
#*=0.03, Fig. 6). To discern relationships between floc frac-
tion and elevation, samples were separated by their location
either on the flat or channel. Floc fraction values from
July 2012 in the tidal channel were not correlated with eleva-
tion, while floc fraction values on the flat decreased with in-
creasing elevation (Fig. 7a). When the data from July 2012
were binned in 0.25-m elevation intervals, a significant in-
verse correlation (72 =0.7, p<0.001) emerged between floc

Kingsport Flat Average Grain Size
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Fig. 5 Average DIGS from the Tidal Flat over the monthly sampling
expressed as equivalent weight percent versus diameter in micrometers.
In general, coarser DIGS distributions were observed in the summer and
fall, and finer DIGS distributions were observed in winter and spring

fraction and elevation on the tidal flat (Fig. 7b). No such
relation existed in the tidal channel. Floc fractions from the
channel in March 2013 had similar values to those in July and
were not correlated with elevation. In contrast to July, floc
fractions on the flat in March increased with increasing eleva-
tion (Fig. 8a). When binned, floc fractions were significantly
correlated with elevation on the tidal flat (* = 0.71, p<0.001;
Fig. 8b). Overall, average floc fractions from the same eleva-
tions on the flats changed from summer to winter. At higher
elevations (i.e., ~ 18.6 m), floc fractions were ~40% smaller
in summer than they were in winter, while at lower elevations
(i.e., ~20.2 m), floc fractions were ~70% larger in summer
than they were in winter (Figs. 7 and 8).

Significant wave heights in January 2013 were on average
twice as large as they were in June 2013 (Fig. 9). Current
velocities remained consistent during the summer and winter
with average velocities around 0.12 m s ' (data not shown).
Combined wave-current-shear velocities were on average
50% greater in winter compared with the summer sampling
(Fig. 9).

4 Discussion

Floc fraction, representative of the percentage of fine-grained
material deposited in flocs, can be used to understand the
formative processes responsible for shaping the bottom sedi-
ment texture on the muddy macro-tidal flats at Kingsport.
Small changes in floc fraction occurred seasonally in the chan-
nel. Values were higher in late winter, and lower in late sum-
mer with April having the highest values (Table 1). A more
pronounced seasonal variation in floc fraction was observed
on the tidal flats, with higher values at higher elevations in late
winter and lower values at higher elevations in late summer
(Table 3). This pattern is reversed at lower elevations, where
higher floc fractions occurred in late summer.

The controls on floc fraction include suspended particulate
matter (SPM) concentration, turbulence, and particle sticki-
ness. High SPM concentration promotes higher particle en-
counter rate and is associated with larger floc fractions
(Milligan et al. 2007; Hill et al. 2013). Low-to-moderate tur-
bulence enhances particle encounter rate, which increases floc
fraction (Jago et al. 2006), whereas larger turbulence disrupts
flocs, which decreases floc fraction (Hill 1996; Milligan and
Law 2005). The third control on floc fraction is “stickiness,”
and particles with sticky organic coatings are more likely to
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Table 3 Yearly average grain size

parameters from the tidal flat Date FF <4 <16 <63 d50 d75 d2s ds dos ds4  dl6  Modal
Apr12 074 208 585 973 143 281 59 1.8 670 371 37 243
May 12 054 194 537 959 163 326 64 19 750 432 39 243
Jun 12 045 161 466 961 199 362 82 21 733 461 49 279
Jul 12 045 154 439 964 215 379 88 22 707 475 51 36.8
Augl2 045 214 598 983 137 277 56 1.8 61.6 374 36 18.4
Sep 12 042 11.1 351 932 277 468 125 28 799 567 76 422
Oct 12 056 149 440 953 219 407 89 22 753 509 53 368
NovI2 055 161 471 950 199 387 80 22 769 497 48 320
Dec12 050 144 421 935 231 431 94 23 820 540 55 422
Jan 13 050 142 420 944 232 424 95 23 784 528 56 @ 368
Feb 13 052 126 385 938 250 437 110 25 8L1 540 66 368
Mar13 055 153 483 976 19.0 351 83 22 663 443 51 36.8

adhere when they collide. Particles with sticky coatings also
are less prone to breakage by turbulence, so they tend to have
higher floc fractions.

In a tidally dominated system, flocculation occurs during
slack water, when the coincidence of elevated concentration
and low-to-moderate turbulence allows flocs to grow (Jago
et al. 2006). Flocculation approaching high slack water in-
creases the depositional flux of mud to the seabed by increas-
ing the settling velocity of mud. This process leads to accu-
mulation of muds at higher elevations on tidal flats (e.g., Allen
2000). The sensitivity of flocculation and depositional flux to
concentration, turbulence, and stickiness introduces tidal and
seasonal variability to grain size on tidal flats. Higher concen-
trations caused by higher stresses associated with spring tides
or larger waves can increase flocculation and decrease grain
size on the seabed. Similarly, periods of increased runoff can
increase flocculation. Turbulence can counteract the effect of
higher concentration, however, by breaking flocs and

Table 4 Flat (Fl) and channel (Ch) average monthly folk method of
moments data, SD =1 standard deviation, sk =skewness, and ku=
kurtosis

Date SDFI SkFI KuFl SDCh SkCh KuCh
Apr 12 1.62 0.16 0.94 1.61 0.16 0.94
May 12 1.67 0.18 0.94 1.64 0.16 0.93
Jun 12 1.59 0.26 0.98 1.69 0.19 1.00
Jul 12 1.56 0.30 0.98 1.66 022 0.98
Aug 12 1.62 0.15 091 1.63 0.12 0.96
Sep 12 1.46 0.33 1.04 1.65 0.18 0.95
Oct 12 1.58 0.27 0.94 1.60 0.28 0.94
Nov 12 1.62 0.23 0.93 1.64 0.21 0.90
Dec 12 1.60 0.27 0.96 1.61 0.20 0.90
Jan 13 1.58 0.29 0.96 1.61 0.23 0.90
Feb 13 1.52 0.30 1.04 1.60 0.20 0.93
Mar 13 1.52 0.24 0.97 1.56 0.21 091
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decreasing depositional flux of muds, which leads to coarser
grain sizes on the bed (e.g., Allen 2000). Seasonal changes in
stickiness also affect flocculation and grain size on the seabed.

MERIS satellite imagery to estimate the suspended sedi-
ment concentration in the upper Bay of Fundy has shown an
order of magnitude increase in suspended sediment concen-
tration in the Minas Basin during the winter months (Tao et al.
2014) (Fig. 10). This order of magnitude concentration differ-
ence was validated on two separate cruises to the Minas Basin
in summer (i.e., June 2013) and winter 2014 (i.e.,
March 2014) (Ashall et al. 2016; Zions et al. 2017). Several
sources for the winter increase in suspended sediment exist,
including greater run off from land, increased erosion from
cliffs, ice rafting, and the release of material from tidal flats
and creeks as a result of increasing shear stress from wind
waves and erosion by raindrops and surface flow (Amos and
Long 1980; Amos et al. 1992; Wilson et al. 2017; Hill and
Gelati 2017). Changes to the cohesivity of the sediment in
response to the loss of bio-films also can lead to greater ero-
sion from tidal flats and channels in winter (Amos and Mosher
1984; Garwood et al. 2015).

Recent work on size sorting during the erosion of cores
from the Gulf of Lions, France (Law et al. 2008), and in
Seal Harbor, NS (Milligan and Law, 2013), suggests that in-
creases in clay (sediment particles <4 pwm in diameter) chang-
es resuspension dynamics. In sediments that contain > 10%
clay, a wide range of sizes are eroded at reduced but equal
rates. Sediments with a smaller clay fraction exhibit greater
erodibility and size-selective sorting over the entire particle
size range. Sediment with a small clay fraction, <7.5% can
be winnowed of'its fine fraction during erosion, but sediments
with a larger clay fraction cannot. When muddy sands are
eroded, the smallest sediment sizes are winnowed from the
bed, essentially cleaning the sands. In contrast, when muds
are eroded, size sorting is reduced substantially. In short, after
deposition, sands are “cleaned” by physical disturbance, but
muds resist any further sorting. Even if muds are repeatedly
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Fig. 6 Floc fraction and d50 for all samples collected from the tidal-

channel-flat complex at Kingsport of the monthly sampling (N=707).
Neither variable is significantly correlated with elevation

resuspended and transported over great distances, they main-
tain their poorly sorted character and small mean grain size.
All samples collected for grain size from the tidal flats and
channels at our study site contained < 4-um fractions greater
than 10% and always averaged > 11% and in some months >

20% (Tables 1, 2, and 3). As a result, selective winnowing of
the fine fraction from the bed at our location should be limited,

Kingsport Flat and Channel (FF - July 2012)
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—— Plot 1 Regr
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—— Plot 2 Regr
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Kingsport Flat and Channel Binned (FF - July 2012)
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Fig. 7 Floc fraction raw (top) and binned (bottom) from July 2012. Floc
fraction from the tidal flat is inversely correlated with elevation, raw
(R*=0.45, p<0.001), and binned (R*=0.70, p <0.001). Channel floc
fraction is not correlated with elevation, RZ=0.01

so size distributions primarily reflect depositional packaging
of sediments.

In macro-tidal areas, turbulence and bottom stress, 7y, are
dominated by tidal flow. Tidal flow in the Inner Bay of Fundy,
Minas Basin, does not vary greatly seasonally (Wu etal. 2011;
Zions et al. 2017). Wind waves increase during the winter
months and subsequently increase turbulence. Deep, sheltered
tidal channels remain unaffected by waves during the winter,
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Fig. 8 Floc fraction raw (top) and binned (bottom) from March 2013.
Floc fraction from the tidal flat is inversely correlated with elevation, raw
(R*=0.33, p<0.001), and binned (R>=0.71, p <0.001). Channel floc
fraction is not correlated with elevation, R*=0.01

but more exposed tidal flats experience increases in bottom
stress as a direct result of increased wave activity acting upon
them (Fig. 9). Although no systematic observations of sticki-
ness were made during this study, observations made by
Garwood et al. (2015) in bottom sediments from the study
area showed maximum carbohydrate concentrations in spring
and minimum in summer. Particles therefore may be stickier
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in the spring and less sticky in the summer at times similar to
maximum and minimum sediment concentration.

Overall, at Kingsport, there was a trend of higher floc frac-
tions on the tidal flats in winter than in summer. On the tidal
flats, low concentration in the summer reduces floc fraction,
whereas high concentration in the winter increases floc frac-
tion. Lower suspended-sediment concentrations appear to
have a bigger effect on floc fraction than lower turbulence
due to less wave activity, and therefore, floc fractions remain
low in summer. A similar effect of concentration versus tur-
bulence was observed in winter when high concentration of
sediment dominated over the increased shear stress from
waves and floc fractions remained high. Low stickiness may
also have helped to reduce floc fractions in the summer. In the
tidal channel, the lack of variability in floc fraction, with the
exception of April, is puzzling because concentration varies
seasonally, but seabed stress does not, which suggests that floc
fraction should vary with changes in concentration. These
results are similar to those found in other studies in the inner
Bay of Fundy (O’Laughlin et al. 2014; Poirier et al. 2017). We
hypothesize that post-depositional reworking in tidal channels
may determine floc fraction instead of depositional packaging.
In the channels, sediment may be packaged in toughened
“aggregates” that are not disrupted by turbulence.

In this study, no correlation between floc fraction and ele-
vation data existed throughout the monthly sampling in the
tidal channels (Figs 7 and 8). O’Laughlin et al. (2014) and
Poirier et al. (2017) showed similar dynamics of flocculation
albeit on shorter temporal scales. They hypothesized that con-
sistency in floc dynamics was due to the same source of ma-
terial being present in tidal channels despite changing
suspended sediment concentrations and tidal conditions. It
was apparent in this study that floc dynamics also remained
relatively consistent in the channel as seen in measured floc
fraction values over the course of the monthly sampling
(Table 1; Figs. 7 and 8).

A distinct relationship emerged between floc fraction and
elevation during the summer and the winter on the tidal flats
(Figs. 7 and 8). During July 2012, bottom sediments sampled
higher up onto the flat (e.g., elevation = — 18.63 m) contained
the lowest floc fraction values (e.g., FF = 0.39), while samples
collected at lower elevations (e.g., elevation =—20.38 m) had
the highest floc fraction values (e.g., FF=0.61) (Fig. 7). In
contrast, samples analyzed from March 2013 from the lowest
elevations on the tidal flat (e.g., elevation = — 20.38 m) had the
lowest floc fraction values (e.g., FF =0.35) and those at the
highest elevations (e.g., elevation =—18.68 m) sampled on
the tidal flat contain the highest floc fraction values (e.g.,
FF =0.54) (Fig. 8). The trend of higher floc fraction values
for bottom sediments from the tidal flats collected at the low-
est elevations observed in July also held for August and
September, and the trend observed in March 2013 held in
January, February, and April. The correlation between floc
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fraction and elevation in other months was weaker (+* < 0.2),
suggesting that October—December and May—June were tran-
sitional periods. These seasonal shifts in the spatial distribu-
tion of floc fraction contrast with a study by Law et al. (2013)
in Willapa Bay on a muddy mesotidal flat in which floc frac-
tion was always inversely correlated with elevation, despite
the season. In that study, the finest grain size material was
deposited in the form of flocs in the tidal channels and on
channel banks which had the lowest elevations.

Changes in SPM at the Kingsport study site overall favor
higher floc fractions on the flats in the winter when SPM was
larger. The observed decrease in floc fraction at lower eleva-
tions on the flats in winter, therefore, must have arisen either
from increased turbulence and/or bed shear stresses or de-
creased particle stickiness. On the assumption that particle
stickiness would change similarly across the flats in response
to seasonal changes, we propose that changes in turbulence
and bed shear stress were responsible for the winter decrease
in floc fraction at lower elevations on the flats. The Aquadopp
current meter showed increased wave heights and associated

Fig. 10 MERIS satellite-derived

YD (June 2013)

wave-induced shear stresses in the winter versus the summer
(Fig. 9). Although the data set only sampled two complete
tidal cycles in January 2013, approaching spring tides and four
tidal cycles in June 2013, approaching neap tides, both wave
heights and combined wave-current stress were higher during
the winter sampling even when accounting for water depth
(Fig. 9). In addition, winds from the nearby but not on-site,
Debert, N.S. airfield (not shown) were <7 ms ' and from a
northerly direction during the winter Aquadopp measure-
ments which kept wave heights low. This seasonal change in
wave climate likely caused the winter reduction in floc frac-
tions at lower elevations on the flats.

Fagherazzi et al. (2006) demonstrated that a peak in wave
stress on tidal flats occurs at a depth that is determined by the
wavelength and period of incident waves. At deeper depths,
stresses are reduced due to the greater water depth, and at
shallower depths, stresses are reduced because of wave atten-
uation in shallow water and wave breaking. The elevation of
maximum stress changes with the season. We propose that
higher, longer period waves in winter increased the depth of
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maximum stress. The depths at which flocs deposited at lower
wave stresses in summer were exposed to stresses that did not
allow flocs to deposit in winter, so floc fraction decreased. The
material that failed to deposit lower on the flats in winter was
driven higher onto the flats. Higher concentrations over higher
elevations on the flats led to increased floc fractions in those
areas. The retention of flocs at lower elevations in summer led
to higher floc fractions, but the depositional loss of flocs at
lower elevations starved the upper flats of sediment, which led
to lower floc fractions.

Boldt et al. (2013) and Nowacki and Ogston (2013) ob-
served an order of magnitude difference in suspended sedi-
ment concentration in Willapa Bay similar to that observed in
our study area, yet floc fractions in Willapa Bay showed no
seasonal change with elevation. Boldt et al. (2013) showed
that combined wave-current shear stress remained similar
throughout the year in Willapa Bay. The summer trend of
decreasing floc fraction with increasing elevation at
Kingsport was similar to the trend observed in Willapa Bay
over the entire year. These contrasting results demonstrate that
waves have a depth-localized seasonal role in determining
seabed grain size. In environments like Kingsport that experi-
ence seasonal changes in wave climate, shifts in grain size as a
function of elevation occur. In environments with relatively
constant stresses throughout the year, seasonal shifts are
absent.

5 Conclusion

Seasonal changes in the trend of floc fraction with elevation
on a macro-tidal mud flat are linked to seasonal changes in
wave climate. In summer when waves were small, flocs were
able to deposit at lower elevations on the tidal flat, which
increased floc fraction in surficial sediments. Depositional
losses of flocs lower on the flats reduced the concentration
of sediment in suspension as water flowed higher onto the flat,
which led to a decrease in floc fraction in surficial sediments.
In winter when waves were larger, flocs either were smaller or
less abundant due to elevated stresses, or they were unable to
deposit at lower elevations. These processes caused a decrease
in floc fraction at lower elevations. Sediment that did not
deposit at lower elevations was pushed higher onto the flats,
causing higher floc fractions there.

The observed seasonal change in the trend of floc fraction
with elevation was not observed in a similar study on tidal
flats in Willapa Bay, which is a mesotidal system in which
higher floc fractions persist at lower elevations throughout the
year. We attribute the different behaviors to differing seasonal
changes in wave energy. At Kingsport, despite a relatively
sheltered location, we hypothesize that larger waves occurred
during winter, leading to elevation-dependent increases in
shear stress and decreases in floc fraction. At Willapa Bay,
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we hypothesize that because the orientation of the tidal flats
shielded them from winter waves generated by strong south-
erly winds, wave stresses and floc fractions did not change at
lower elevations. These different behaviors indicate that accu-
rate models of sediment size distribution in the seabed in tid-
ally dominated systems need to incorporate wave stresses.
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