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1 | INTRODUCTION

Abstract

The Selenga River delta (Russia) is a large (>600 km?) fluvially dominated fresh water system that
transfers water and sediment from an undammed drainage basin into Lake Baikal, a United Nations
Educational, Scientific, and Cultural Organization World Heritage Site. Through sedimentation
processes, the delta and its wetlands provide important environmental services, such as storage
of sediment-bound pollutants (e.g., metals), thereby reducing their input to Lake Baikal. However,
in the Selenga River delta and many other deltas of the world, there is a lack of knowledge regard-
ing impacts of potential shifts in the flow regime (e.g., due to climate change and other anthropo-
genic impacts) on sedimentation processes, including sediment exchanges between deltaic
channels and adjacent wetlands. This study uses field measurements of water velocities and sed-
iment characteristics in the Selenga River delta, investigating conditions of moderate discharge,
which have become more frequent over the past decades (at the expense of peak flows,
Q > 1,350 m® s™%). The aims are to determine if the river system under moderate flow conditions
is capable of supporting sediment export from the main distributary channels of the delta to the
adjacent wetlands. The results show that most of the deposited sediment outside of the deltaic
channels is characterized by a large proportion of silt and clay material (i.e., <63 um). For example,
floodplain lakes function as sinks of very fine sediment (e.g., 97% of sediment by weight < 63 um).
Additionally, bed material sediment is found to be transported outside of the channel margins
during conditions of moderate and high water discharge conditions (Q = 1,000 m®s™2). Submerged
banks and marshlands located in the backwater zone of the delta accumulate sediment during such
discharges, supporting wetland development. Thus, these regions likely sequester various metals

bound to Selenga River sediment.
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& Slingerland, 2010; Wright & Coleman, 1972). The sedimentation

processes in the wetlands, in turn, contribute to the planform growth

Delta wetlands provide important environmental services, such as
sequestering sediment-bound metals through accumulation of river-
ine sediment, and therefore improve quality of river water
discharging into the adjacent coastal zone (Day, Martin, Cardoch, &
Templet, 1997; Thorslund et al., 2017). The dynamics of river water
flow into a delta, as well as its sediment concentration and grain size
distribution, control the magnitude and spatiotemporal variability of
water storage and sediment deposition in delta wetlands (Edmonds

of a deltaic system (Rowland, Dietrich, Day, & Parker, 2009; Syvitski,
Overeem, Brakenridge, & Hannon, 2012; Syvitski, Voérosmarty,
Kettner, & Green, 2005). Wetlands are frequently created within
the coastal area of the delta, particularly in the backwater zone
where the river water stages and current flow velocity are influenced
by the water level of the terminal receiving basin (Nittrouer, Mohrig,
& Allison, 2011). Deltas with numerous distributary channels and
complex networks are usually formed where a large sediment supply
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produces channel bifurcations via avulsion processes (Syvitski &
Saito, 2007); these typically possess a large number of wetland lakes
that trap and store sediment.

Human activities, such as damming and land-use changes within
river basins, alter water discharge patterns and sediment supply to
deltas, affecting their natural storage functions (Jalowska, Rodriguez,
& McKee, 2015; Nittrouer & Viparelli, 2014; Yang, Milliman, Li, &
Xu, 2011). For instance, impacts of dams can lead to a recession of
deltaic wetlands and subsidence of the delta plains (Syvitski et al.,
2009; Yang et al., 2005). Moreover, climatic changes may influence
runoff and erosion in the drainage basin, which in turn affects sedi-
ment discharge to the downstream delta (Chalov et al., 2015; Fischer,
Pietron, Bring, Thorslund, & Jarsj6, 2017; Leeder, Harris, & Kirkby,
1998; Tornqgvist et al., 2014). Climate related shifts in the flow regime
of rivers (e.g., magnitude of floods) can also influence the supply of
sediment and its distribution within deltas (Zhao et al., 2015; Stern
et al,, 2016; Chalov, Thorslund, et al., 2017).

The degree of such anthropogenic and climatic forcing on a river
basin is sometimes challenging to disentangle from natural variability.
Furthermore, because many fluvial basins have possessed dams for
many decades (see Nilsson, Reidy, Dynesius, & Revenga, 2005), natural
case studies of moderate to large basins without impacts of dams are
exceedingly rare. One exception is the herein studied Selenga River
basin that drains into Lake Baikal (Russia). Despite the absence of
dams, this system is impacted by mining activities, which locally
increase soil loss from the basin that leads to significant sediment
and metal contamination of the tributary streams (Jarsjo, Chalov,
Pietron, Alekseenko, & Thorslund, 2017; Pietron, Chalov, Chalova,
Alekseenko, & A., Jarsjo J., 2017; Pietron, Jarsjo, Romanchenko, &
Chalov, 2015; Thorslund et al., 2016; Thorslund, Jarsjé, Chalov, &
Belozerova, 2012). Moreover, the Selenga River basin is currently sub-
ject to climate driven shifts in hydrology and water discharge patterns.
In particular, the annual maximum discharges and the annual average
discharges have decreased, whereas the annual minimum discharges
has increased (Chalov et al., 2015; Tornqgvist et al., 2014), reducing
the variability of daily discharges (see Botter, Basso, Rodriguez-Iturbe,
& Rinaldo, 2013).

The Selenga River delta is a fluvially dominated fresh-water sys-
tem that is characterized by up to eight orders of distributary channels;
as such, the delta region has developed large lakes and widespread
wetland regions that are adjacent to the channels (Lane, Anenkhonov,
Liu, Autrey, & Chepinoga, 2015; Dong et al., 2016; Chalov, Thorslund,
et al., 2017). The delta stores sediment (up to 40% of suspended and
70% of the total sediment load during high discharge conditions
~3,000 m® s7%) and particle-bound metals originating from upstream
extensive mining areas through dispersal and deposition of fine sedi-
ment where sediment-laden water evacuates distributary channels
and enters adjacent low-energy wetlands (Chalov, Thorslund, et al.,
2017). However, it is still unknown if and to what extent the ongoing
shifts in the hydrological flow regime of the Selenga River, that is,
decreased variability of daily discharges, could affect the sedimenta-
tion patterns and storage functions of the delta. Additionally, sedimen-
tation processes of the suspended sediment load, especially with
respect to grain size within the Selenga River delta and its wetlands,

have yet to be investigated.

The main objective of this study is to test whether or not, under
present conditions (e.g., with fewer peak flow events than before),
the Selenga River is capable of supporting transport of sediment from
the main channels to the adjacent wetlands within the delta, as would
be typical for many deltaic systems. In addressing this objective, we
also determine prevailing grain sizes of sediment and its spatial vari-
ability at storage locations within the Selenga River delta (e.g., channel
banks and floodplain water bodies) at such moderate water discharge

conditions.

2 | STUDY AREA

The Selenga River delta (Figure 1), located in southern Siberia, is a large
(>600 km?) fluvially dominated river delta, formed on the southeast
margin of Lake Baikal, which is a United Nations Educational, Scientific,
and Cultural Organization World Heritage Site comprising a unique
ecosystem with many endemic species. The delta is characterized by
eight orders of natural distributary channels that partition water and
sediment over the course of approximately 35 km. A recent study
has documented that water partitioning among the channel orders
produces a reduction in stream power and an associated non-linear
reduction in sediment transport (Dong et al., 2016). This, in turn,
produces deposition of sediment within the channel network system,
with the coarsest sediment load (gravel) eventually giving way to sand
and silt, starting at the delta's apex and progressing downstream to the
termination of distributary channels (Dong et al., 2016; llyicheva,
Gagarinova, & Pavlov, 2015). According to prior field observations,
the main distributary channels of the delta are locally dredged, and
the portions of floodplain that remains dry with exception of extreme
flood events are often used for animal grazing. Additionally, the back-
water zone of the delta extends upstream approximately 9 km from
the delta's outlets (Dong et al., 2016), and this region is affected by
intra-annual fluctuations of Lake Baikal water level (average annual
amplitude of ~0.7 m, with the lowest and highest water levels around
May and September, respectively; see Figure S2), which is regulated by
the operation of a dam on the Angara River near the outlet of Lake
Baikal and the city of Irkutsk (Crétaux et al., 2011; Chalov, Thorslund,
et al., 2017; Hydroweb, 2017).

Both the Selenga River delta and basin are characterized by a
continental, semidry climate with monthly mean temperatures ranging
between -23.5 (January) and 16.9 °C (July; Térnqvist et al., 2014).
Water flow and sediment transport regimes of the Selenga River are
natural and unaffected by major engineering structures. High discharge
events occur between April and October. The highest observed
discharges exceed 2,000 m® s™* and typically occur in August. During
November to March, the tributaries of the Selenga River are covered
with ice, and the water discharge is negligible (80-100 m® st
upstream of the delta; Tornqgvist et al., 2014; Chalov, Thorslund,
et al., 2017). However, long term hydrological data during the period
1938 to 2009 show decreasing magnitudes of the annual maximum
flows and increasing magnitudes of minimum flows at the Mostovoy
gauging station, located ~130 km upstream of the Selenga River delta
apex. Additionally, average annual water discharges significantly

decreased in the Selenga River (Mostovoy station) and its headwaters
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FIGURE 1 A map of the Selenga River delta: (a) locations of the sediment sampling points; (b) locations of flow measurements, classification of
channel orders according to Dong et al. (2016), and division of regions in the delta according to Chalov, Thorslund, et al. (2017). Satellite image
source for the background maps—LANDSAT (bands 2, 3, and 4) from 30th of May 2014 (U.S. Geological Survey, 2015); the blue background
indicates wetted areas (see Section S1). Inset map in part (a): location of the Selenga River delta in the Selenga River basin (red border); elevation
model—Shuttle Radar Topography Mission 90 m (U.S. Geological Survey, 2012)

(Ulaanbaatar, Mongolia) after mid-1990 (Chalov et al., 2015; Pietron 2014). Land use in the Selenga River basin has also changed (e.g., loss
et al., 2015). These conditions are associated with a changing basin in cultivated area in the Russian part of the basin since the 1980s;
hydroclimate and also coincide with thawing permafrost and an Bazhenova & Kobylkin, 2013). A notable net effect of such ambient

increase in the average annual temperature by 1.6 °C (Térnqvist et al., changes is the significant decrease in the annual sediment discharge
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to the Selenga River delta, as measured over the last 30 years (Chalov
et al., 2015; Potemkina, 2011).

The Selenga River delta functions as an important filter of water
flowing from the Selenga River basin into Lake Baikal. In particular,
the wetland-dominated areas of the delta between the distributary

channels retain sediment and associated metal pollutants (Chalov,
Thorslund, et al., 2017). These areas are characterized by numerous
water bodies that are classified in terms of hydrological connectivity
to distributary channels. Floodplain water bodies with no direct
overland connection to a distributary channel during moderate flow

(a) closed floodplain lake

[

48N 591340 5780058"

Google

(c) marshland

48N 585897 5782271

(d) subdelta front

48N 603009 5798956

FIGURE 2 Examples of different water bodies and wetlands within the Selenga River delta (pictures by Jerker Jarsjo, Jan Pietron, and Tian Dong).
GoogleMaps images were extracted using R package “RgoogleMaps” (Loecher, 2014). Left bottom corners—approximate location (WGS 84 / UTM

48 N) of the areas
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conditions (discharges around the mean values) are denoted as closed
lakes (Figure 2). Floodplain lakes connected to a distributary channel
via a tie channel provide a pathway for water and sediment to
exchange; such lakes are therefore defined as “active.” Open water
bodies that are adjacent to delta channels so as to convey water during
average flow conditions are defined as marshlands. These water bodies
are typically located at the delta fringe (i.e., within the backwater zone)
and are subject to changing conditions of water and sediment
discharge from distributary channels, depending on water discharge
from the Selenga River. Over time, water bodies may change function.
For example, lakes on the Selenga River delta can be converted to
floodplain lakes or marshlands by connection to an avulsed channel
(e.g., Kazanova branch, Figure 1; llyicheva et al., 2015). In such circum-
stances, nourishment of marshlands with sediment can lead to a for-
mation of net sedimentation areas characterized by small versions of
natural delta lobes (denoted subdeltas, Figure 2d; see Mijos,
Walderhaug, & Prestholm, 1993; Dean, Wells, Fernando, & Goodwin,
2013). In time, the newly deposited material can be colonized by
marshland vegetation (Cahoon, White, & Lynch, 2011).

3 | MATERIAL AND METHODS

3.1 | Data acquisition, processing, and analysis

Daily water discharge data (Q, m® s7%) of the Selenga River were
obtained from the Hydro-meteorological Centre of Russia at the
Mostovoy gauging station (see Chalov et al., 2015; Térnqvist et al.,
2014). These long-term data were divided into two different periods,
representing the hydrological flow regime of the Selenga River before
(1975-1994) and after (1995-2014) the on-set of current draught
conditions (Chalov et al., 2015) and used in analyses of differences in
daily discharge patterns between the periods. Measurements of water
discharge for the delta's distributary channels were collected between
the 6th and 18th of August 2014, and on the 9th of August 2016
(Figure 1b). Water stream velocity and discharge measurements in
2014 were collected using propeller-type velocity current meters
deployed from boats. Associated discharge conditions were estimated
using a trapezoidal rule described by Jarsjo et al. (2017). The water
surface velocity measurements in 2016 were collected using the float
method, whereby data were corrected (a factor ¢ = 0.91) for
sand-bed depth-average
(Gutry-Korycka & Werner-Wieckowska, 1996).
Suspended sediment concentrations were measured between
28th of July and 18th of August 2014, at midstream locations of
the delta's distributary channels (33 samples across the entire delta;

channels to estimate velocities

locations shown in Figure 1a). Depth-integrated water samples (at
the surface water layers) were collected with 2-L plastic sampling
bottles. The water was filtered using preweighed membrane filters
(with pore size 0.45 um) and vacuum pumps (Millipore). Afterwards,
filters and associated sediment were oven dried. Grain size analyses
of the suspended sediment samples were conducted using a laser
granulometer (Fritsch Analysette 22; reflecting volumetric distribu-
tions) at Moscow State University (Russia). Prior to the grain size

analysis, all samples were treated with sodium pyrophosphate

(NasP,05) to disintegrate flocs (see Bates, Coxon, & Gibbard,
1978). The obtained data were classified according to a Russian grain
size system (see Shein, 2009; Figure S3).

Sediment samples were collected during a field campaign at the
western part of the Selenga River delta (Figure 1) between August
21st and 23rd, 2014. Twenty-one sediment samples were taken within
the western part of the delta (locations shown in Figure 1a). This part
conveys a considerable portion (~30%) of the total water discharge
of the Selenga River during high flow conditions (Q ~ 2,700 m® s7%)
and even more (up to ~50%) during the lower flows of summer (Q ~
1,200 m® s7%). In general, this part of the delta, in conjunction with
the eastern part, conveys most of Selenga River's water and sediment
discharge (75-89% of the water discharge; Chalov, Thorslund, et al.,
2017). The western delta part comprises a variability of wetland types
(i.e., shrub areas, sedge-cane meadows as well as cane/aquatic vegeta-
tion bogs and waterlogged territories), which is representative for the
entire delta area (llyicheva et al., 2015).

The sampling locations (Figure 1a) consisted of (a) submerged
banks (C1, C11, C12, C12, C20, C20, C22, C24, C25, C26, C27,
C28, C29, and C31), (b) subaerial sand bars located in the primary
distributary channels (C12b, C21b, C23b, and C29b), (c) bed sedi-
ment samples from marshlands (C31 and S1), and (d) the floodplain
lakes (active: CW4 and CW6 and closed: CW3; see Section 2). Three
samples from submerged banks (C12*, C20* and C21*) were taken
on 4th of September 2013. The term “submerged banks” refers to
marginal areas of confined channels or areas of subaqueous levees
formed in unconfined channels. These locations were chosen to
measure the characteristics of sediment deposits at the interface
(border) between the main channels and adjacent wetlands. The
locations are likely to remain inundated despite transient flow and
Lake Baikal water level conditions. Most of the submerged bank
locations (except C21, C22, and C27) were sampled within the back-
water zone of the delta (up to ~9 km from the delta's outlets; Dong
et al.,, 2016). All locations were inundated during the time of sam-
pling. The area of the backwater zone, however, may vary depending
on the changes in water level of Lake Baikal (Figure S2), which
was approximately 6.0 cm below the August average level
(455.61 m a.s.l. for period 1993-2013) around the time of sedi-
ment sampling in 2014 (16th of August 2014; Hydroweb, 2017).
In addition, the sampled sediment locations at the delta front
can be subject to wind waves, as observed by Chalov, Bazilova,
and Tarasov (2017).

All of the sediment sampling sites were accessed via boat or by
foot. Floodplain lakes were sampled approximately 2 m from their
shore. A sampler capable of collecting the upper 5-10 cm of the sur-
face sediment was used in submerged and inaccessible locations. Sam-
ples from accessible but submerged areas and subaerial bar sediment
were collected using a spatula to recover the upper 5-10 cm. Each
sample was well-mixed and then oven dried (60 °C) in a scientific field
station located close to the delta (in the village of Istomino), before
being transported to Stockholm University (Sweden). The well-mixed
samples were dried in 150 °C for 24 hr. Around 5.0 g of each sample
was separated to analyse the organic matter content (OM, %), utilizing
loss upon ignition method (6 hr in 550 °C), where (based on Delteus &
Kristiansson, 1995)
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__ pre _ignition weight (3)-pos _ignition weight(g)
B pre _ignition weight ()

OM (%) 100 (%).

(1)

Afterwards, the grain size composition of the remaining sample
was measured using hydrometer analysis (measurement of the weight
distribution; Delteus & Kristiansson, 1995). The material coarser than
74 um was partitioned for grain-size analysis using a set of stainless
steel sieves. Prior to this analysis, all samples were treated with sodium
pyrophosphate (NasP,0-) to disintegrate flocs that could arise due to
OM (Bates et al., 1978; Delteus & Kristiansson, 1995). Additionally,
samples recognized to contain more than ~5.0% of OM were subject
to a 30% solution of hydrogen peroxide (H,0O,) to reduce the OM con-
tent (Simon Fraser University, 2012). To test the possible effects of
OM in the samples that were not treated with H,O,, the (uncorrected)
results of the analysis were compared with corrected results using an
equation proposed by Gasparotto et al. (2003; Section S2). The esti-
mates show that, on average, the clay content could have been
underestimated by a relatively modest 0.4 percentage points from
16.3% (0.8 percentage point from 14.8% for submerged banks).

Additionally, three sediment deposits were sampled on the 9th of
August 2016, from the mouth bar deposit of the Kazanova branch
(locations shown in Figure 1a), which represents an active avulsion into
the central sector of the Selenga River delta. The measurements were
carried out at a submerged bank (K1) and an inundated front of the
subdelta (mouth bar, K2, and K5). Grain size distribution of each
sample was measured using a Malvern Mastersizer 2000 (for material
<63 um) and Retsch Techonology CAMSIZER (for material >63 um)
at Rice University (TX, USA; measurement of the volume distribution).
Prior to the grain size analysis, all samples were treated by sodium
pyrophosphate (NasP,O;) to disintegrate flocs (see Bates et al.,
1978). Around 10 g of each sample was oven-dried (> 12 hr in 90 °C)
and used to measure the OM utilizing loss upon ignition method (>
8 hr in 400 °C) as described above (Equation 1).

Linear interpolation between measurement data points on cumu-
lative grain size distribution curves (Figure S3) was used to estimate
fractional contributions of clay (<3.9 um), silt (3.9-63 um), and sand
(63-2,000 um) for given particle sizes, as well as statistical quantities,
such as median grain size (Dso), of the sampled sediment (Seward-
Thompson & Hails, 1973; Shein, 2009). This method was also used
to report all considered sediment data in a common grain size classifi-
cation according to Wentworth (1922; Table S1).

To quantify the degree of grain size variability in the deposited and
suspended sediment samples, the Inclusive Graphic Standard

Deviation (0g) is used as a measure of sorting (Folk & Ward, 1957)

o — bgs—d16 n b9s5=s

¢ 4 6.6 @)

where ¢, is the n percentile of the grain size distribution in the
Krumbein phi (¢) units. The ¢ of a grain size D (mm) is defined as
¢ = - log,D/Do, where Dy is a reference diameter 1.0 mm. The degree
of sorting is defined by the following gy ranges: o4 < 0.35, very well
sorted; o4 = 0.35 - 0.50, well sorted; o4 = 0.50 - 1.0, moderately sorted;
oy = 1.0 - 2.0, poorly sorted; o4 = 2.0 - 4.0, very poorly sorted; and
0 > 4.0, extremely poorly sorted (Krumbein & Aberdeen, 1937).

Additionally, the Mann-Whitney U-test was used in the study to
determine the differences in statistical significance between the
median values representing different categories of the studied
datasets (e.g., deposited sediment samples). The categories repre-
sented by too few samples (n < 6; Townend, 2013) were grouped with

a similar category, if available or omitted from the statistical analysis.

3.2 | Rouse number analysis

A dimensionless Rouse number (Pn) is used to determine the threshold

of suspension for bed-material sediment (e.g., sand, >63 um; Colby,

1957) during flood (bankfull) and moderate flow conditions (e.g., Mid-

dleton & Southard, 1984; see Section 3.1 regarding Q measurements):
Ws

Pn=—, @)
KUsx

where, w, is settling velocity (m s™%) of the sediment, which is a
function of grain size, shape, and density (Dietrich, 1982; see Section
S3), k is von Karman's constant (0.41), and u, is shear velocity (m s
). Values lower than the critical Rouse number Pn* = 2.5 indicate that
a sediment particle begins to contribute to the suspended load (Mid-
dleton & Southard, 1978; Huston, 2014), whereas higher values indi-
cate that a sediment particle is most likely transported as part of the
bed load (Lynds, Mohrig, Hajek, & Heller, 2014). Herein, shear velocity
is estimated asu. = \/T,/p, where p is the fluid density (kg m™3), and 7,
is the boundary shear stress (Pa). Minimum, median, and maximum
boundary shear stress values during bankfull flow conditions for the
Selenga River delta channels are based on values reported by Dong
et al. (2016; see Table S2).

The u,values are also independently computed from depth-average
flow velocity values U (m s™%) measured within the Selenga River delta
during the 2014 and 2016 field campaigns (during which moderate flow

conditions prevailed; Section 3.1):

u = UGy, 4

where C is a dimensionless friction coefficient (Nittrouer et al., 2012)
estimated using the Manning-Strickler formula (Parker, 1991): Cf'l/
2 = a(H/(nkDso))¥®, where a, is a dimensionless constant equal to 8.1,
H is the average measured channel depth (m), ny is a dimensionless con-
stant equal to 2.0, and Dy is the sediment size (nominal grain diameter)
coarser than 90% of the bed material grain size distribution. Values of
Dy are based on bed sediment sample sizes for different channel orders
classified in Dong et al. (2016) using patterns of channel bifurcations
(Hack, 1957). The average channel depth is estimated as H = A/W,
where A and W are the channel flow area (m?) and width (m) measured
during the discharge measurements, respectively (Section 3.1).
Settling velocities (ws) used in Equation 3 are evaluated for sed-
iment sizes coarser than 10%, 50%, and 90% of the cumulative sed-
iment grain size distribution of the bed material at submerged bank
locations (Dgi0, Dgso, and Dggp, respectively). The Dgq, Dgso, and
Dggo are estimated using linear interpolation between the measured
or reported values from the cumulative grain size distribution for

each considered sediment sample (see Section 3.1). Channel order
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for each of the submerged bank samples are identified, as well as the
minimum, average, and maximum Dgqo, Dgso, and Dggo for each

channel order.

4 | RESULTS

4.1 | Observed hydrological conditions

Depth-averaged channel velocities and the corresponding water
discharges during the time of suspended load sampling (August 2014)
range between U = 0.14-0.69 m s * and Q = 4.3-124 m® s™%, respec-
tively (Table 1). Additional measurements from August 2016 resulted
inU=0.14msand Q = 4.3 m® s at one of the outlets (14 m wide)
of the subdelta located in a seventh-order channel (K1). The measured
current velocities within the open water body of the subdelta front are
U=0.05-031ms™

Daily water discharge values and frequencies at the Mostovoy
gauging station near the Selenga River delta (Figure 1b) indicate major
changes in the Selenga River's hydrological flow regime between the
periods 1975-1994 and 1995-2014 (Figure 3). For instance, the aver-
age daily discharge decreased from 893 m® s™! in the former period to
725 m® s7* during the recent 20 years. Also, the standard deviation of
the daily water discharges decreases from o = 937 m® s™* for 1975-
1994 to o = 665 m® s~ for 1995-2014. Moreover, water discharge
data from the two periods (1975-1994 and 1995-2014) indicate that
the average daily discharges of 50-300 m® s™* occur during 41% of the
period (i.e., 149 days/year, Figure 5). The relative frequency of inter-
mediate discharges (450-1,350 m® s ) increased from 26%
(1975-1994) to 40% (1995-2014). The largest increase within this
intermediate range of flows is for discharges between 750 and
1,250 m3 st (moderate flows; 17% to 27%). However, the frequency
of high discharges (i.e., >1,350 m® s™%) decreased from 26% to 16%.
Additionally, the greatest relative decrease is within this range of daily
discharges greater than 2,800 m® s (from 5.6% to 0.99%). The
maximum discharges for the periods of 1975-1994 and 1995-2014
were 7,090 and 6,420 m® s71, respectively.

WILEY——Z

The mean daily discharge at Mostovoy gauging station during the
period of sediment sampling in 2014 (from 28th of July to 23rd of
August) varied between 984-1,191 and 914-946 m® s™%, respectively
(Figure 4). The mean daily discharge during the sampling in 2013 (on
4th of September) is 2,700 m® s™. These sampling periods were
included in the discharge frequency analysis (period 1995-2014;
Figure 3). The mean daily discharge during the August 2014 campaign
fell into the interval 900 to 1,200 m® s™%. During the past 20 years
(1995-2014), these discharges occurred 19% of the period (69 days/
year), about 7.2% more than of the former 20 years (1975-1994;
Figure 3). The discharges during the 2013 campaign (between 2,650
and 2,750 m® s™1) occur only for about 0.37% during the past 20 years
(around 1 day/year), about 0.36% less than during the former 20 years
(1975-1994; Figure 3).

4.2 | Properties of the deposited and suspended
sediment

The median grain size (Dsg) range, the average (X) grain size Dsp, and
the number (N) of sediment deposit samples vary among categories
of sample locations within the Selenga River delta as follows:
submerged banks (Ds5p = 12-77 pm, X = 37 um, N = 16), subaerial sand
bars (Ds5p = 72-210 pum, x = 140 um, N = 4), floodplain lakes (D50 = 4.3-
6.8 um, X = 5.2 um, N = 3), marshlands (D5p = 19-26 um, X = 23 um,
N = 2), and the delta mouth bar (D59 = 84-113 um, X = 98 um,
N = 2). The U-test showed that the median D5, of subaerial sand bar
samples and mouth bar samples is significantly lower (p < .05) than
the median of submerged bank samples and marshland samples, which
implies different sedimentation characteristics between the groups.
The Dso of the sand bar samples decreases with increasing distance
from the delta's apex (e.g., 208 um at C21b to 70 um at C12b), which
is consistent with the finding of sediment fining patterns of bed mate-
rial in the Selenga River delta (Dong et al., 2016). The approximate dis-
tances from the nearest main channel to the marshland and floodplain
lake sampling locations are 170 m for S1, 220 m for C31, 370 m for
CWS3, 430 m for CW4, and 320 m for C31.

TABLE1 Summary of flow measurements (velocity U, m s * and discharge Q, m® s™2) at different locations in the Selenga River delta during field

campaigns in 2014 and 2016

Measurement point (associated sediment Channel Date of a measurement Channel Average flow Average Discharge, Q
deposit sampling location) order® (day-month-year) width, W (m) depth H (m) velocity, Ums™) (m3s7?)
BQ-407 8 16-08-2014 50 21 0.19 20.8
BQ-405 7 13-08-2014 65 0.9 0.21 12.9
BQ-410 16-08-2014 65 1.3 0.48 40.9
K1 (K1) 09-08-2016 14 0.6 0.19 1.5
BQ-406 6 15-08-2014 40 0.4 0.32 5.2
BQ-411 15-08-2014 110 1.6 0.69 125
BQ-401 (C1) 5 06-08-2014 50 1.9 0.36 33.6
BQ-403 09-08-2014 120 0.9 0.46 50.2
BQ-402 4 06-08-2014 20 1.5 0.14 4.3
BQ-404 (C25) 12-08-2014 45 2.3 0.24 24.6
BQ-409 (C11) 18-08-2014 45 1.8 043 354
BQ-408 3 18-08-2014 85 21 0.65 116
Note.

#Channel orders according to Dong et al. (2016)
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On average, the submerged bank samples contain 15% clay, 57%
silt, and 28% sand (red points in Figure 5). However, it is noted that
three of the samples (C11, C20, and C28) contain a high proportion
of clay (about 29%). The submerged bank samples are characterized
by a large range of sand content, from 8.9% to 55%. The sand fraction
for submerged bank samples varies from very fine sand to very coarse
sand. The submerged bank sample from location C22 is characterized
by the deposition of very fine pebble gravel (2,000-4,000 um; not
shown in Figure 3). The submerged bank samples are poorly to very
poorly sorted (o5 = 1.5-2.3, average = 1.9). The sand bar samples
(black crosses, Figure 5) contain 3.5% clay and 14% silt. Sand consti-
tutes between 59% (C12b) and 94% (C29b) of the samples, and they
are moderately to poorly sorted (o4 = 0.6-1.6, 04 = 1.1).

Floodplain lakes possess very fine sediment; on average, 45% to
52% of the samples are comprised of clay and silt (green squares in
Figure 5). The marshlands contain 24% clay and 64% of silts (blue

X
X X4 +
® % 2o % % B B B »
<
e submereged banks % sand A marshlands
% subaerial sand bars + subdelta front
= floodplain lakes e suspended sediment

FIGURE 5 Size distribution of the deposited and suspended sediment
of the Selenga River delta—division between % of clay (<3.9 um), % of
silt (3.9-63 um), and % of sand (63-2000 um); More detailed grain size
distribution of the samples is located in Table S4 and S5, and Figure S3

triangles in Figure 5). On average, 3.5% and 11% of the samples from
the floodplain lakes and marshlands, respectively, are sand (Figure 5).
Interestingly, although in both sampled marshlands, the coarsest
fraction is fine sand (125-250 um), in the case of floodplain lakes,
the coarsest sand varies from very fine sand (63-125 um) in the closed
floodplain lake (CW3) to fine and medium sand (up to 500 pum) in the
active lakes (CW4 and CWé). An explanation for this observation

may be that channelized flow connecting distributary channels to
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active lakes maintains a greater sediment transport capacity than
unconfined flows nourishing closed lakes. On average, the samples
from floodplain lakes and marshlands are poorly (o4 = 1.8) and very
poorly sorted (o4 = 2.2), respectively. The sampled delta mouth bar
(subdelta front; Figure 1a) is on average 2.9% clay and 26% silt
(locations K2 and K5; purple crosses in Figure 5). Samples from these
locations possess mainly sand (71% of the sample, the coarsest
sediment found at these locations is medium sand), and they are poorly
sorted (04 = 1.5).

The average measured OM of the deposited sediment at differ-
ent sampled locations is 4.5% (submerged banks), 0.76% (subaerial
sand bars), 16% (closed and active floodplain lakes), 6.5%
(marshlands), and 3.1% (subdelta front). OM is well correlated with
the percentage of clay (<3.9 pm; R? = 0.80, linear regression;
Figure 6). From visual inspection of Figure 6, it can be seen that
the floodplain lakes have much higher OM, which is likely due to a
local production of organic matter in these lakes (see Meyers &
Ishiwatari, 1993). Excluding floodplain lake samples from the dataset
yields a stronger correlation with the percentage of clay (R? = 0.89,
logarithmic regression, see Figure S1). In addition, the U-test showed
that the median OM of the subdelta front and subaerial sand bar
samples is significantly different (p < .05) from the average of sub-
merged bank and marshland samples.

The Dso of measured suspended sediment is 32 um. The D5, of
the suspended load measured upstream of the delta apex on August
3rd is 7.2 um. On average, suspended sediment (grey points,
Figure 5) consisted of 24% clay (<3.9 um) and 68% silt
(3.9-63 um). The suspended sediment, on average, contained about
7.3% sand (>63 um). However, 21 of 32 samples contain less than
1.0% sand, and six samples contain no sand. More detailed grain
size distribution of all samples is inTables S3 and S4. The suspended
sediment is poorly to extremely poorly sorted (o4 = 1.6-3.8,
average = 2.1).

The sediment sizes coarser than Dg10, Dgso, and Dggg of bed mate-
rial for submerged bank samples are presented in Table 2. The average
values of Dg19 and Dgs¢ for all samples are 70.2 and 101 um, respec-
tively. The corresponding average Dgop is 148 um. The results of the
U-test showed that there are no significant differences (p > .05)
between the medians of the Dgjo, Dgso, and Do values between
the groups of channel Orders 2-4 and 5-7. This result implies similar
gradation of sand in submerged banks across the delta area. As shown
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FIGURE 6 Measured percentage (%) of clay (<3.9 um) versus organic
matter content (OM) of all sediment samples

TABLE2 The D49, D50, and Dyp (um) of the sand-gravel material (Dgjo,
Dgso, and Dgoo) of submerged bank samples

Grain size distribution of sediment >63 um

Channel

Location  order® D1p (1m) Dsp (1m) Do (1m)

K1 7 69.1 95.7 122
Cc1 5 69.1 95.4 122
C20 69.1 95.5 122
C20* 69.0 94.8 121
Cc24 68.9 94.7 121
C31 72.6 113 220
c11 4 68.9 94.6 120
C12 68.9 94.7 120
Cc12* 70.2 101 185
C25 69.8 98.9 163
C26 69.4 96.8 124
Cc28 69.4 96.8 124
Cc29 74.5 123 225
C21* 3 71.3 107 212
c27 68.9 94.7 120
Cc22 2 73.7 118 2,897

Note.

2Channel orders according to Dong et al. (2016)

by the Dg10, Dgso, and Dggp values, almost all samples are dominated
by very fine sand. The coarsest fractions are usually fine or medium
sand (see Table S3). Hence, the bed material represented by the sub-
merged bank samples is very well to moderately sorted (o4 = 0.17-
0.60, average = 0.38).

4.3 | Shear velocities and potential for suspended
sediment transport

431 |

There are five orders of distributary channels in the studied west-

Bankfull flow conditions

ern sector of the Selenga River delta (Dong et al., 2016). Five sub-
merged bank samples were taken in fifth-order channels, seven in
fourth, two in third, and one in a second-order channel. A channel

in the subdelta (near location K1, Section 2 and Figure 1) is clas-

sified as a seventh-order channel. The shear velocity values (u.) for
bankfull flow conditions are alike for all third-fifth-order channels
(Figure 7a) and range 0.02-0.08 m s *. The values for the sec-
ond-order channel are 0.07-0.09 m s!, and the values for the
seventh-order channel are 0.01-0.03 m s 1. The corresponding
estimated Rouse numbers (Pn) for the average Dgio, Dgso, and
Dggo are lower than the critical value Pn* = 2.5 in third-fifth-

and seventh-order channels. Only the Pn values for the maximum

Dgoo and the lowest u, values exceed the critical value. Hence,
the results imply that for bankfull flow conditions, up to 90% of
the coarse sediment (>63 um) from the submerged banks in the
third-seventh-order channels could be conveyed to these locations
as part of suspended-load transport. The Pn values for the second-
order channel suggest that sediment grain size characteristics for
the Dgio and Dgso can be transported in suspension, but the
coarsest particles characteristic for Dggo are likely to remain as
bedload.
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43.2 |
period

Moderate flow conditions of the field measurement

Values of u, corresponding to flow conditions during the time period of
measurements presented herein (Section 4.2) are generally within the
lower range of the u, values for bankfull flow conditions (Figure 8). Only
two measurement-based shear velocity values are above the median u,
values under bankfull flow conditions. The Rouse number (Pn) results
are focused in the third-fifth and seventh channel orders, for which
the measurement-based u, values and the Dg1o, Dgso, and Dggo are

available (Figure 7b). The estimated Pn values for the average Dgio

and Dgso are lower than the critical value (i.e., Pn* = 2.5) for all sampling
locations under the water discharge of sampling period. Only the Pn
values for the maximum Dgsp at location BQ-402 (fourth-order chan-
nel) are greater than the Pn*. The Pn values for the average Dgyp are
lower or greater than the Pn* depending on location. Generally, for
the flow conditions during field measurements, more than 50% of the
sand sediment (>63 um) from the submerged banks in third-seventh-
order channels was likely conveyed to the sampling locations in suspen-
sion. The part of the submerged bank sediment that could not be
transported in suspension during such flow conditions (Figure 7b) was

likely transported as bed load or in suspension during bankfull discharge
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FIGURE 8 Shear velocity values (u., m s'l) for different channel
orders: the red points are computed u.—values based on
measurements of depth-average flow velocity collected during the
2014 field campaign; the box plots are based on data reported by
Dong et al. (2016). According to the U-test, there are no significant
difference (p > .05) between medians of data representing the box
plots for Orders 3-6, however, there are significant differences

(p < .05) between medians of data for Order 7 in contrast to the
channel Orders 3-6

conditions (characterized by higher u,; Figure 7a). All estimated Pn

values are shown in Tables S5 and Sé.

5 | DISCUSSION

The data presented herein show that the submerged bank areas are
characterized by a large proportion of clay and silt (70%, sample weight).
These areas are also characterized by a considerable proportion of well-
sorted bed-material sediment (i.e., sand) with a dominant fraction of
very fine sand (63-125 pum), as inferred from the average Dg;0 = 70.2 um
and Dgsp = 101 um. Export of suspended sand outside the channel
margins to the adjacent floodplain occurs during high discharges and
associated enhanced water stages (Asselman & Middelkoop, 1998;
Nicholas & Walling, 1996; Nittrouer & Viparelli, 2014). According to
the Rouse number (Pn) estimates here, fine sand fractions are likely

transported to the bank locations as a part of suspension mode for a

wide range of shear velocity (u,) values, even for relatively low u,values
corresponding to moderate water discharge conditions at the delta apex
of Q ~ 1,000 m®s™! (Figures 3 and 7). Hence, such moderate discharges
are sufficient for conveying bed-material sediment from the main
deltaic channels to adjacent wetlands. Similarly, sediment accumulation
during low to moderate discharge conditions is observed on subaque-
ous levees of the supply dominated Wax Lake and Atchafalaya deltas
(Mississippi River, USA; Heerden, Wells, & Roberts, 1983; Shaw &
Mohrig, 2014). However, transport of suspended sediment to the
wetlands and neighbouring water bodies depends on hydraulic connec-
tivity to the main channels (Citterio & Piégay, 2009).

Increased water discharges and elevation levels favour the
hydraulic connectivity between the main channels and adjacent
wetlands (Heiler, Hein, Schiemer, & Bornette, 1995) and therefore
enhance sediment conveyance from the main channel to the deltaic
plain (Shen et al., 2015). Due to the decreased frequency of high
discharge events (Q > 1,350 m st Figure 3), as well as the decreased

magnitude of annual high flow conditions over the past two decades

(Torngvist et al., 2014), floodplain lakes could remain disconnected
from the delta's main channels for longer time intervals. Additionally,
a considerable area of the Selenga River delta (i.e., within ~9 km from
the delta outlets; Dong et al., 2016) is impacted by backwater flow,
where the range of water stage variability is limited, and the entire
channel perimeter is persistently wetted even during low water
discharge conditions, thus favouring hydraulic connectivity between
the main channels and the surrounding water bodies. Here, connectiv-
ity can be facilitated by tie channels and/or exchange of water at the
channel-wetland interface, where levees of the main channel are
developing and remain below the water line. In such circumstances,
the rate of water and sediment exchange with the adjacent wetlands
depends on flow velocity at the channel-wetland interface (Hu, Ji, &
Guo, 2010; Shiono & Knight, 1991). Moreover, because of the low
shear stress conditions within the backwater zone, the delta still
maintains the capability of trapping sediment even for conditions of
moderate to relatively high discharge (750-1,250 m® s™%, Figure 3).

In general, high flow events can cause rapid remobilization and
flushing of the sediment storage within the channel margins (Pietron
et al., 2015). If not eroded due to such rapidly increasing flow condi-
tions, the fresh and cohesive deposit can consolidate during time
periods of a few days to 1 or 2 weeks, depending on sediment proper-
ties (Parchure & Mehta, 1985). As the water content decreases in the
stored sediment during its consolidation, the critical shear velocity to
erode this material increases too, which makes it more resistant to
changing discharges, wind currents, and lake level changes (Taki,
2000). In the Selenga River delta, consolidation is more common (occur-
ring even under high/bankfull discharges) along higher order channels
(e.g., seventh order), where median shear velocities of streamflow are
significantly lower (p < .05; Figure 8) than within the channels of lower
order. In addition, the channel network of the Selenga River delta, with
its mixture of cohesive sediment (e.g., 72% clay and silt by weight in sub-
merged banks, Section 4.2), likely provides favourable conditions for
vegetation to grow and cover accumulated sediment on bars and atop
banklines, which offers an additional means to stabilize the sediment
deposits. In time, this mechanism fosters net sedimentation so as to
sustain and enhance prograding wetlands, thereby facilitating subaerial
development of the deposit (Edmonds & Slingerland, 2010).

Recent satellite image analysis on the Selenga River delta channels
implies that at Q = 1,000-1,500 m® s~ (which overlap with the herein
considered moderate discharges), water turbidity decreases along the
main channels of the delta. Moreover, for Q > 1,500 m® s™%, turbidity
is decreased (Chalov, Bazilova, et al., 2017). The same image analysis
shows that during May and June (beginning of the vegetation growing
season in the delta; Lane et al., 2015), turbidity increases, which implies
net erosion along the channels. However, in the following months (July
and August), bankline vegetation is fully established, and turbidity
mostly decreases, which implies net deposition (Figure 9). Hence, it fol-
lows that the ability of the delta to store sediment along the channels
during various flow conditions may also depend on additional transient
factors, such as the evolution of the vegetation cover and seasonal
fluctuation of the Lake Baikal water level (see Section 2). In addition,
the magnitude of quantified change in water turbidity over the
western part of the Selenga River delta (Figure 9, blue curve) is mostly

near or in between the corresponding magnitudes over the eastern and
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figures show the same data for specific months ordered by discharge magnitudes at Mostovoy station (Figure 1a). Grey curve indicate monthly

average discharges at Mostovoy stations for period 1989-2014

central portions of the delta (red and green curves, respectively). This
indicates that the storage functions of the western part of the delta
(Figure 1) should reflect the average behaviour of the entire delta.

The greatest proportion of clay and silt (97%) was found within the
Selenga River delta floodplain lakes (active and closed), which are
located several hundred meters from the main channels. This observa-
tion is consistent with other studies that show increasing proportions
of clay and silt corresponding to increasing distances from the adjacent
channels (Farrell, 1987; Cazanacli & Smith, 1998). Due to impaired
connectivity between closed lakes and channels, the input of fine sed-
iment to lakes is facilitated during flood events (Hill, Lewis, Desmarais,
Kauppaymuthoo, & Rais, 2001; Lane et al., 2015). This is particularly
the case if a tie channel connects the lake to the distributary channel
(Rowland et al., 2009), or if the channel discharge shifts due to, for
example, an avulsion or crevasse splay. Generally, flooding dynamics
govern the net accumulation rates of delta plains, such as the Mekong
River delta, which stores on average 28% of the incoming sediment
load (Szczucinski et al., 2013). The Selenga River delta can store as
much as 34% of the incoming suspended sediment load (and 67% of
the total sediment load) during high flow conditions (Q ~ 3,000 m®s™%;
Chalov, Thorslund, et al., 2017), likely due to an increase in connectivity
between channels and floodplain water bodies. Interestingly, sand frac-
tions are measured in all of the herein measured floodplain lakes, which
indicate that it may be conveyed during overbank floods (Kleinhans,
Ferguson, Lane, & Hardy, 2013). The sand found in floodplain lakes likely
originated by conveyance of suspended load from the channel flow that,
as measured in this study, contains on average 7.3% sand.

The clay content of sediment deposited in the Selenga River delta
was positively correlated with the measured OM (Figure 4), which sug-

gests that part of the fine sediment could have been deposited in the

form of flocs bonded by organic matter (Droppo, Leppard, Flannigan,
& Liss, 1997). The poor sorting of the sediment (Section 4.2) also impli-
cates floc development during transport (Mendenhall, 1930). The floc-
culation processes increase settling rates of fine suspended particles
and thus favour efficient trapping of this material and associated pol-
lutants in the delta (see Kranck, 1981).

Previous studies showed that the suspended sediment load in the
Selenga River system (including the delta) is commonly associated with
relatively high amounts of metal contaminants, for instance, because
high pH conditions of the water limits metal dissolution (Lychagin
et al., 2017; Thorslund et al., 2012, 2016). Furthermore, observations
show that, once the Selenga River enters its delta area, total metal con-
centration tends to decrease along small wetland-dominated channels,
reducing metal concentration by 77-99% during both moderate and
high flow conditions, as considered herein (Q ~ 1,000 and Q ~
3,000 m® 572, respectively; Chalov, Thorslund, et al., 2017). The results
of this study show that the submerged bank locations also accumulate
various fractions of sediment sizes, even during moderate water dis-
charge conditions. Hence, the submerged bank and connected marsh-
land locations in the backwater zone may also act as active sinks for
various metals. The sedimentation patterns and processes of the Sel-
enga River delta add evidence to the capacity of wetland-dominated
channels to filter metals (Chalov, Thorslund, et al., 2017).

6 | CONCLUSIONS

A Rouse number (Pn) analysis shows that, even under low to interme-
diate flow conditions (i.e., low shear velocities), bed material and wash

load transported within the main channel can be conveyed via
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suspension to adjacent water bodies (i.e., wetlands and lakes) within
the backwater reach of the Selenga River delta. Due to ongoing
hydroclimatic changes in the Selenga River catchment, the frequency
of moderate flows (Q = 750-1,250 m® s™%) has increased in the Selenga
River during the past decades, whereas the frequency of high flows
(Q > 1,350 m® s7%) has decreased. Nevertheless, Rouse analyses indi-
cate that, despite the changes in ambient water discharge conditions,
sediment is still trapped within the banks and water bodies located in
the backwater zone of the Selenga River delta. On the other hand,
the export of sediment from the channel to floodplain lakes, which
depends on increasingly rare high flow events, has likely diminished.
The above outcomes are likely important for future studies on deltaic
storage processes of sediment and associated contaminants under

conditions of hydroclimatic change.
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