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Abstract The protection of Lake Baikal and the planning of
water management measures in the Selenga River Basin
require a comprehensive understanding of the current state
and functioning of the delta’s ecosystem and hydrogeo-
chemical processes. This is particularly relevant in light of
recent and expected future changes involving both the
hydrology and water quality in the Lake Baikal basin
causing spatiotemporal changes in water flow, morphology,
and transport of sediments and metals in the Selenga River
delta and thus impacting on delta barrier functions. The
central part of the delta had been characterized by sediment
storage, especially along the main channels, causing a con-
tinuous lift of the delta surface by about 0.75 cm/year™ .
Theses morphological changes have a significant impact on
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hydrological conditions, with historical shifts in the bulk
discharge from the left to the right parts of the delta which is
distinguished by a relatively high density of wetlands.
Regions with a high density of wetlands and small channels,
in contrast to main channel regions, show a consistent pat-
tern of considerable contaminant filtering and removal (be-
tween 77 and 99 % for key metals), during both high-flow
and low-flow conditions. The removal is associated with a
significant concentration increase (2-3 times) of these sub-
stances in the bottom sediment. In consequence, geomor-
phological processes, which govern the partitioning of flow
between different channel systems, may therefore directly
govern the barrier function of the delta.

Keywords Delta - Lake Baikal - Geochemical barrier -
Sediment loads - Wetlands

Introduction

River systems function as a “pipeline network” for water,
sediment, and chemical transport. However, many pathways
of sediment and metals’ transport do not lead directly from a
source to the recipient water body, but to intermediate
storages that are alternately filled and depleted. The sharpest
changes occur within geochemical barriers where physical
or chemical gradients alter transport conditions, resulting in
a substantial accumulation of elements (Perel’man 1986).
River deltas typically form such geochemical barriers or
parts of so-called marginal filters at rivers’ outlets. At the
global scale, river deltas form a narrow belt where a variety
of physical, chemical, and biological transformations may
lead to the removal of up to 90-95 % of suspended parti-
cles and 2040 % of dissolved substances (Lisitzin 1995).
The filtering function of the river deltas encompasses

@ Springer


http://orcid.org/0000-0002-6937-7020
http://dx.doi.org/10.1007/s10113-016-0996-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-016-0996-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-016-0996-1&amp;domain=pdf

S. Chalov et al.

gravitational sedimentation, flocculation, and biofiltration
(Sholkovitz 1976). These functions are influenced by var-
ious characteristics of the river deltas, such as their size,
morphology, river channelization, and vegetation. The
efficiency of the filtering function of sediment and con-
taminant flows that enter river deltas is critical for the
water quality of the downstream water body (e.g., Meybeck
and Vorosmarty 2005), since delta areas are the final buffer
zone before water enters the receiving basin (Ajao and
Anurigwo 2002; Buschmann et al. 2007; Chatterjee et al.
2009; Lychagin et al. 2015; Santschi et al. 2001; Shaban
et al. 2010). These filtering and retention functions of the
geochemical barriers highlight the need for the research in
the outlets of the rivers experiencing increased human
pollution.

In this regard, one of the most ancient and largest
freshwater deltas of the world—the Selenga River delta—
deserves special attention as far as it works as a barrier
between the world’s largest freshwater lake by volume
(Lake Baikal) and its main tributary (the Selenga River).
The Selenga River delta receives high sediment and metal
loads, which were previously detected in the water and
sediments of the Selenga River system as well as in the
floodplains’ soils and groundwater (Brumbaugh et al. 2013;
Chalov et al. 2012; Chebykin et al. 2010, 2012; Inam et al.
2011; Nadmitov et al. 2014; Pfeiffer et al. 2015; Stubble-
field et al. 2005; Thorslund et al. 2012). Of particular
importance for the delta are the hydrological impacts
resulting from the construction and operation of the Irkutsk
dam in 1959. When put into operation, this dam caused
high and intensive flooding of the Selenga River delta,
including a complete inundation during the periods when
the Lake Baikal’s water level increased the most (Ilyicheva
2008).

Due to the mentioned human alterations and dynamic
hydroclimatic changes in the region (Tornqvist et al. 2014),
the filtering function of the delta is likely to vary in time
and space, e.g., with changing conditions of the flow par-
titioning between the delta’s branches and migration of
sediment plumes through the delta under increasing dis-
charge conditions. The input load of contaminants, which
can influence barrier effects, is also dynamic (Chalov et al.
2013; Thorslund et al. 2016). To the best of our knowledge,
only few studies (Aynbund et al. 1975; Potemkina and
Fialkov 1993) examined sediment retention in the region,
whereas no quantitative assessment of the geochemical
barrier function has ever been done. Hence, the objectives
of this study were as follows:

e To synthesize data on morphological changes and the
long-term effects of dynamic flow and sediment
transport processes within the delta, which serve as
indicators for hydrological changes;
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e To quantify spatial patterns in dispersal of sediment and
metals within the delta during different hydrological
phases, and relate them to patterns of flow partitioning
among the bifurcating channel network.

e To identify the transition zones that exist within the
delta area, determine the relative concentrations of
elements transported in particulate and dissolved forms,
and provide insight into the function of the Selenga
River delta and its wetlands for filtering sediment and
metal inflows into the Lake Baikal.

Site description

The Selenga River’s 447.060 km?® drainage basin com-
prises 82 % of Lake Baikal Basin (Garmaev and Khristo-
forov 2010). Located north of the city of Ulan Ude and just
before the outlet of the Selenga into Lake Baikal, the
Selenga River delta constitutes the largest (600 km?) wet-
land region in East Siberia. The elevation of the delta is
less than 2 m above the average water level of Lake Baikal.
The delta contains three main distributary systems (sec-
tors): the Lobanovskiy channel system (right), the Sred-
neustievskiy channel system (central), and the Selenginskiy
channel system (left), named after the largest channels of
the dispersal system (Fig. 1). A significant part of the delta
is swamped and possesses a great number of tiny lakes.
Altogether, the delta comprises more than 30 distributaries
of various sizes. The territory is regularly impounded
during the high water period (April-October). Spring
floods in the delta start at the end of March and end in June
(the total duration is up to 110 days). The international
relevance of Lake Baikal as a UNESCO World Natural
Heritage site and the Selenga River delta as a unique
ecosystem that acts as a natural filter for Lake Baikal have
led to several multinational research projects in the region
(Karthe et al. 2015b).

Methods of data collection and analysis

The present study is based on available hydrological,
geochemical, biological, land-use, and land-cover infor-
mation, which is partly based on remote sensing data.

Water discharge measurements

To investigate changes in flow partitioning along the
study reach, we assembled available water discharge
measurements. The Selenga River delta has no regular
gauging stations. The first complete survey on flow
partitioning among delta branches was conducted in the
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Fig. 1 Selenga River drainage basin and the Selenga River delta—
sampling sites and sectors. Numbers C1...C19, B-... and SD-...
indicate sampling sites delta during the field campaign in 2011-2014.

early 1980s by the Institute of Limnology of the Siberian
Branch of the Russian Academy of Sciences (Potemkina
1995). In 1990, the estuarial station of Roshydromet
became operational. Since 2003, irregular discharge
measurements (mainly during the summer—autumn per-
iod) were collected by the V.B. Sochava Institute of
Geography and Limnological Institute of the Siberian
Branch of the Russian Academy of Sciences. Since 2011,
water and sediment discharge measurements have been
taken by the Faculty of Geography of Lomonosov
Moscow State University and Stockholm University, both
in summer (2011-2015) and during the winter ice cover
(January and March 2015) seasons. Due to changing
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Distributary sector numbers: [/—Selenginsky (left); 2—Sred-

neustievskiy (central); 3—Lobanovsky (right) (%)

location of the discharge measurements, assembled data
were mostly used to quantify water discharge partitioning
between the main Selenga River delta sectors (Fig. 1). In
all cases, discharge (Q, m’ sfl) measurements were
taken using velocity current meters deployed from boats,
or through the ice during winter field campaigns. The
relative discharges Q; % in the certain distributaries
(sectors) of delta were calculated as:

0i, % = Qi/ Qo x 100 %

where Q; is the discharge (in m’ s_l) in an individual
distributary and Q is the total discharge (in m’ s_l) of the
Selenga prior to entering the delta.
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Delta sampling and analysis

Geochemical data were obtained during field campaigns in
2012 and 2013 (by Lomonosov Moscow State University
and Stockholm University). Water and bottom sediments
samples were collected from various locations within the
Selenga River delta during field campaigns in September
2012 and 2013 and July 2013 (over 30 sampling sites).
Information on the sampling locations is given in Fig. 1.
Water was collected from just below the air—water inter-
face into rinsed plastic polypropylene bottles (500 ml)
deployed from a boat. Sampled water was then transferred
into two high-density polypropylene test tubes (10 ml),
where one sample was filtered (through a sterile 0.20-pm
pore membrane filter, which had been prewashed with
sample water) and another sample remained unfiltered. The
test tubes were sterile as well as rinsed with the sampled
water before collecting the sample. Three replicates of both
the filtered and unfiltered samples were collected, and all
were acidified (1 %) with concentrated HNO; (65 %) for
preservation.

All samples (suspended and streambed sediments and
filtered water) were analyzed for 62 elements by inductively
coupled plasma mass spectrometry ICP-MS (ICP-AES)
using a semiquantitative mode and a tenfold automated
dilution during the analysis. Particular attention in the fol-
lowing work was given to widely distributed elements
(according to Chalov et al. 2015), namely Al, As, Cd, Cr,
Cu, Fe, Mn, Mo, Pb, Sr, V, and Zn. Elemental analyses were
conducted on the filtered samples without additional treat-
ment. For a fully quantitative analysis, the instrument was
calibrated with a series of known standards for each ele-
ment. Corrections were applied for potential interferences,
and more comprehensive quality assurance/control mea-
sures were performed for each element. The sample anal-
yses were performed at Stockholm University and in N.M.
Fedorovsky Russian Scientific Research Institute of Mineral
Resources (Russia), using a micro-concentric nebulizer and,
in some cases to obtain better detection limits when needed,
an ultrasonic nebulizer, CETAC USN US5000AT+. All
metals which were discovered in filtered water samples
were considered as a dissolved form and elements which
were revealed in suspended sediments settled on membrane
filters, as a suspended form. The metal concentrations
(mg kg™ ") in bottom sediments were compared with con-
centrations in the upper continental crust (Cucc) according
to Rudnick and Gao (2003).

The load of heavy metals in dissolved form (W,
kg day™') for each element i was calculated with the
equation W, = QO x Cy; where Q is the water discharge
(m® s™") and Cy, is the concentration of i-element in water
(g m™?). Likewise, the load of heavy metals in suspended
form (W, kg day_l) for each element i was calculated
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with the equation W,; = SSL x C,; where SSL is the sus-
pended sediment load (kg s*l) and C,; is the concentration
of i-element in suspended sediment (g m ™).

GIS and remote sensing data

Changes in elevations of the Selenga River delta for the
past 46 years were estimated using toposheets dated by
1952 and 1998. These maps represent the periods before
and after the Selenga River delta was partly inundated by
waters from Lake Baikal upon completion of the Irkutsk
dam in 1959. The maps were digitized in ArcGIS to create
digital elevation models (DEMs). The hypsometric models
of the subaerial delta for these periods were developed
using a triangulated irregular network (TIN) based on the
DEMs, including absolute benchmark of the sea level and
the Lake Baikal water level (Fig. 2). Hypsometric levels
were considered at a 0.5 m step resolution, which corre-
sponded to the accuracy of topographic maps.

Analysis of changes in flow partitioning of the Selenga
River delta was based on the processing of digital remote
sensing data representing the last 37 years (SPOT-4,
SPOT-5, and Landsat). The in-channel water discharge was
calculated from remotely sensed water surface widths in
the delta branches. Water surface widths measured from
digital images were coupled with measured discharge data
from at a gauging station located upstream of the Selenga
River delta, which yielded a correlation of R* = 0.76:

Qo = 37.21B)*1%4 (1)

where B, is the channel width (in m) obtained from the
cross section at the gauging station using Landsat (15 m
resolution) and SPOT-4 (8 m resolution), and Q, is the
measured discharge (in m’ s™') at the gauging station.
Equation (1) was used to calculate discharges in the
Selenga River delta branches using values of average
channel width B; based on the assumption that:

(Bi/Bo)* = Qi/ Qo (2)

where Q; are water discharges (m>s™') in the analyzed
branches.

To estimate longitudinal changes in suspended sediment
concentration (SSC) within the seven selected branches of
the Selenga River delta (I-VII, Fig. 1) for periods of dif-
ferent hydrological conditions, a method presented by
Doxaran et al. (2002) was used. A regression equation was
obtained by comparing 2011 Landsat 5 (red zone) with
field measurements of SSC (R2 = 0.87)

SSC = 801.31 p—21.98, (3)
where SSC is the suspended sediment concentration

(gm™>), and p is the reflectance for each cell. These
analyses were performed for eleven Landsat images
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(Landsat-5, Landsat-7, and Landsat-8) for summer flood

conditions  (17.09.1990,  02.06.1992,  23.07.1999,
13.08.2001, 04.08.2003, 08.07.2005, 21.07.2013) and low
water period (08.06.1994, 15.08.2007, 08.09.2010,

20.07.2015). The longitudinal changes in suspended sedi-
ment concentration for the seven selected branches were
further used to calculate suspended sediment retention SSR
(%) for the three different distributary sections of the delta
(left, central, and right). The following formula was used:

SSR = (SSLup; — SSLaowni)/SSLupi )

where SSL,, ; is the suspended sediment load (kg s
upstream of a distributary system i and SSLgown ; 1S the
suspended sediment load (kg s™') in the outlets of the
distributary system i. The SSLyown, Was estimated by mul-
tiplying water discharges Q; in each of distributary sectors
with average SSC at the outlets of the sector branches
determined from satellite imageries. SSL,;, in each sector
was calculated proportionally to flow partitioning between
sectors assuming equal SSC in the upper part of the delta
during survey (varying from 12 g m™* on 20.07.2015 to
70 g m—> on 13.08.2001). For the calculation of the total
(suspended and bed) sediment load retention TSR (%), we
assumed that all bed load (gravel and sand) is terminated in
the delta and that the bed load explains around 50 % of the
total sediment load for the upper part of Selenga River
delta (Chalov et al. 2015).

The remote sensing data were obtained in 2013-2015
using group of cameras mounted on ultralight aircraft using
remote sensing platform (EPFL, Switzerland) (Akhtman
et al. 2014). The camera system included the Headwall
Photonics Micro Hyperspec VNIR sensor (250 bands,
400-860 nm) as the main instrument, and the Gamaya
hyperspectral camera, developed at EPFL (16 bands,
400-900 nm) as an experimental part, and two DSLR
cameras (Sony-Nex5r) with RGB and NIR filters. For image
georeferencing, GPS and inertial navigation system were
installed on the aircraft. During the July 2013 and August
2014 field campaigns, about 40 flights were carried out and
almost the whole area of the Selenga River delta was cov-
ered. In further analyses, we used the hyperspectral and
DSLR data obtained in 2014. Data were processed with
geometric and atmospheric corrections. Image mosaics were
created using software Agisoft Photoscan and developed in
the TOPO laboratory (EPFL, Switzerland) software HypOS.

Results
Changes in delta morphology
Significant changes in morphology of the Selenga River

delta were observed for period 1952-1998 (Fig. 2). The
middle part of delta was characterized by sediment
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aggradation, especially along the main channels. This
aggradation has led to the lift of the delta surface from
457.0 m in 1956 to 457.8 m in 1998. Maximal rise of the
surface was in middle parts of central and right sectors within
the largest bifurcation nodes. Additional data show channel
migration in the upper part of the delta reaching 75 m for the
left bank and 100 m for the right bank over the last 10 years.
We estimated the average speed of bank erosion to be about
6 m year . Thus, the aggradation in the middle part of the
delta could be related to the channel migration processes.
Sediment accumulation in the river channels and floodplain
caused changes in the channel network planar location.
Zones of surface lowering were predominantly related to the
peripheral part of the delta central sector.

Furthermore, different magnitudes of shifts of the delta
edges were observed. Constant delta retrogradation by
3-5 km until 1998 was observed in the central part (black
and red borders, Fig. 2). Recent growth of the delta area
occurs due to sediment filling of some water bodies
between the edge of the subaerial delta and a chain of
bordering barrier bars. In the right sector, historical delta

progradation is 30-40 m year '. In many cases, branches
were straightened. Length of the shoreline does not change
against the overall progradation.

Patterns of flow partitioning

The morphological changes within the delta have a sig-
nificant impact on hydrological conditions and flow parti-
tioning within the three sectors (Table 1). Previous studies
(Potemkina 1995) have reported the dominant role of the
left sector in terms of water flow (up to 55-65 % of water
when the Selenga’s total water discharge is under
2000 m* s~ and up to 95 % during winter period) in the
early 1970s. Later, changes in delta morphology have led
to a decline in flow partitioning to the left sector (so that
now it conveys up to 35 % of the total summer flow) and a
greater part of the water entering the right sector (increase
by 12 %) and the central sector (50 %) (Fig. 3). During an
exceptional low discharge event measured at the apex of
the delta (72.0 m> s~') during February 2015, 57 % of the
water flow was conveyed through the left sector, whereas

Table 1 Observed patterns in water partitioning along delta branches (sectors)

Dates Water discharge in Selenga  Selenginskiy Sredneustievskiy Lobanovsky Sources
(m3 sTh (left) (%) (central) (%) (right) (%)

21.06.1975 1610 67 11 22 Calculated from
Landsat-1

Summer 1981 599 61 9 30 Potemkina (1995)

Summer 1984 1110 56 10 34 Potemkina (1995)

Summer 1986 1041 55 10 35 Potemkina (1995)

30.09.1989 1135 71 4 25 Calculated from
Landsat-4,5

1994 (low water) 800 58 10 32 Field data

1994 (flood) 4000 45 14 41 Field data

11.09.2000 1891 60 9 31 Calculated from
Landsat-5

18.09.2002 130 52 11 37 Calculated from
Landsat-5

July 2006 1820 27 19 47 Field data

August—September, 1050 34 27 39 Field data

2006

Summer, 2007 882 40 15 44 Field data

Autumn, 2009 1050 40 17 43 Field data

July 2011 1442 42 11 47 Field data

28.07.2012 2717 30 22 48 Field data

29.09.2012 992 45 15 40 Field data

05.07.2013 1697 36 19 45 Field data

18.07.2013 1482 45 19 36 Field data

10-14.09.2013 2794 28 20 52 Field data

19.07.2014 1166 48 17 35 Field data

27.01-05.02.2015 (ice 76 57 17 26 Field data

cover)
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the amount of water in the right sector was the lowest
among the observations, measuring 19.4 m> ™! (26 % of
the discharge). For the most recent field summer campaigns
(2012-2013), 2013 was a high-flow year, with discharges
up to three times greater than compared to the low-flow
period of 2012 (2794 and 992 m® s™', respectively).

Transport and storage of sediments and heavy
metals

Field data (Fig. 1) obtained during various hydrological
seasons revealed relatively constant values of sediment
loads in the upper part of the delta, and an abrupt fall in
SSC in the lower 5-10 km of the delta before the lake.
During the 2013 field campaign, SSC varied from 30 to
35 g m " in the Selenga main stream upstream of the delta,
to 3-5 g m > in the main branches and 1-2 g m™> in small
streams at wetland pond outlets. The longitudinal changes
in SSC along the main branches (I-VII, Fig. 1) for summer
flood conditions under water discharges Q, between
1230 m® s7' (23.07.1999) and 3000 m® s~" (17.09.1990)
and low water periods under water discharges Q, between
706 m® s™' (20.07.2015) and 1020 m® s~' (08.06.1994)
revealed in most cases particles retention within channel
(Fig. 4). The most significant SSC decline was observed in
the right branches with a total reduction in SSC up to 50 %
in 2010 (from 14 to 7 g¢ m~>) during low water and flood
conditions in 1990 (from 27 to 13 g m). Pronounced
declines of SSC are commonly observed at the outlet
branches near Lake Baikal, in particular along the

Q,, m’ls

downstream 10 km of branches III (from 1999 to 2013), IV
(from 1990 to 2013), V (from 1990 to 1999 and 2007,
2010), and VII (1990, 1992, 2001, 2005, 2010). Modest
increases of SSC along profiles VI and VII (2013) have
also been seen. Such increases were also reported along all
profiles in 2015 (Table 2).

Suspended sediment retention (SSR) estimates show
that between 10 and 33 % of the suspended sediment load
are stored within the delta. In most cases, relative values of
sediment retention (SSR, %) were higher in the central or
right delta sectors than in the left delta sector. In absolute
terms, due to differences in flow partitioning between
distributaries (channel size), the difference between the
SSLup and SSLdown (ASSL, kg s~ ') was higher in the left
and right sectors than in the central sector. The estimate of
total (bed and suspended load) sediment retention suggests
that 42-68 % of the total load is retained in the delta
(Table 2).

The total concentration of most metals in the Selenga
River delta is dominated by the suspended phase. The
average partitioning of considered metals along some of
the large and small delta channels is shown in the Sup-
plementary information (SI). Overall, Al, Cd, Cr, Fe, Mn,
and V are dominated by their suspended phases, whereas
As, Cu, Mo, Pb, and Zn prevail in the more mobile dis-
solved phase. These general patterns are valid for both the
low-flow conditions and high-flow conditions (see SI).

In the larger channels, there was no observable decrease
in total concentrations of metals (see SI), neither during the
low-flow year of 2012 nor during the high-flow year of
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Fig. 4 Longitudinal changes in SSC along main branches located in
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of Selenga delta (a 02.06.1992, Q, = 1430 m’s~!, b 13.08.2001,

2013. Concentrations were stable or showed slight increa-
ses from the most upstream to the most downstream part.
There are overall higher concentrations in measurements
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Table 2 Calculated suspended sediment load decrease (ASSL, kg s7h, suspended sediment retention (SSR, %), and total (bed and suspended
load) sediment retention (TSR, %) along main sectors of the Selenga River delta

Sector Left (Selenginsky) Central (Sredneustievskiy) Right (Lobanovsky) Total

17.09.1990, Qp = 3000 m® s~

ASSL (kg s™) 10.8 3.5 13.1 273

SSR (%) 222 42.6 53.7 33.70

TSR (%) 61.11 71.30 76.85 66.85
02.06.1992, Oy = 1430 m> s~!

ASSL (kg s™) 5.4 1.7 29 10.0

SSR (%) 18.2 455 212 21.24

TSR (%) 59.09 72.73 60.61 60.62
08.06.1994, Oy = 1020 m> s~

ASSL (kg s™") 3.0 0.5 0.7 42

SSR (%) 18.0 30.0 10.0 16.60

TSR (%) 59.00 65.00 55.00 58.30
23.07.1999, Oy = 1230 m> s™!

ASSL (kg s™") 6.9 1.1 3.3 113

SSR (%) 17.8 27.1 18.6 18.69

TSR (%) 58.90 63.56 59.32 59.35
13.08.2001, Qp = 1850 m> s~*

ASSL (kg s™") 4.66 527 12.49 22.42

SSR (%) 10.0 21.4 21.4 17.31

TSR (%) 55 60.71 60.71 58.66
04.08.2003, Qp = 1320 m> s™!

ASSL (kg s™") 6.5 2.0 5.0 135

SSR (%) 229 20.8 19.8 21.35

TSR (%) 61.46 60.42 59.90 60.68
08.07.2005, Qp = 1650 m> s~*

ASSL (kg s™") 1.8 1.6 6.8 10.2

SSR (%) 10.3 19.1 29.4 20.71

TSR (%) 55.15 59.56 64.71 60.35
15.08.2007, Qp = 730 m> s~

ASSL (kg s™") 0.8 04 0.1 1.3

SSR (%) 15.0 20.0 2.5 10.03

TSR (%) 57.50 60.00 51.25 55.01
08.09.2010, Qp = 983 m> s~

ASSL (kg s™) 1.53 0.65 2.54 473

SSR (%) 21.4 42.9 50.0 3436

TSR (%) 60.7 71.4 75.0 67.1
21.07.2013, Qp = 1482 m> 57!

ASSL (kg s™") 3.0 1.1 0.6 4.7

SSR (%) 20.8 229 6.3 16.64

TSR (%) 60.42 61.46 53.13 58.32
20.07.2015, Qp = 706 m> s~

ASSL (kg s™) 0.0 —0.1 —0.8 —-1.0

SSR (%) 0.0 —83 —25.0 —12.55

TSR (%) 50.00 45.83 37.50 43.73

For both large channels (Lobanovskaja, Selenga (Kha-  Fig. 1), similar partitioning between metals in dissolved

rauz), and Levobergnaja) and the smaller wetland-domi-  and suspended modes has been identified, with the excep-

nated channels (e.g., Sharokova and Shamanka) (see  tion of Zn and Pb that vary more. Considering the reaches
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where flow passes through wetland-dominated regions
(“diffuse flow paths”) (see SI) as opposed to flowing
through large channels, strong retention effects can be seen
as a pronounced decrease in total concentrations. In abso-
lute concentration terms, retention decreased concentra-
tions of key metals from around 6000 to 50 pg 17! (Al) and
from around 5000 to 1000 pg 1= (Fe). Considering the
relative retention, most metals show high retention from
the upstream reach to the downstream delta edge along the
sampled small channel, e.g., along Sredniy Peremoy
channel in 2012 Al (99 %), Cd (90 %), Cr (89 %), Cu
91 %), Pb (97 %), and Zn (91 %); for the Shamanka
channel system in 2013, retention is highest for Al (97 %),
Cu (99 %), Fe (95 %), and Zn (85 %) (see SI). Among key
metals, no retention in “diffuse flow paths” has been found
for As in 2012 and Pb and V in 2013.

Longitudinal metals retention could be seen in bottom
sediments contamination (see SI). The areas of highest
metal concentrations are located within central part of the
delta and are associated with the smallest flow paths. A
doubling of Fe concentrations (from 20,000 up to
40,000 mg kg~ ') in bottom sediments in the downstream
part of the delta and the same magnitude of increase for As
(from 4 to 8 mg kg~ ') are the most remarkable examples
of change. In the case of As, the concentration in some
sampling points exceeded the concentrations values of the
upper continental crust from Rudnick and Gao (2003).

Discussion

Possible hydrological drivers of delta evolution
and mass balances

Over the past 70 years, hydroclimatic changes in the region
have had significant impact on river runoff (Tornqvist et al.
2014; Chalov et al. 2015; Karthe et al. 2015a). In combi-
nation with direct anthropogenic pressures, such as the
artificial increase in Lake Baikal’s level after the Irkutsk
dam construction, this initiated a new regime of delta
development. While reshaping Lake Baikal’s shore, this
also led to a evolution of the channel network within the
Selenga River delta and caused flooding of large areas of
the delta.

Mass balances within the delta are governed by physical
processes, which also underpin geochemical barrier func-
tions. The period between 1959 (Irkutsk dam construction)
until the end of twentieth century is associated with
increased sediment loads in the Selenga River (Potemkina
2011; Chalov et al. 2015), whereas later period is charac-
terized by 2.5 Mt year ' of annual total sediment load
(suspended and bed load) delivered to the Selenga River,
which is almost half the value for the earlier period.
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Increased sediment delivery to the delta in the second half
of the twentieth century could explain the observed large
sediment deposition, leading to aggradation and delta sur-
face rise up to 0.7 m during 1952-1998 (Fig. 2). This is
also supported by the evidence that water partitioning
among the bifurcating channel network of the Selenga
River delta due to decreasing carrying capacity was suffi-
cient to reduce shear stress below the capacity necessary to
transport gravel. Specifically, where the channel split
among third- and fourth-order bifurcations (where the first-
order channel is the main Selenga River channel at the
delta apex), it is observed that gravel is terminated from the
downstream dispersal system (Dong et al. 2016). This
occurs due to the nonlinear reduction in shear stress asso-
ciated with water partitioning among the channels. Thus,
with the reduction in transport capacity, the gravel is no
longer transported downstream and is instead deposited to
the channel bed. In the long term, the net effect would be a
channel bed aggradation due to the deposition of the
coarsest sediment in the system and significant changes in
the delta morphology with appearance of new gravel
islands.

Declines in sediment concentrations along the channel
due to stream bifurcation reflect deposition and channel
storage of sand along the main branches (Table 2; Fig. 4).
One morphodynamic explanation of the retention effects
along delta is the impact of braiding intensity and decline
in transport capacity and width/depth ratio increase (Cha-
lov and Alexeevsky 2015). Elevated (up to 33 %) SSR
occurred during high discharge periods when a pronounced
sediment retention at local reaches could be observed
(Fig. 6) due to flows entering delta wetlands (lakes),
biofiltration processes, and channel water seepage. The
absence (loss) of wetland-dominated flows caused by
decline in water stages during low water periods explains
the decrease in SSR (e.g., observed at 15.08.2007 and
20.07.2015 under lowest water discharges). Another
explanation for the smaller rates of SSR during low water
periods is the decline in channel erosion during low water
periods, thus lowering available sediments and hence total
sediment deposition in the dowstream part of the delta.
Also, possible backwater effects in the downstream part of
the delta distributaries, especially during high flows, could
play a role for sediment deposition in the channel.

The average rise in the delta identified by the DEM
analyses (72 cm during 55 years) (Fig. 2) was compared to
the sediment retention rates revealed from satellite images
(Table 2; Fig. 4). Considering that the annual total sedi-
ment load (suspended load and bed load) delivered to the
Selenga River Delta is 2.5 Mt year~ ' (Potemkina 2011;
Chalov et al. 2015), and that the delta area is 600 km? with
a total sediment retention TSR up to 67 % (Table 2), and
assuming also a sediment density of 1700 kg m~>
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(Alexeevsky et al. 2013), we estimated an accumulation
rate over delta, based on the sediment retention. It was
found that 20 cm of the total delta elevation increase
during 55 years (0.36 cm per year) is explained by sedi-
ment load retention. It could hence only partly account for
the mentioned delta rise based on DEM. More sediment is
needed to feed the delta as far as the rise of 72 cm iden-
tified by DEM analysis is higher than these 20 cm. Partly,
this additional sediment amount could be related to bank
erosion in the delta topset. Tectonic lift effects (Logachev
2003) and DEM uncertainties should also be also
considered.

The decline in sediment delivery since 1995 might
profoundly change the delta morphology and reduce the
sediment retention along delta (Table 2). In particular, this
is because up to 90 % of the total (bed and suspended)
annual sediment load in the region and almost all bed load
transport (particularly sand and gravel) occur under flood
conditions (Chalov et al. 2015), whereas the magnitude of
the floods over the last 20 years declined to almost half of
their previous levels (Tornqvist et al. 2014). According to
Potemkina and Fialkov (1993), up to 90 % of the sediment
delivered to delta was trapped during floods in the early
1980s, whereas during the low water period, this value
reached 50 % of the total sediment load (bedload and
suspended load). Total sediment trapping in the recent
period (since 1989) varies between 50 and 60 % in the left
sector and 37 and 76 % in the right sector according to the
present results.

Changes in the delta hydrology and associated barrier
functions are related to the fast changing delta landscape
under the new hydroclimatic conditions. Expected future
declines of the Selenga River discharge due to reservoir
constructions in Mongolia could have a significant impact
on the barrier function of the delta. On one side, sedi-
mentation in the reservoirs could decrease the total amount
of sediments reaching the delta. On the other hand,
expected decline in water runoff and water stages will lead
to the abandonment of wetland-dominated areas which at
present can sequester (filter) significant part of the sus-
pended sediment flow through the delta. These effects were
observed during extreme low water conditions in the
summer of 2015, when the deltaic wetlands lost a signifi-
cant part of the stream network, there was little overbank
flow into the ponds, and most of the water and sediments
were conveyed through the large channels directly into
Lake Baikal (Table 2).

The hydroclimatic decline in sediment yield supplied to
the Selenga River delta is an order of magnitude larger than
for many rivers experiencing considerable human pres-
sures, such as the Mississippi River (Nittrouer et al. 2011)
that still provides a sufficient amount of sand into its delta.
In the near future, this decline could be even sharper due to

hydrological changes in the Selenga River Basin. Due to
land-use changes (Karthe et al. 2015b, Priess et al. 2011),
the impacts of global climate change on precipitation,
evaporation, and distribution of permafrost (Tornqvist et al.
2014), and increasing water withdrawals by anthropogenic
activities (expansion of agriculture and rising irrigation
needs in the context of global warming (Priess et al. 2011),
water diversions into mining areas of the South Gobi
(Sorokovikova et al. 2013) and dams in the Selenga River
main stem) further decrease in flood magnitude could be
expected, thus leading even to more drastic change in
sediment loads in the downstream Selenga River.

The calculated proportions of 17-35 % of suspended
sediment load storage within the Selenga River delta are
consistent with storages calculated for other world deltas,
which vary between 16 % (e.g., Po River delta, Italy;
Syvitski et al. 2005) and 47 % (e.g., Yangtze River delta,
China; Liu et al. 2007). The natural storage processes in the
Selenga River delta are also influenced by the anthro-
pogenic intra-annual water-level changes in Lake Baikal
with an average recent amplitude of 1 m (maximum levels
in October and minimum in May; The Baikal Basin
Information Centre 2015). Similar changes in water levels
(e.g., tides or see level rise) can have a significant impact
on spatial changes in observed SSC and erosion—deposition
processes in river mouths (Postma 1995; Gernez et al.
2015).

The average decline of SSC in the transient zone from
river to the receiving basin (ocean or lake) varies (Lisitzin
1995) from 83 % (rivers of Black sea coast) to 90 %
(Mississippi River) and 95 % (Amazon, Yellow river). In
case of the Selenga River, the reported SSC increase in the
South Basin of Lake Baikal due to terrigenous input from
the Selenga River during storm events was up to 2 mg 17"
in early July 2001 (Heim et al. 2005, assessed by SeaWiFS
satellite data). Considering baseline values in Lake Baikal
as 0.5 mg 17! and taking into account the values of lon-
gitudinal SSC decrease up to 50 % the delta, sediment
retention in the delta explains up to 50 % of the total
sediment decline on the interface between the river system
and Lake Baikal.

Spatial distribution of sediment and metals patterns

The largest decrease in sediment and metal concentrations
occurred in the wetland-dominated areas of the delta. Many
small flow paths in the near-lake downstream edge
encounter small lakes and ponds which significantly
increase the sediment retention. These diffuse channel
systems show a consistent pattern of considerable metals
filtering and thus removal from the dispersal system,
associated with sediment retention during high-flow con-
ditions and other processes (mostly biofiltration) during
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Fig. 5 Examples of the plumes at the exit of the various flow paths to
Baikal Lake (photograph by authors from ULM, 2012-2013)

low-flow conditions. For the larger channels, the direct
measurements provide evidence that turbidity and metal
concentrations can at times be at constant levels along full
reaches of the main channels, and also at times exhibit
increasing concentrations near the downstream channel
outlets. This may explain why plumes of high suspended
sediment concentration are occasionally observed exiting
the delta through the main channels (Fig. 5). In some cases,
other controls could play a dominant role in metal con-
centrations. For instance, Fe is controlled by redox poten-
tial, being oxidized at the geochemical river/lake barrier
and removed as undissolved hydroxide from the lake water.
Additionally, its concentration in the water of wetlands
sharply increases because of oxygen deficiency, especially
in the winter (Chebykin et al. 2012).

Average metal concentrations in the delta were
observed to be relatively high under low-flow conditions.
However, the mass flow of sediments and metals is by
definition equal to the product between element con-
centration and water flow. Therefore, the differences in
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mass flows between high water conditions and low water
conditions were suppressed, since total turbidity and
metal concentrations increased as water flow decreased.
This mechanism tends to reduce the temporal variability
in mass flows of sediments and contaminants entering
Lake Baikal. More generally, this indicates conditions of
supply limitation.

The partitioning of metals between dissolved and sus-
pended phases influences both the mobility and toxicity of
metals and is thus of relevance for the hydrological trans-
port of metals through the Selenga River delta system to
Lake Baikal. The total metal concentrations are dominated
by suspended forms of metals and the dissolved forms
make up a minor part of the mass, which is in line with
previous quantifications in this region (Thorslund et al.
2012; Chalov et al. 2015). Furthermore, a comparison of
the partitioning of key metals (Al, Fe, Pb, and Zn) in the
here considered downstream delta region, with the
upstream Tuul River region (both within the Selenga River
basin), shows that average partitioning of these metals for
the snapshot measurements in 2013 is not that different.
The distribution from the upstream river to the downstream
delta does not change more than up to 10 %, with the
downstream region showing higher fractions of metals in
suspended forms compared to the upstream location (Pi-
etron et al. 2015). This indicates that geochemical pro-
cesses that govern the partitioning of these metals might be
similar over large distances (between upstream pollution
source zones and the downstream delta). Given that the
retention function is highest for metals in suspension,
prevailing geochemical conditions may thus favor efficient
metal removal of the smaller channels of the delta. The
mass fractions of removed contaminants in the small
channels are relatively similar regardless of the absolute
mass flow entering the delta, which suggests that the cur-
rent trend of decreased sediment inputs to the delta results
in decreased outputs into Lake Baikal in terms of sediment
and contaminant mass flows.

The significant role of diffuse flows through small
channels and wetlands in sediment and metal retention is
explained by lower flow velocities enabling gravitational
sedimentation and role of water plants in bioaccumulation.
More generally, a considerable amount of aquatic plants
grow in the delta because of its favorable conditions, and
these plants cover up to 20 % of the water bodies (Akht-
man et al. 2014) during the low water period (vegetation
consists mostly of small yellow pond lily and floating heart,
pondweeds and watermilfoils). In the end of the vegetation
period, the main aquatic species in the delta can accumu-
late from 1.5 to 30.5 % of incoming metals (Akhtman et al.
2014).

The barrier functions of the delta are closely dependent
on the seasonal flow variability in the certain distributaries.
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Total Suspended
Mater (mg/l)

Fig. 6 Large-scaled buffer zones of sediment transport in near-lake part of the Selenga River delta (maps constructed based on data from ULM

imagery)

As far as more water is conveyed (up to 40 % of the total
flow) under low-flow conditions to the left sector (Fig. 3;
Table 1), it is inevitable have an impact on sediment and
metal transport and storage establishing more transient
mode of sediments dispersal. In opposite, more water is
conveyed through wetlands in right sector due to general
patterns of flow partitioning, and thus increasing the
capability to store supplied sediments. This could be seen
in the significant decrease in SSC along the channels
located in central and right sectors (II and III) and in the
highly complex flow regime in the right and central dis-
tributaries, which is due to larger inundation of the riparian
area in comparison with the left sector (Fig. 6).

Taken together, the observed spatiotemporal dynamics
of the Selenga River delta emphasizes the role of wetlands
in filtering the discharge of metals into Lake Baikal. In
areas between main channels where flows are diffuse, the
mass reduction in key metals such as Al, Cu, Fe, Pb, and
Zn was shown to range between 77 and 99.8 %. Since the
mass reduction in the main channels was considerably
smaller or nonexistent, the overall performance of the delta
as a barrier for pollution flows may to a large extent depend

on the amount of flow passing through the system of small
channels relative to the amount passing through the main
channels. This is consistent with findings in Quin et al.
(2015), who showed that on landscape scales, the efficiency
of pollutant retention is governed by the fraction of the
total runoff that intersects wetland areas. Measurements
indicate that approximately 20-30 % of the total flow in
the central and right sectors and only 5-10 % in the left
sector will pass extensive wetland areas associated with
small channels, which hence determines the filtering
function of the delta, in terms of the removed mass fraction
of sediments and metals, and then explains the increase (up
to 50 %) in the mass retention in the right distributaries in
comparison with the left (up to 20 %).

Conclusions
The Selenga River delta provides an outlet geochemical
barrier that protects Lake Baikal waters from sediment and

metals delivered from the Selenga River catchment. The
present study provides an overview of processes in delta
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areas, which are naturally located in the intersection
between upstream rivers and their downstream recipients:

1. In a period of approximately five decades, sediment
storage has contributed to a surface elevation rise of
up to 0.7 m in the Selenga River delta. Up to
3040 % of the suspended load and 70 % of the total
sediment load are stored in the delta. The role of
different delta distributary systems in sediment
retention depends on the changes in delta morphology
and flow partitioning, which in particular was char-
acterized by a discharge increase in the left sector, by
up to 45 % relative to the total summer flow, and
30 % during the floods.

2. The delta network has a large influence on the mass of
metals reaching Lake Baikal at the delta outlet. There
is a pronounced decrease in total concentrations along
the smaller flow paths that pass through wetland
regions, with the relative retentions reaching or
exceeding 90 % for Al, Cd, Cu, Pb, and Zn). This is
accompanied by a concentration increase in the bottom
sediments in the downstream part of the delta.

Changing environmental conditions (due to climate
change and anthropogenic impacts) have led to changing
flow regimes in the Selenga River delta. These changes
have profound effects on sediment and metal retention and
delivery to Lake Baikal. Because of limited datasets and
considerable scientific complexity, many areas of uncer-
tainty remain concerning sediment and metal transport in
the Selenga River delta, emphasizing the need of further
process studies. These are a prerequisite for planning river
basin management (e.g., Karthe et al. 2015c) even in areas
far upstream.
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