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Abstract Constraining the continental silicon cycle is a key requirement in attempts to understand both
nutrient fluxes to the ocean and linkages between silicon and carbon cycling over different time scales.
Silicon isotope data of dissolved silica (δ30SiDSi) are presented here from Lake Baikal and its catchment in
central Siberia. As well as being the world’s oldest and voluminous lake, Lake Baikal lies within the seventh
largest drainage basin in the world and exports significant amounts of freshwater into the Arctic Ocean. Data
from river waters accounting for ~92% of annual river inflow to the lake suggest no seasonal alteration or
anthropogenic impact on river δ30SiDSi composition. The absence of a change in δ30SiDSi within the Selenga
Delta, through which 62% of riverine flow passes, suggests a net balance between biogenic uptake and
dissolution in this system. A key feature of this study is the use of δ30SiDSi to examine seasonal and spatial
variations in DSi utilization and export across the lake. Using an open system model against deepwater
δ30SiDSi values from the lake, we estimate that 20–24% of DSi entering Lake Baikal is exported into the
sediment record. While highlighting the impact that lakes may have upon the sequestration of continental
DSi, mixed layer δ30SiDSi values from 2003 and 2013 show significant spatial variability in the magnitude of
spring bloom nutrient utilization with lower rates in the north relative to south basin.

1. Introduction

Silicon isotope geochemistry (28Si, 29Si, and 30Si) represents a growing field by which to constrain the global
silicon cycle. The global silicon (Si) cycle is essentially characterized by two subcycles: the continental and
oceanic silicon cycles, which are connected via regional river systems. Continental silicate-rock chemical
weathering is responsible for the release of silicon into its dissolved phase (DSi), as orthosilicic acid (Si(OH)4).
DSi from soil solutions is ultimately precipitated into amorphous silica in plant tissue (phytoliths) or, via its
transportation in rivers and lakes, by diatoms and sponges. The supply of DSi to the oceans by rivers plays
a fundamental role in global biogeochemical cycling (dominated by siliceous phytoplankton; diatoms), which
is responsible in part for the regulation of atmospheric pCO2 [Tréguer and Pondaven, 2000].

Over the past decade a growing number of studies have employed δ30SiDSi methods in locations including
the Amazon [Hughes et al., 2013], Congo [Cardinal et al., 2010; Hughes et al., 2011a], Ganges [Fontorbe
et al., 2013; Frings et al., 2015], Icelandic Rivers [Georg et al., 2007; Opfergelt et al., 2013], Nile [Cockerton
et al., 2013], Okavango Delta [Frings et al., 2014a], Tana [Hughes et al., 2012], Yangtze [Ding et al., 2004],
and Yellow [Ding et al., 2011] drainage basins. Results from these have highlighted the close interactions
between aquatic productivity and silicon cycling in both soils, vegetation, and other aboitic processes.
However, relatively few have examined holistic changes in the terrestrial silicon cycle, despite the role these
systems play in regulating silicon transportation into the ocean [Tréguer et al., 1995; Conley, 2002; Opfergelt
and Delmelle, 2012; Tréguer and De La Rocha, 2013; Conley and Carey, 2015; Frings et al., 2016]. A recent review
by Frings et al. [2016] addresses the extent to which variability in DSi transport over glacial and interglacial
time scales, as a response to changes in climate, terrestrial vegetation type/cover, and hydrology [Georg
et al., 2006a; Street-Perrott and Barker, 2008], can be propagated to the ocean record [Frings et al., 2016,
and examples therein]. Such implications are particularly noted for large river reaches, where the effects of
anthropogenic impacts and/or climate change can be notable. Here we present a detailed spatial study of
the Lake Baikal catchment, in central Siberia, in order to examine the effects of some of these issues
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(namely, catchment responses to climate warming and nutrient loading to the lake) upon long-term, and
seasonal, nutrient (DSi) availability in the water column. We outline the rational for this research below.

1.1. An Introduction to Lake Baikal

Situated in one of the most continental regions of the world in central Siberia (Figure 1), Lake Baikal
(103°430–109°580E and 51°280–55°470N) is the world’s oldest, deepest, and most voluminous lake containing
one fifth of global freshwater not stored in glaciers and ice caps [Gronskaya and Litova, 1991; Sherstyankin
et al., 2006]. Accordingly, the system is a major freshwater resource with its outflow ultimately entering the
Yenisei River, the largest riverine inflow to the Arctic Ocean. Divided into three basins (south, central
(including Maloe More), and north), separated by the Buguldeika Ridge running north-easterly from the shal-
low waters of the Selenga Delta and the Academician Ridge, respectively (Figure 1), the lake is characterized
by a the high degree of endemic biodiversity [Timoshkin, 1997]. This endemicity has been attributed to the

Figure 1. Map of Lake Baikal showing location of river and lake water samples collected in 2003 (white square symbol) and
2013 (circle symbol). River and lake water sample locations for 2013 data are color coded yellow, orange, and red according
to their respective summer 2013 DSi concentrations (see legend). Mean δ30SiDSi (‰) data are displayed for the river
inflows and correspond to mean values displayed for the respective river reach in Table 3. All site locations correspond to
data presented in Tables 1–3. Figure was generated by using QGIS Development Team [2016] with data sets derived from
Digital Chart of the World [2007], Swiercz [2007], and Wessel and Smith [2007].
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lake’s age and fully oxygenated water column, driven by seasonal overturning and deepwater renewal [Weiss
et al., 1991; Shimaraev et al., 1994;Wüest et al., 2005].

While overturning sustains a deepwater fauna that is almost entirely endemic to the lake [Fryer, 1991], the
process also provides an important means of returning nutrients to the surface water [Callender and
Granina, 1997]. This is a key driver in lake biogeochemical cycling which starts annually with under-ice diatom
blooms in spring when ice/snow thickness permits photosynthesis [Straškrábová et al., 2005; Jewson et al.,
2009]. The availability of DSi is a critical factor in regulating productivity including the formation of diatom
frustules [Martin-Jézéquel et al., 2000], which alongside picoplankton, dominate primary productivity in the
lake. In instances of DSi limitation (unlike nitrogen andphosphorous), diatomcell wall formation is incomplete,
cell division is impeded and the period of growth reduced [Martin-Jézéquel et al., 2000].

While waters in Lake Baikal have a residency time of 377–400 years [Gronskaya and Litova, 1991], the resi-
dency time of DSi is shorter at 100–170 years [Falkner et al., 1997; Shimaraev and Domysheva, 2004] due to
biomineralization. Indeed, DSi residency in Lake Baikal can decrease by a factor of 5 when diatom productiv-
ity is increased [Shimaraev and Domysheva, 2004] or even be exhausted in summer surface waters following
exceptionally high diatom blooms [Jewson et al., 2010]. As such, the flux of DSi to the mixed layer (defined
here as the surface), dominated by fluvial inputs to the lake and the upwelling of deepwater masses, plays
a key role in maintaining Lake Baikal’s unique ecosystem.

Herewe use records of dissolved silicon and its silicon isotope composition (δ30SiDsi) to understand andmodel
the transportation and fate of silicon through its dominant river tributaries andwithin biogeochemical cycling
in Lake Baikal itself. With clear evidence for global anthropogenic perturbation of the continental silicon cycle
[Laruelle et al., 2009] and evidence of activities including urbanization, deforestation, agriculture, and mining
around the lake [Ciesielski et al., 2006], there is also an urgent need to assess whether rivers, flowing into Lake
Baikal, show alterations related to major conurbations and/other anthropogenic activity. The necessity for
such work is emphasized by increasing evidence that the hydrology, chemistry, and biology of Lake Baikal
are altering in response to a warmer climate [Shimaraev and Domysheva, 2013; Izmest’eva et al., 2016].
Summer lake surface water temperatures have increased 2.4°C over the past ~60 years [Hampton et al.,
2008; Shimaraev and Domysheva, 2013] in tandem with evidence of later ice on and earlier ice off periods,
particularly in the lake’s southern basin [Todd and Mackay, 2003; Hampton et al., 2008]. The effect of these
two parameters has been to alter the thermal structure of Lake Baikal, which in turn has changed the spatial
patterns of phytoplankton biomass across the lake [Fietz et al., 2005;Hampton et al., 2014]. The knock on effect
of these trends, upon nutrient availability in the surface water column and the progression of diatom bloom
development (via the mechanisms outlined above), has to date not been quantitatively assessed.

1.2. Characteristics of DSi Supply in Lake Baikal
1.2.1. Mixed Layer DSi Supply From Riverine Inputs
The catchment around Lake Baikal extends to an area of over 540,000 km2 containing more than 350 rivers.
These rivers play a key role in determining the hydrology and geochemistry of the lake by delivering ~83% of
all water that enters the water column, with the remainder originating from direct precipitation and ground-
water inflow [Shimaraev et al., 1994]. Input, however, is strongly dominated by the three largest rivers with the
Selenga River, extending southward into Mongolia, and the Upper Angara and Barguzin Rivers, draining the
north of the catchment, contributing approximately 62%, 17%, and 8% of riverine inputs, respectively [Seal
and Shanks, 1998] (Figure 1). Similarly, water loss from the lake is dominated by riverine flow with ~81% lost
via the Angara River, the only outflow from the lake, and ~19% via evaporation [Shimaraev et al., 1994].

The extreme continentality of the region exerts a major control on river flow through the seasonal interplay
between the winter Siberian High and summer westerlies [Lydolph, 1977]. Whereas the Siberian High is
responsible for the region’s cold and dry winters, characterized by extensive ice cover on the lake from
October to May (north basin) and January to April (south basin), the summer westerlies deliver
approximately 70–90% of annual precipitation to the region [Afanasjev, 1976; Shimaraev et al., 1994]. This
seasonality has a corresponding impact on the timing of fluvial inputs to the lake with peak inflow in
June, July, and August (JJA) and negligible inputs in January, February, and March. This is particularly noted
for the Selenga River, the largest tributary, which has up to 80% of its annual input during JJA [Sorokovikova
et al., 2006].
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Riverine inputs represent the primary source of silicon to the lake (312mmolm�2 yr�1) [Callender and
Granina, 1997]. These inputs are low, however, compared to internal cycling within Lake Baikal [Müller
et al., 2005]: net sedimentation of silicon in the south basin has been estimated at 1170mmolm�2 yr�1 while
upwelling of deep waters to the surface is 630mmolm�2 yr�1 [Müller et al., 2005]. These estimations are
based on two sites alone in the south and north basins of Lake Baikal.

With limnological and biogeochemical responses to climate change manifesting differently across (and
within) the three basins of Lake Baikal (section 1.1), we propose the application of stable silicon isotope geo-
chemistry to quantify spatial trends in DSi availability/demand more fully, with the technique acting as a tra-
cer of biological demand by diatoms. This will enable both seasonal (spring and autumn) and long-term
export estimations at a greater spatial resolution than was available before. Such examples are crucial for
the later application of palaeolimnological approaches to compare with these contemporary estimates and
therefore assess water column and biogeochemical responses to climate and human pressures in Lake Baikal.
1.2.2. Deepwater Nutrient Renewal
Lake Baikal’s water column has amaximum depth of ~1642m [Troitskaya et al., 2014] and can be perceived as
having two differing water masses. In surface waters down to the mesothermal maximum (MTM) (200–300m
water depth) convective mixing [Shimaraev et al., 1994] and wind forced convection [Troitskaya et al., 2014]
generate overturning in spring and autumn and so influence mixed layer (namely, surface) nutrient supply.
Below this, waters in the lake are permanently stratified [Ravens et al., 2000; Shimaraev et al., 1994;
Shimaraev and Granin, 1991], although the supply of DSi to surface waters is dominated by convective mixing
from depths below the MTM [Shimaraev and Domysheva, 2004].

Possible mechanisms for deepwater nutrient renewal include thermobaric instability on thermal bar regions
(e.g., littoral regions) [Shimaraev et al., 1993, 1994; Killworth et al., 1996;Wüest et al., 2005] and salinity differ-
ences either in the water column or arising from river inflows to the lake [Hohmann et al., 1997; Kipfer and
Peeters, 2000]. In either case, pelagic upwelling in Lake Baikal may last for up to 35 days, with a focus on the
north eastern part of the South Basin, close to the Selenga Delta (Figure 1), and in the interval after summer
stratification when the zonal depth of water movement increases from 80–100m to 400–600m [Shimaraev
et al., 2012]. The importance of this process in supplying nutrients to the mixed layer originates from water
profiles showing higher DSi concentrations with depth, reflecting the remineralization/dissolution of amor-
phous silica as it sinks through the water column [Weiss et al., 1991; Killworth et al., 1996; Falkner et al., 1997;
Shimaraev and Domysheva, 2004]. For example, south basin data from 1994 to 2001 show higher DSi concen-
trations at 300–1400m than surface waters [Weiss et al., 1991; Killworth et al., 1996; Shimaraev and Domysheva,
2004; Shimaraev et al., 2012] with remineralization estimated to recharge surface waters by up to
630mmolm�2 yr�1 [Müller et al., 2005]. This work helps to elucidate the inherent complexity of DSi cycling
in Lake Baikal, which has been raised in previous studies [Müller et al., 2005], by using silicon isotope geo-
chemistry to provide a more robust spatial and temporal interpretation of DSi utilization and deepwater
export across the lake. This is due to the ability of δ30SiDSi approaches to act as a tracer of diatom utilization
in Lake Baikal, permitting a more robust estimation of south, central, and north basin spring and autumn
bloom DSi utilization. The application of this method is also further acknowledged as comparison with data
presented here permits the ability to later apply palaeolimnological (δ30Sidiatom) approaches (as validated by
Panizzo et al. [2016]) to quantify impacts on biogeochemical cycling as a response to climate change and
nutrient loading in Lake Baikal.

2. Methods
2.1. Sample Locations

The data in this manuscript primarily originate from four expeditions to Lake Baikal and the surrounding region
in 2003, 2013, and 2014 (Figure 1). The winter (February–March) 2013 lake water δ30SiDSi compositions at one
site (BAIK13-1) and a number of summer 2013 water δ30SiDSi data from across the lake have previously been
reported by Panizzo et al. [2016] (winter data). These results are summarized alongside new snow, ice, lake, and
river δ30SiDSi data and results from expeditions to Lake Baikal in 2003 and 2014 (see Tables 1–3 for full details).
2.1.1. Lake Samples
An expedition to Lake Baikal in July 2003, funded by European Union CONTINENT program (EVK2-CT-2000-
0057), resulted in water column profiles of δ30SiDSi being collected at a site in the south (105.0321°E,
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51.71282°N) and north basins (109.0051°E, 54.4438°N) aboard the R/V Vereshagin at water depths of 5-1400m
(Table 1). Samples were stored in 4 L acid-washed high-density polyethylene bottles ready for their return to
the laboratory.

Further summer waters from the mixed layer (mixed layer water depth: x = 6.66m, 1σ =±4.79m) of Lake
Baikal were collected at a depth of 1m in August 2013 with sampling across all three basins of the lake
including sites close to the inflow of the Khara-Murin and Snezhnaya Rivers and sites ~1.8 km offshore of
the Selenga Delta (Table 2 and Figure 1). Only surface water data are provided in Table 2 as these samples
capture the mean mixed layer across the lake.

These samples were complemented by an expedition to the south basin of the lake in February–March 2013
when (1) fluvial inflows and precipitation to the lake are minimal [Afanasjev, 1976; Seal and Shanks, 1998] and
(2) there is minimal photosynthetic activity/diatom biomineralization, the latter of which was confirmed by
no/negligible chlorophyll a in waters down to 200m depth [Panizzo et al., 2016]. Averages of the profile data
are therefore provided for the purpose of this manuscript (Table 2), where we assume the absence of biolo-
gical uptake and surface water mixing (collection below ice). Lake water δ30SiDSi values were collected at
three sites in the south basin (BAIK13-1, BAIK13-4, and BAIK13-5; Figure 1 and Table 2), also sampled in
August 2013, using a 2 L Van Dorn sampler at depths from 1 to 180m. Samples were collected from
BAIK13-1 on two occasions 9 days apart (BAIK13-1a and BAIK13-1b) to assess short-term temporal
variations in δ30SiDSi. In addition, one lake surface snow sample and one lake ice sample were collected from
BAIK13-1 (Table 2).
2.1.2. River Samples
In August 2013 samples were collected from the wider drainage basin around Lake Baikal at the time of peak
river flow [Afanasjev, 1976; Seal and Shanks, 1998] (Figure 1 and Table 3). This involved sampling rivers that
supply up to 92% of the total annual riverine inflow to the lake [Seal and Shanks, 1998], including the
Selenga, Upper Angara, Barguzin, Snezhnaya, Mishika, Khara-Murin, and Solzan Rivers, using a modified
bottle sampler attached to a rope in order to sample as close as possible to the central region of the river
channel. Of the sampled rivers, the Upper Angara flows into the north basin, the Barguzin River into the
central basin, and the remainder into the south basin of the lake. To account for seasonal variability in

Table 1. July 2003 Water Profile Data From the South and North Basins Along With Respective Location Sampling of
Lake Baikala

Water Column Depth (m) DSi (ppm) δ29SiDSi (‰) Uncertainty (1σ) δ30SiDSi (‰)

South Basin (105.0321°E, 51.71282°N)
10 0.57 +1.16 0.04 +2.23
25 0.61 +1.18 0.03 +2.28
50 0.60 +1.17 0.01 +2.26
100 0.56 +1.09 0.02 +2.10
150 0.57 +1.07 0.03 +2.07
250 0.56 +1.07 0.01 +2.06
500 0.83 +0.92 0.08 +1.77
750 1.06 +0.95 0.05 +1.83
1000 1.22 +0.85 0.08 +1.65
1200 1.24 +0.90 0.03 +1.73
1400 0.85 +0.83 0.04 +1.59
North Basin (109.0051°E, 54.4438°N)
5 0.84 +1.11 0.04 +2.13
15 0.83 +1.18 0.02 +2.27
25 0.89 +0.97 0.01 +1.88
50 0.84 +1.01 0.08 +1.96
100 0.84 +1.01 0.03 +1.95
150 0.82 +0.99 0.07 +1.90
250 0.87 +1.04 0.03 +2.01
500 1.05 +0.93 0.03 +1.80
750 1.23 +0.87 0.06 +1.68
850 1.36 +0.94 0.04 +1.82

aδ30SiDSi is calculated as δ29Si = 0.518 • δ30Si due to the mass-dependent fractionation between the ratios of the iso-
topes. Reproducibility for δ30SiDSi is estimated at 0.14‰ by similarly applying the same calculation. Data are presented
in Figure 2.
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river flow a sample was also collected below ice in the Selenga River in spring 2014 (Table 3). Samples in
August 2013 were also collected from (1) the Selenga Delta (n= 8), a large wetland of 540 km2 [Fefelov,
2001] through which the Selenga River drains before entering the lake (Figure 1 and Table 3), and (2) the
Angara River (n= 2) outflow (Table 3).

2.2. Analytical Methods
2.2.1. 2003 Field Season Samples
Water samples collected in 2002were filtered through 0.4μmpolycarbonate filters on return to the laboratory
(theRoyalMuseumforCentralAfrica, Tervuren)beforebeingprocessedaccording to theproceduresoutlined in
Cardinal et al. [2005] for isotopic analyses. Si isotopicmeasurementswere carriedout in 2005 atUniversité Libre
de Bruxelles (ULB) under dry plasma conditions (Aridus desolvator) by using a Nu Plasma multicollector-
inductively coupled plasma-mass spectrometer (MC-ICP-MS), with a Mg external standard [see Cardinal et al.,
2003]. At that time, we measured and used exclusively the δ29Si notation as the 30Si signal was disturbed by
isobaric interference on the low-resolution Nu Plasma instrument available at ULB [see Cardinal et al., 2003].
Theδ30Si valueshavebeencalculated fromδ29Si assuminga theoretical terrestrialmass-dependentequilibrium
fractionation slope between the two isotopes:

δ29Si ¼ 0:518•δ30Si R2 ¼ 0:851
� �

(1)

As this prevents us from detecting any analytically inducedmass-dependent fractionation processes between
Si isotopes through a δ30Si versus δ29Si graph, we checked such bias daily (for independent analytical sessions)
by using Mg versus Si isotope ratios on every National Bureau of Standards 28 bracketing standard. Based on
this standard-sample bracketing technique, a few results with an unstable fractionation line were discarded
(less than 10% of the whole data set) in addition to those samples that generally reflected unsteadiness in

Table 2. DSi, δ30SiDSi, and δ29SiDSi Lake Water Data at Sites in Lake Baikal Sampled in 2013 Together With Respective Uncertaintiesa

Site Location Longitude Latitude DSi (ppm) δ30SiDSi (‰) Uncertainty (2σ) δ29SiDSi (‰) Uncertainty (2σ)

Winter (February/March) 2013 Lake Waters
BAIK13-1 South basin—snow sample 104.41611°E 51.76778°N 0.04 BDL BDL BDL BDL
BAIK13-1 South basin—lake ice sample 104.41611°E 51.76778°N 0.01 BDL BDL BDL BDL
BAIK13-1ab South basin (x upper 180m) 104.41611°E 51.76778°N 1.07 +2.31 0.29c +1.23 0.09c

BAIK13-1bb South basin (x upper 50m) 104.41611°E 51.76778°N 1.06 +2.29 0.23c +1.19 0.10c

BAIK13-4b South basin (x upper 180m) 104.30003°E 51.69272°N 0.91 +2.23 0.26c +1.21 0.20c

BAIK13-5b South basin (x upper 180m) 104.27411°E 51.65053°N 0.93 +2.30 0.24c +1.19 0.18c

Summer (August) 2013 Lake Waters
BAIK13-1 South basin 104.41611°E 51.76778°N 0.62 +2.97 0.17 +1.36 0.07
BAIK13-4 South basin 104.30003°E 51.69272°N 0.66 +2.49 0.20 +1.27 0.13
BAIK13-5 South basin 104.29125°E 51.64708°N 0.66 +2.39 0.14 +1.22 0.06
BAIK13-7 South basin 104.52861°E 51.56833°N 0.69 +2.47 0.15 +1.32 0.08
BAIK13-8 South basin 105.31456°E 51.74386°N 0.65 +2.42 0.25 +1.21 0.11
BAIK13-9 South basin 105.87786°E 51.88053°N 0.69 +2.18 0.22 +1.14 0.13
BAIK13-10 South basin 106.09389°E 52.18528°N 0.68 +2.30 0.16 +1.29 0.07
BAIK13-11 South basin 106.11017°E 52.21361°N 0.35 +3.18 0.20 +1.66 0.09
BAIK13-12 Central basin 107.15800°E 52.79814°N 0.13 +2.84 0.27 +1.41 0.16
BAIK13-13 Central basin (Maloe More) 107.01880°E 53.15600°N 0.70 +2.40 0.15 +1.27 0.06
BAIK13-14 Central basin (Maloe More) 107.50480°E 53.35167°N 0.66 +2.33 0.17 +1.28 0.07
BAIK13-16 North basin 109.16472°E 53. 87528°N 0.49 +2.53 0.17 +1.27 0.08
BAIK13-17 North basin 108.95028°E 54.54442°N 0.87 +2.21 0.22 +1.14 0.10
BAIK13-18 North basin 109.22690°E 54.79536°N 0.87 +2.02 0.12 +1.07 0.05
BAIK13-19 North basin 109.78270°E 55.64939°N 0.93 +1.74 0.14 +0.90 0.05
Delta_22 1.8 km from Selenga Delta 106.22167°E 52.26722°N 2.80 +1.67 0.11 +0.83 0.06
Delta_23 1.8 km from Selenga Delta 106.21472°E 52.22361°N 3.31 +1.61 0.11 +0.79 0.06
B13_8_2 Nr. Khara-Murin River outflow 104.15523°E 51.52934°N 0.92 +1.95 0.12 1.03 0.07
B13_8_4 Nr. Vydrino River outflow 104.64550°E 51.47618°N 0.81 +2.16 0.12 1.14 0.07

aWinter samples are profile means of sampled waters above the MTM (200mwater depth). Duplicate winter samples from BAIK13-1 (BAIK13-1a and BAIK13-1b)
were collected 9 days apart, with the latter to between a water depth of 0–50m. All summer samples are from 1m water depth alone. With the mean summer
mixed layer depth at 6.66m (1σ = ±4.79m) deeper DSi and δ30SiDSi data are not included due to the potential for values to be altered by diatom dissolution during
sinking (refer to section 1.2 for full explanation).

bResults published in Panizzo et al. [2016].
cErrors are 2 SD of the average values.
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either the plasmaor the dissolution system. A reproducibility test that includedmolybdate coprecipitation and
isotopic analyses of 10 individual aliquots froma single seawater sample gave a standarddeviation on the δ29Si
of 0.07‰ (2σ) [Cardinal et al., 2005]. Through the application of equation (1), this equates to a reproducibility of
0.14‰ for δ30Si (Table 1), which is comparablewith long-termvariance derived for 2013/2014 data analyzed at
British Geological Survey (BGS) (section 2.2.2).
2.2.2. 2013/2014 Field Season Samples
Water samples collected for DSi concentration and δ30SiDSi analyses in 2013/2014 were filtered through
0.4μm polycarbonate filters (Whatman) before storage in 125mL acid-washed low-density polyethylene
bottles. Samples were acidified with Romil Ultapure HCl (10M) to a pH above 2 in order to preserve

Table 3. August 2013 DSi and δ30SiDSi and δ29SiDSi Data From Rivers Flowing Into and Out of Lake Baikala

Location Longitude Latitude DSi (ppm) δ30SiDSi (‰) Uncertainty (2σ) δ29SiDSi (‰) Uncertainty (2σ)

Selenga River 1 (Ilyinka) 107.32987°E 52.12787°N 4.48 +1.48 0.12 +0.82 0.06

Selenga River 2 (Tataurovo) 107.32989°E 52.12777°N 4.52 +1.50 0.11 +0.78 0.07

Selenga River 3 (Sotnikovo) 107.48936°E 51.88560°N 4.63 +1.50 0.11 +0.74 0.06

Selenga River 4 (Kolobki) 107.37460°E 51.64598°N 4.55 +1.50 0.13 +0.81 0.07

Selenga River 5 (Dede-Sutoy) 106.86765°E 51.25107°N 4.55 +1.49c 0.12c +0.77c 0.10c

Selenga River 6 (Novoselenginsk) 106.64846°E 51.09519°N 4.63 +1.45 0.16 +0.73 0.06

Selenga River 7 (after Deben) 106.30345°E 50.68855°N 4.62 +1.42 0.12 +0.77 0.07

Selenga River 8 (Ust-Kyakhta) 106.27130°E 50.53031°N 4.85 +1.46 0.11 +0.76 0.06

Selenga River Mean 4.60 +1.47 0.06b +0.77 0.06

Selenga Delta 1 (Murzino) 106.49386°E 52.18881°N 4.72 +1.31c 0.13c +0.71c 0.11c

Selenga Delta 1 (Kabansk) 106.67223°E 52.05072°N 4.76 +1.55 0.12 +0.77 0.07
Selenga Delta 1 (Selenginsk) 106.82250°E 52.03369°N 4.85 +1.38 0.15 +0.74 0.10
Selenga Delta 1 (Kryasnyj Jar) 106.58006°E 52.17083°N 4.76 +1.56 0.16 +0.77 0.10
Selenga Delta 1 (Korsakovo) 106.63535°E 52.25459°N 6.30 +1.77c 0.11c +0.93c 0.10c

Selenga Delta 1 (Dubinino) 106.77750°E 52.30956°N 4.72 +1.51 0.12 +0.77 0.07
Selenga Delta 1 (“Base camp”) 106.32996°E 52.12787°N 4.51 +1.54 0.12 +0.80 0.06
Selenga Delta Mean 4.95 +1.52 0.29b +0.78 0.14b

Solzan River 104.15848°E 51.50852°N 3.09 +0.94 0.18 +0.49 0.07

Khara-Murin River 104.41336°E 51.45571°N 3.67 +0.93 0.15 +0.48 0.10

Snezhnaya River 1 104.63248°E 51.44871°N 3.31 +1.01 0.12 +0.53 0.06

Snezhnaya River 2 104.63117°E 51.41781°N 3.30 +1.04 0.18 +0.55 0.08

Snezhnaya River 3 104.63118°E 51.41779°N 3.48 +0.90 0.16 +0.43 0.10

Snezhnaya River Mean 3.36 +0.98 0.14b +0.50 0.13

Mishika River 105.54248°E 51.63849°N 4.13 +1.02c 0.13c +0.53c 0.11c

Barguzin River 1 (Zorino) 109.36650°E 53.50640°N 3.11 +1.21 0.11 +0.61 0.06

Barguzin River 2 109.76355°E 53.70734°N 3.83 +0.99 0.12 +0.52 0.06

Barguzin River 3 109.52647°E 53.57019°N 3.04 +1.41 0.11 +0.70 0.07

Barguzin River 4 108.73846°E 54.61193°N 3.21 +1.25 0.11 +0.63 0.06

Barguzin River Mean 3.30 +1.22 0.35b +0.62 0.15b

Upper Angara River 1 109.93114°E 55.71752°N 2.80 +1.10 0.14 +0.52 0.06
Upper Angara River 2 109.91707°E 55.71214°N 2.55 +0.90 0.17 +0.49 0.13
Upper Angara River 3 109.90556°E 55.71541°N 2.72 +1.02 0.10 +0.55 0.06
Upper Angara River 4 109.87991°E 55.87991°N 2.64 +1.09 0.13 +0.55 0.06
Upper Angara River Mean 2.68 +1.03 0.06b +0.53 0.07b

Angara River 1 104.82733°E 51.88130°N 0.57 +2.55 0.11 +1.31 0.06

Angara River 2 (Reservoir, Irkutsk) 104.79253°E 51.91239°N 0.58 +2.59 0.12 +1.30 0.06

Angara River (outflow) Mean 0.58 +2.57 0.05b +1.31 0.00b

Under ice Selenga River (Selenginsk) 106.87588°E 52.05631°N 5.52 +1.54 0.14 +0.77 0.10

aThe under-ice Selenga River sample (March 2014) is also provided at the bottom of the table. Respective uncertainties are provided for all data. Values in bold
correspond to mean values with 2 SD uncertainties (where n> 1) for each of the inflowing Lake Baikal rivers. Data are presented in Figures 3a and 3b.

bThese errors are 2 SD of the average values.
cThese data represent weighted averages of sample replicates. Errors are the 95% confidence of these values, incorporating the propagated long-termdiatomite

excess variance.
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samples until analysis in the UK. Silicon and trace metal concentrations on all samples were measured on an
inductively coupled plasma–mass spectrometer (ICP-MS) (Agilent Technologies 7500) at the British
Geological Survey. All DSi data are reported by ICP-MS in parts per million and where necessary values are
converted to micromole for comparison with other studies.

Samples were purified by passing a known volume (between 1 and 2.5mL depending on silicon concentra-
tion) through a 1.8mL cationic resin bed (BioRad AG50W-X12) [Georg et al., 2006b] and eluted with 3mL of
Milli Q water in order to obtain an optimal silicon concentration of between 3 and 10 ppm. Where samples
(namely, March 2013 lake samples) were less than <1.5 ppm DSi, a preconcentration step was carried out,
which is fully detailed in Panizzo et al. [2016]. Isotope analyses were made on a ThermoFisher Scientific
Neptune Plus MC-ICP-MS (multicollector-inductively coupled plasma-mass spectrometer), in wet-plasma
mode at the BGS. In order to overcome any analytical bias due to differing matrices, samples and reference
materials were acidified by using HCl (to a concentration of 0.05M, using Romil UPA) and sulphuric acid (to a
concentration of 0.003M, using Romil UPA). This was done following Hughes et al. [2011b], the principle being
that doping samples and standards alike, above and beyond the natural abundance of Cl� and SO4

2�, will
evoke a similar mass bias response in each. Finally, all samples and standards were doped with ~300 ppb
magnesium (Mg, Alfa Aesar SpectraPure) (24Mg/25Mg= 0.126633) to correct the data for the effects of instru-
ment induced mass bias [Cardinal et al., 2003; Hughes et al., 2011b; Oelze et al., 2016]. Full details on machine
instrumentation, sampling preparation, and blank procedures are provided in the supporting information S1
and additionally in Panizzo et al. [2016].

All uncertainties are reported at 2σ absolute and incorporate an excess variance derived from the diatomite
validation material, which was quadratically added to the analytical uncertainty of each measurement. Please
refer to supporting information S1 for further information on uncertainty calculations. Long-term (~2 years)
variance for the method is as follows: diatomite = +1.23‰±0.16‰ (2 SD, n=210) (consensus value of
+1.26‰± 0.2‰, 2 SD [Reynolds et al., 2007]) and RMR4=+0.88‰± 0.20‰ (2 SD, n= 42).

3. Results
3.1. Lake Samples
3.1.1. Winter Sampling (February–March 2013)
Due to the very low concentration of DSi in the ice and snow samples from BAIK13-1 (<0.05 ppm; Table 2)
isotopic analyses were not possible. Filtering (at 0.2μm) up to 10 L of melted ice also yielded minimal diatom
valves, suggesting that ice bound diatom populations in the lake are negligible at the time of sampling.
Below ice lake water DSi concentrations from March 2013 in the south basin (0–180m depth) range from
0.74 to 1.22 ppm with a mean δ30SiDSi for each site between 0 and 180m water depth ranging from
+2.23‰ to +2.31‰ (Table 2). Re-sampling at site BAIK13-1 9 days after the original sampling revealed no
change in δ30SiDSi (BAIK13-1a and BAIK13-1b; Table 2).

3.1.2. Summer Sampling (July 2003)
Summer DSi concentrations in the south basin above the MTM (between 5 and 250m water depth;
x ¼ 0:58 pmm, 1 SD= 0.02 ppm) are significantly lower than the north basin (5–250m water depth,
x ¼ 0:85pmm, 1 SD=0.03 ppm) (Table 1 and Figure 2). In contrast deepwater (≥500m water depth) concen-
trations are higher and within the range of variability of one another (south basin: x = 1.04 ppm,
1 SD= 0.20 ppm; north basin: x = 1.21 ppm, 1 SD=0.16 ppm). In both basins δ30SiDSi signatures decrease
through the water column with values of approximately +2.23 to +2.13‰ in the upper 10m of the water
column compared to mean deepwater (here defined as below 500m) values of +1.71‰ (1 SD= 0.10‰)
and +1.77‰ (1 SD= 0.08‰) in the south and north basins, respectively (Table 1).
3.1.3. Summer Sampling (August 2013)
Summer 2013 mixed layer (sampled water depth = 1m) DSi values across the lake vary from 0.13 to 0.93 ppm,
x = 0.64 ppm, with typical values 0.49–0.93 ppm in the north basin and 0.62–0.70 ppm in the south/central
basin. The exceptions to these trends are low concentrations of 0.35 ppm at BAIK13-11 in the South Basin
and 0.13 ppm at BAIK13-12 in the central basin. δ30SiDSi compositions across the lake show a negative rela-
tionship to DSi data, with values ranging from +1.74‰ to +2.53‰ in the north basin ( x =+2.13‰,
1 SD= 0.33‰), >+2.30‰ in the central basin including Maloe More (x = +2.52‰, 1 SD= 0.28‰), and up
to +3.18‰ in south basin (x = 2.55‰, 1 SD= 0.34‰) (Table 2 and Figure 1).
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Lake waters ~1.8 km from the Selenga Delta outflow show the influence of riverine inputs with surface
water DSi concentrations (2.80 ppm and 3.31 ppm) and δ30SiDSi compositions (+1.67‰ and +1.61‰)
closer to values for the Selenga River/Delta than lake samples at open water locations (Delta 22 and Delta
23; see section 3.2 below and Table 2). In contrast, minimal riverine influence is detected in waters ~20m from
the inflow of the smaller Khara-Murin and Snezhnaya Rivers with values instead similar to other lake waters
(DSi = 0.92 ppm, 0.81 ppm; δ30SiDSi = +1.95‰ and +2.16‰) (B13_8_2 and B13_8_4; Figure 1 and Table 2).

3.2. River/Catchment Samples

Summer samples from the Angara River, the only outflow from Lake Baikal, contain <1 ppm of DSi and are
similar to summer 2003 and 2013 lake water values reported in sections 3.1.2 and 3.1.3 (Table 3). Summer
DSi concentrations of all inflowing rivers are between 2.55 and 6.30 ppm (Table 3) including the Upper
Angara River (2.68 ppm), Barguzin River (3.30 ppm), and the southern basin tributaries: Solzan (3.09 ppm),
Khara-Murin (3.67 ppm), and the Snezhnaya (3.36 ppm) Rivers (Table 3). Concentrations in the Selenga
River (4.48–4.85 ppm, x = 4.60 ppm, n= 8) and Selenga Delta (4.51–6.30 ppm, x = 4.95 ppm, n= 8) are consis-
tently ~1 ppm more concentrated than other river inflows (Table 3 and Figure 1). Along the course of the
Selenga River and Selenga Delta there is no clear variation in DSi, apart from one higher value near the village
of Korsakovo of 6.30 ppm. An under-ice Selenga River value of 5.52 ppm from March 2014 is also higher than
the mean summer 2013 average DSi concentration along the river (4.60 ppm).

From an isotope perspective, the Angara River outflow, sampled during summer months, has a relatively high
value of approximately +2.58‰ that is similar to summer lake waters. In contrast, the δ30SiDSi signatures of all
inflows range from +0.90‰ to +1.77‰ (Table 3 and Figure 1). Mean calculations were derived to summarize
spatial variability in the tributaries where n> 1 (Table 3). Values for the Selenga, Barguzin, and Upper Angara
Rivers are +1.47‰± 0.06 (2 SD, n=8), +1.22‰± 0.35 (2 SD, n= 4), and +1.03‰±0.06 (2 SD, n= 4), respec-
tively. The assortment of other inflows sampled along the southern shore of Lake Baikal (Solzan, Khara-
Murin, Snezhnaya, and Mishika Rivers, n= 7) are generally lower and within uncertainty of each other
(+0.90‰ to +1.04‰) (Table 3). As with DSi concentrations, the δ30SiDSi compositions at Korsakovo are slightly
higher (+1.77‰) than the remaining values for the Selenga River, including downstream sites (Selenga River
mean=+1.47‰, 0.21 SD, n= 7). The δ30SiDSi signatures of waters in the Selenga Delta (+1.52‰± 0.29 2 SD,
n= 8) are also similar to those of the Selenga River, as is the single winter δ30SiDSi composition collected from
the Selenga River (+1.54‰± 0.14).

Figure 2. Summer 2003 profile data of DSi concentrations (ppm) (in grey) and δ30SiDSi (‰) (in black) compositions against
water column depth (m) for the south and north basins of Lake Baikal. All data are derived from Table 1. Note that the
analytical uncertainties for δ30SiDSi signatures are not plotted as data are derived from the conversion of 29Si although
reproducibility is estimated at 0.14‰ (see Table 1).
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4. Discussion
4.1. Variations in δ30SiDSi Inflow to Lake Baikal

The δ30SiDSi compositions of rivers flowing into Lake Baikal fall within the range of other river systems across
the globe, including sites impacted by humans (�0.9‰ to +4.7‰) [De la Rocha et al., 2000; Ding et al., 2004,
2011; Alleman et al., 2005; Ziegler et al., 2005a, 2005b; Georg et al., 2006a, 2007; Cardinal et al., 2010; Engström
et al., 2010; Hughes et al., 2011a, 2012, 2013; Opfergelt et al., 2011, 2013; Cockerton et al., 2013; Delvaux et al.,
2013; Fontorbe et al., 2013; Pokrovsky et al., 2013; Sun et al., 2013; Frings et al., 2014a; Mavromatis et al., 2016].
As such, these systems encompass a wide range of land uses, geology, vegetation, and climate, which all play
an active role in driving river δ30SiDSi compositions. This work differs from previous studies, which have
largely focused on main channel compositions and tributary mixing of δ30SiDSi signatures [e.g., Ding et al.,
2004;Hughes et al., 2011b, 2012, 2013; Cockerton et al., 2013;Delvaux et al., 2013; Fontorbe et al., 2013], by sum-
marizing the main patterns in the riverine δ30SiDSi data before presenting an open systemmodel (section 4.2)
that incorporates fluvial fluxes of dissolved silicon to constrain the silicon cycle in Lake Baikal.
4.1.1. Seasonal Variations in Riverine Flow
Lake Baikal lies within the Yenisei drainage basin, the seventh largest in the world. Despite the different geol-
ogy (basalt versus dominant granitoids around Lake Baikal) values in this study are similar to those recorded
in the Kulingdakan River watershed approximately 500–1000 km north of Lake Baikal, but in the same basin
[Pokrovsky et al., 2013]. While the winter sample from the Selenga River is similar to summer Selenga River
values, suggesting no seasonal variation in river δ30SiDSi (+1.54‰±0.14 (winter); +1.48‰± 0.04 (summer)),
an up to +1.5‰ decrease in δ30SiDSi was documented in the Kulingdakan watershed during spring ice melt
[Pokrovsky et al., 2013] and for the wider Yenisey drainage basin during permafrost melting (up to +1.75 and
+2‰ heavier) [Mavromatis et al., 2016]. Seasonal decreases have also been observed in rivers in northern
Sweden [Engström et al., 2010]. In both cases the decreases have been partially attributed to an increase in sus-
pended load and in particular the dissolution of plant derived silicon which seasonally dominates the solid
phase of silicon in surface soils, both of which act as pools enriched in the lighter 28Si [Engström et al., 2010;
Pokrovsky et al., 2013;Mavromatis et al., 2016]. The lack of seasonal variation in the Selenga River could reflect
the absence of seasonal biotic and abotic processes affecting δ30SiDSi signatures, potentially related to the lar-
ger size of the Selenga River, which may buffer any seasonal signal. In either case with (1) the Selenga River
providing 62% of all riverine inflow to the lake and (2) the summer inflow of all rivers providing >75% of all
riverine inputs to the lake, we suggest that our summer river δ30SiDSi data are representative of annual riverine
inputs to Lake Baikal and so can be used to model lake water dynamics below in section 4.2.
4.1.2. Spatial Variations in the Selenga River
DSi concentrations for all Lake Baikal inflows range between 2.55 and 6.30 ppm (Table 3 and Figure 3a). These
values lie comfortably within the range of other global river systems as well as rivers at these latitudes
(Figures 3a and 3b) [Frings et al., 2016]. With the main aim of this manuscript to model Lake Baikal

olm

Figure 3. Global variations in river δ30SiDSi (‰) signatures against (a) DSi concentrations (μmol) and (b) latitude (°N/S)
(black triangles) alongside values from rivers flowing into Lake Baikal (colored triangles—see legend). Global data set
complied by Frings et al. [2016].
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contemporary DSi cycling, a more in-depth discussion on the river inflow isotopic geochemistry is not pro-
vided here. However, an illustration of the data as an attempt to assess the degree of DSi removal via second-
ary mineral clay formation and/or biological uptake is provided for illustrative purposes in supporting
information S2.

The Selenga River was sampled the most comprehensively out of the total seven rivers sampled in this
study. The Selenga River reach (from waters close to the Mongolian border (Ust-Kyakhta) through to and
including the Selenga Delta) contains some of the region’s largest industrial centers along its banks. Of note
are its higher DSi concentrations and δ30SiDSi signatures (Table 3; and lower fSi; supporting information S2),
relative to other Lake Baikal inflows (Figure 1 and Table 3). Although there are most likely differing weather-
ing processes, land uses, and climate regimes within the catchment (which extends into Mongolia), variations
to DSi concentrations and δ30SiDSi signatures are minimal. Indeed, DSi concentrations and δ30SiDSi composi-
tions from sites located before and after the confluences of major lateral tributaries of the Selenga River at
Novoselenginsk (Chikoi River), downstream of Dede-Sutoy (Khilok River) and in Ulan-Ude (River Uda), show
no variation outside of analytical uncertainty to the Selenga River as a whole (Figure 1 and Table 3). This is
in contrast to previous work highlighting that the mixing of waters from catchments, with differences in
vegetation cover and land use, can alter δ30SiDSi at the subbasin level [Delvaux et al., 2013]. The lack of varia-
tion in δ30SiDSi signatures is also notable given evidence of significant anthropogenic alteration in the land-
scape along the Selenga River, including industrial centers located close to the riverbanks at Ulan-Ude,
Gusinoozersk, and Selenginsk, as well as mining activity and agriculture along the rivercourse [Potemkina
and Potemkin, 2015; Sorokovikova et al., 2015]. Indeed, landscape cultivation can lead to significant changes
in soil and so water δ30SiDSi, although this can be dependent on the time frame over which land has been
cultivated [Vandevenne et al., 2015]. In summary, while sampling of the Selenga River in Mongolia is required
to confirm this, results from the Russian sector of the river suggest that anthropogenic influences on the
Selenga River is, from a δ30SiDSi and DSi perspective, either (i) minimal, (ii) masked by the dilution with natural
waters/silicon in the catchment, or (iii) undetectable due to anthropogenic sources of silicon having the same
isotopic signature as Selenga River waters.
4.1.3. Cycling in the Selenga Delta
Wetland grasses/reeds, including Phragmites, which is found throughout the Selenga Delta, are considered to
be silicon accumulators [Struyf et al., 2009]. As such, rapid biogenic uptake by these organisms would be
expected to have a significant impact on DSi concentrations and δ30SiDSi compositions in the Selenga Delta
due to plant discrimination against 30Si. Indeed, previous work has demonstrated significant changes in DSi
and δ30SiDSi in wetlands due to biogenic uptake and phytolith formation [e.g., Cockerton et al., 2013]. Except
for samples from Korsakovo, discussed below, little variation in δ30SiDSi or DSi is observed across the Selenga
Delta with values similar to the Selenga River (delta: x =+1.47‰, 0.21 2 SD; river: +1.52‰, 0.29 2 SD, respec-
tively) (Table 3). Dissolution of phytoliths from wetland vegetation can be extensive reaching up to 90% within
1 year after plants die [Struyf et al., 2007]. While a lower pH can decrease phytoliths dissolution rate [Fraysse
et al., 2006], this issue is not relevant in the Selenga Delta where river water pH is ~8. Consequently, rapid recy-
cling of phytoliths in the Selenga Delta may be replenishing the DSi pool and therefore maintaining δ30SiDSi
signatures, between the river and delta region, at the same value. This balance, between uptake and dissolu-
tion, may be further reinforced by the restriction of significant biological uptake during the ice free period
(March–October) [Sorokovikova et al., 2006], compared to other deltaic regions around the world (e.g., the
Nile) where seasonality and warmer temperatures permit increased productivity over the course of a year.
This would lead to a net sink of silicon in these regions that is not balanced out by subsequent dissolution and
release of silicon into the water column. The exception to this pattern in the Selenga Delta occurs at
Korsakovo where DSi concentrations and δ30SiDSi signatures are higher than average (6.30 ppm, +1.77‰;
Table 3). This was a heavily cattle-grazed site with waterlogged, grass-vegetated, riverbanks. It is possible that
localized factors including the relative balancebetweenweathering, nutrient uptake, and the impacts of grazing
(e.g., waste and trampling of vegetation) may be altered sufficiently here to generate the observed change.

4.2. Si(OH)4 Utilization/Export in Lake Baikal

Based on low (<0.05 ppm; Table 2) DSi concentrations in snow and ice, we assume negligible inputs of DSi to
the lake from precipitation. Instead, nutrient inputs to the mixed layer in Lake Baikal are assumed to primarily
derive from riverine inflow and upwelling from bottom waters, although we acknowledge that we have no

Global Biogeochemical Cycles 10.1002/2016GB005518

PANIZZO ET AL. SILICON CYCLING IN LAKE BAIKAL 566



estimate of groundwater inputs which make up <4.5% of water inflow to the lake [Seal and Shanks, 1998] or
the extent to which groundwater inputs may come from confined or unconfined reservoirs. Although lake
waters ~1.8 km from the Selenga Delta outflow are strongly influenced by the relatively high DSi
concentrations/low δ30SiDSi signatures of the Selenga River, values at all open water sites away from the
shoreline (as well as samples close to the Khara-Murin and Vydrino River inflows) display lower DSi/higher
δ30SiDSi that are similar to open lake water values. As such, while riverine inputs are likely to be the primary
source of silicon to Lake Baikal (312mmolm�2 yr�1) [Müller et al., 2005], these inputs are quickly diluted by
preexisting waters in the lake, the majority of which lie below the MTM, with the export of
2700mmolm�2 yr�1 into the deep waters of the south basin [Müller et al., 2005]. With annual outflow of
DSi through the Angara River (of 74mmolm�2 yr�1) and a silicon residence time of between 100 and
170 years [Falkner et al., 1997; Shimaraev and Domysheva, 2004; Müller et al., 2005] the δ30SiDSi signature of
these deep waters (below 500m), as indicated by their higher DSi concentration and lower δ30Si (Table 1 and
Figure 2) compositions, has been heavily impacted by in-lake biogeochemical cycling including (i) biominer-
alization, (ii) recycling/dissolution during sinking, and (iii) the export of silicon out of the system as organisms
become incorporated into the sediment record. Accordingly, by comparing deepwater δ30SiDSi signatures
(below 500m) to river δ30SiDSi compositions, long-term rates of DSi export from surface waters and into
the sediment record can be constrained (section 4.2.1). At the same time, at locations away from
riverine/coastal inputs, mixed layer δ30SiDSi can be compared to deepwater δ30SiDSi to quantify seasonal
trends of DSi utilization by diatoms with spatial and temporal variations providing insights into the homoge-
neity or heterogeneity of nutrient utilization across the lake (sections 4.2.2 and 4.2.3).
4.2.1. Long-Term DSi Utilization
Quantification of the silicon cycle in Lake Baikal can be performed by using an open system in which the pool
of DSi is continually replenished by new inputs to the system. Mean deepwater (below 500m) δ30SiDSi values
for the north and south basins are similar (δ30Sideep) at +1.77‰ and +1.71‰, respectively (Table 1 and
Figure 2) (section 3.1.2). Within the context of examining long-term changes in silicon cycling in Lake
Baikal, δ30Sideep can be expressed as a function of the δ30SiDSi signature of riverine inputs entering the lake
prior to biomineralization (δ30Siriver), the fractionation factor (ε) between organisms and DSi, and the fraction
of residual DSi that is not utilized during biomineralization (f):

δ30Sideep ¼ δ30Siriver � ε 1 –fð Þ (2)

Diatoms dominate primary production in Lake Baikal, especially during spring and autumn overturn when
deep waters replenish the mixed layer (surface) with waters enriched in DSi. While picoplankton also repre-
sent a significant proportion of primary productivity in Lake Baikal [Fietz et al., 2005] no work has suggested
that they accumulate significant levels of silicon, although evidence of this has been observed in marine
picocyanobacteria [Baines et al., 2012]. During the uptake of silicic acid, diatoms discriminate against the
30Si isotope in favor of the lighter 28Si isotope, causing the residual pool of DSi to become enriched in 30Si.
For diatoms, ε has often been estimated at approximately �1.1‰ in marine [e.g., De La Rocha et al., 1997;
Milligan et al., 2004; Varela et al., 2004; Fripiat et al., 2011] and lake systems [e.g., Alleman et al., 2005;
Opfergelt et al., 2011], although evidence of interspecies variations in ε is emerging [Sutton et al., 2013].
Sediment traps from Lake Baikal suggest an ε of �1.61‰, which is applied in this study and used to obtain
the results discussed below in order to look at spatial trends across the lake [Panizzo et al., 2016]. For clarity,
since the ε estimate of�1.61‰ for Lake Baikal is poorly constrained, involving assumptions about themixing
of deep and surface waters in spring [Panizzo et al., 2016], we also present the results when using ε=�1.1‰
in Table 4. Using an ε of �1.1‰ alters the magnitude but does not change the spatial patterns of DSi utiliza-
tion across the lake, which we are interested in this instance.

To calculate δ30Siriver a weighted mass balance model of the fluvial input of silicon to the lake was conducted
taking into account the relative annual discharge of each river flowing into the lake and their respective sum-
mer (August 2013) DSi concentrations and δ30SiDSi compositions. The use of summer-only data is justified by
the lack of seasonal variation in the Selenga River (section 4.1.1) and the high proportion (>75%) of river
inflow to the lake that occurs in the warmer months from May to September [Afanasjev, 1976]. Three further
assumptions are made here. First, with sampled rivers accounting for 92% of the annual river inflow to Lake
Baikal, we assume that the remaining 8% of inflows had a similar profile to the other rivers (Table 3). A
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sensitivity test, in which the δ30SiDSi composition and DSi concentration of these unmeasured inflows varied
between the maximum and minimum values recorded for other rivers, supports this assumption by only
altering the weighted river δ30Si and DSi by 0.04‰ and 0.09 ppm, respectively. Second, we assume that
river DSi and δ30SiDSi signatures have remained unchanged over the last few centuries. While the lack of a
clear anthropogenic impact on river δ30SiDSi in the Selenga River supports this assumption (section 4.1.2),
the impact of a warmer climate over the last few decades in altering river δ30SiDSi signatures and DSi
concentrations remains unknown. Reducing the inflows of the Selenga River by 10%, however, only alters
the weighted river δ30Si and DSi by 0.01‰ and 0.03 ppm, respectively. Finally, we assume that the
weighted value for δ30Siriver (+1.39‰) is representative of inflow to both the north and south basins. In
practice, the δ30Siriver value of +1.39‰ is strongly influenced by the Selenga River which contributes 62%
of all riverine inflow to the lake, enters at the divide between the south and central basins, and has a
higher isotopic composition (+1.47‰) and DSi (4.60 ppm) concentration than the other rivers (Table 3).
Accordingly, the δ30Siriver value of +1.39‰ may overestimate the true composition of riverine inflow to the
north basin, although we assume that the impact of this over the long residence time of silicon in the lake
(approximately 100–170 years) is low due to the mixing of waters between basins. Support for this can be
found in δ18O studies on Lake Baikal waters which show remarkably consistent values across the three
basins despite considerable variation in the δ18O composition of precipitation and river waters flowing
into the lake [Seal and Shanks, 1998].

Since the 1950s between 75 and 80% of DSi entering Lake Baikal has remained either in the lake and/or been
exported into the sediment record, with the remainder being exported via the Angara River outflow
[Votintzev et al., 1965; Tarasova and Mescheryakova, 1992; Callender and Granina, 1997]. Using an open

Table 4. Modeled Rates of Residual and Utilization DSi in Lake Baikal Using an ε of �1.61‰ (see Section 4.2 for Details)a

ε =�1.61‰ ε =�1.1‰

Residual DSi (%) Utilized DSi (%) Residual DSi (%) Utilized DSi (%)

Long-Term DSi Export Into Sediment Record
South basin 80 20 70 30
North basin 76 24 65 35
Spring DSi utilization
2003: South basin 64 36 48 52
2003: North basin 73 27 60 40
2013: South basin
2013: BAIK13-1 22 78 �14 114
2013: BAIK13-4 52 48 30 70
2013: BAIK13-5 58 42 39 61
2013: BAIK13-7 53 47 31 69
2013: BAIK13-8 56 44 36 64
2013: BAIK13-9 71 29 58 42
2013: BAIK13-10 64 36 47 53
2013: BAIK13-11 9 91 �33 133
2013: Central basin
2013: BAIK13-12 30 70 �2 102
2013: Maloe More (central basin)
2013: BAIK13-13 57 43 38 62
2013: BAIK13-14 62 38 44 56
2013: North basin
2013: BAIK13-16 49 51 26 74
2013: BAIK13-17 72 28 60 40
2013: BAIK13-18 84 16 77 23
2013: BAIK13-19 102 �2 102 �2
Autumn DSi Utilization: South Basin
2012: BAIK13-1a 63 37 46 54
2012: BAIK13-1b 64 36 47 53
2012: BAIK13-1 (average) 64 36 47 53
2012: BAIK13-4 68 32 53 47
2012: BAIK13-5 63 37 46 54

aModel results when using an ε of �1.1‰ are also presented.
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system model (equation (2)), our isotope measurements extended these studies by suggesting that over
the last approximately 100–170 years 24% (north basin) and 20% (south basin) of all DSi entering Lake
Baikal are exported into the sediment record (Table 4). The residual DSi (north basin = 76%, south
basin = 80%) is either exported via the Angara River or retained in the water column where biogeochem-
ical cycling transfers silicon into the deep waters where it is released during diatom dissolution. The latter
is confirmed by the lower δ30SiDSi composition of deep, relative to surface, waters (Figure 2) and by a two
box model in which only 54% (north basin) and 64% (south basin) of biogenic silica exported from the
epilimnion are incorporated into the sediment record [Müller et al., 2005], values not dissimilar to a global
average DSi retention rate in lakes of 64% [Frings et al., 2014b]. Of note here is the similarity between rates
of DSi export between the north and south basins, in agreement with Müller et al. [2005], who also
observed no significant difference in silicon fluxes between the two basins. These results are of importance
in the light of Müller et al. [2005], who were unable to fully balance south basin modeled DSi fluxes (e.g.,
hypolimnion concentrations were too low), which the authors attributed to be a response to a “Melosira”
diatom bloom event. Here we are able to show support to the previous estimations and more importantly,
we provide enhanced spatial representation of DSi utilization across all three main basins at Lake Baikal
(Table 4; section 4.2.2). This application is further supported by the novel estimation of Lake Baikal diatom
fractionation factors, which are applied here to obtain more accurate estimates of DSi utilization [Panizzo
et al., 2016].
4.2.2. Spring DSi Utilization
With an open systemmodel, mixed layer δ30SiDSi from Lake Baikal (δ30Simixed) can be used to assess the mag-
nitude of seasonal DSi utilization in Lake Baikal and by assuming that the primary source of DSi to the mixed
layer at open water sites is deep water (δ30Sideep) rather than riverine inputs which, as discussed above, are
quickly diluted/mixed with preexisting waters in the lake:

δ30Sideep ¼ δ30Simixed � ε 1 –fð Þ (3)

By using summer δ30Simixed values from 2003 (sampled water depth = 10m in south basin; 5m in north basin)
and 2013 (sampled water depth = 1m), the magnitude of spring DSi utilization can be calculated by compar-
ison to the respective value of δ30Sideep for the north and south basins (equation (3) and Table 4). Deeper
waters in the MTM were not used to derive δ30Simixed to ensure that samples were not affected by diatom
dissolution during sinking, which releases silicon back into the water column. Using equation (3) to calculate
mixed layer DSi utilization assumes that (1) seasonal overturning prior to the onset of the spring and autumn
diatom blooms resets the value of δ30Simixed to that of δ30Sideep and (2) 2003 δ30Sideep values can be com-
pared to 2013 δ30Simixed data; i.e., δ30Sideep has not changed between 2003 and 2013, supported by the
approximately 100–170 year residency time of silicon in Lake Baikal [Falkner et al., 1997; Shimaraev and
Domysheva, 2004]. The first assumption does not account for the mixing of upwelled deep water with preex-
isting winter surface waters, the relative proportions of which remain unconstrained due to the complexity of
mixing in the lake [Shimaraev et al., 2012]. Peak fluxes of diatoms, however, occur in May [Panizzo et al., 2016]
when overturning would have likely caused the mixed layer to be dominated by upwelled deep waters, jus-
tifying the use of δ30Sideep in equation (3). Using a weighted deep and winter surface water value in equation
(3) for δ30Simixed would have altered the estimated magnitude of DSi utilization, but not spatial patterns
across the lake, which this manuscript focuses on.

Annual diatom blooms peak in the spring months and δ30Simixed data from July 2003 indicate that 27% and
36% of available DSi were utilized in the north and south basins, respectively, during the spring 2003 season
(Table 4). The δ30Simixed data from August 2013, however, show considerable variability in rates of DSi utiliza-
tion across the lake during the 2013 spring bloom (x= 44%, 1 SD= 23‰, range = 91% to�2%) (Table 4). In the
south basin, the rates of DSi utilization range from 29 to 91% (x = 52%, 1 SD=21‰), in the central basin
including Maloe More from 38 to 70% (x = 50%, 1 SD=17‰), while in the north basin values are noticeably
lower ranging from 51% to �2% (x = 32%, 1 SD=17‰). The values of <0% (BAIK13-19: north basin) can be
attributed by using a δ30Sideep value from 2003 and/or the sensitivity of equation (3) to estimates of δ30Sideep.
For example, varying north basin δ30Sideep by only 0.03‰ alters the modeled value at BAIK13-19 to >0%.

These results from the spring 2003 and 2013 bloom seasons contrast with the long-term estimate of silicon
export into the sediment record (section 4.2.1) by revealing significant spatial and seasonal variabilities in
rates of mixed layer DSi utilization across the lake. Intriguingly, the rates in Maloe More are similar to the
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central and south basins despite concern over anthropogenic impacts (e.g., nutrient loading and pollution)
upon phytoplankton communities in this sector of the lake [Timoshkin et al., 2016]. However, the lower rates
of utilization in the north basin relative to the central and south basins for both the 2003 and 2013 spring
blooms contradict the previously mentioned evidence of similar silicon fluxes between the two basins.
There is no overriding feature to explain the significant spatial variability across the lake, and without
information for other years it is not possible to examine the extent to which recent warming and reduc-
tions in ice cover are affecting changes in DSi utilization. However, long-term reductions in lake DSi have
been documented throughout the water column from 1993 to 2001 [Shimaraev and Domysheva, 2002,
2004] with reduced development of phytoplankton in the north basin relative to the central and south
basins [Popovskaya et al., 2015]. Further controls of nutrient availability upon diatom biomass have been
highlighted by Jewson et al. [2008], where phosphate availability in the north basin remained above the
induction threshold (23μg L�1 P-PO4) needed to promote successful Aulacoseira skvortzowii resting stage
formation, thereby reducing cell regeneration and their subsequent concentrations (e.g., in 1998, 1999,
and 2003) when compared to the south and central basins. Another notable difference between 2003
and 2013 is the occurrence of a “Melosira event,” a phenomena occurring every 3–4 years in which popula-
tions of the diatom Aulacoseira baicalensis increase by up to 100-fold. Unlike 2003, 2013 was a Melosira year
although the bloom of A. baicalensis occurred much later than usual and extended into July/August. While
much remains unknown about the causes [Katz et al., 2015] and spatial variability of these events across
the lake, a Melosira event could explain the large spatial variations in DSi utilization for the spring 2013
bloom. For example, data in Popovskaya et al. [2015] show that Melosira events coincide with significant
biomass increases in the south and central basins, which would account for the exceptionally high rates
of DSi utilization at sites BAIK13-12 (70% utilization) and BAIK13-1 (78% utilization) in 2013, whereas bio-
mass changes in the north basin are generally much smaller in a Melosira event year (as per the estimated
DSi utilization: BAIK13-16, etc; Table 4). The long-term effects of these A. baicalensis blooms upon Si avail-
ability have been highlighted by Jewson and Granin [2015], where following high diatom abundance years
(e.g., in the year 1997) [Shimaraev and Domysheva, 2004; Jewson et al., 2010] a net loss of up to 17% of total
DSi is exported from the surface system (as sinking diatoms) and is not replaced by autumn overturn ahead
of the following spring bloom (namely, switching to a DSi limited system the following year).
4.2.3. Autumn DSi Utilization
Similar to the spring bloom, δ30Simixed data from February/March 2013 prior to the onset of the spring
overturning/diatom bloom can be used to assess DSi usage in the preceding autumn bloom (i.e., autumn
2012A.D.). This assumes that no mixing of surface and deepwater masses has occurred over the winter
months following the end of the autumn bloom. With sampling conducted from the ice, we calculate
δ30Simixed at each site as the average δ30SiDSi composition for waters between the surface and 180m depth
(Table 2) as, during periods of ice cover, the upper layers of the water column reach a MTM at approximately
150–250m [Shimaraev et al., 1994] and no biological productivity was occurring in the lake at the time of
sampling. South basin winter (February/March 2013) δ30Simixed from sites BAIK13-1, BAIK13-4, and BAIK13-
5 indicate that in the 2012 autumn bloom 36%, 32%, and 37% of available DSi were utilized, respectively
(Table 4). The lower rates of autumn 2012 DSi utilization, relative to the spring 2013 bloom, reflect the
reduced levels of diatom productivity associated with the autumn bloom, which are typically 2 to 8 times
lower but up to 100 times lower in some years [Popovskaya, 2000; Popovskaya et al., 2015] with the similarity
of these autumn estimates in sharp contrast to the more variable values for the spring 2013 bloom. While
values at BAIK13-4 are lower than at BAIK13-1 and BAIK13-5, replicate sampling at BAIK13-1 9 days apart con-
firms the robustness of the results with DSi utilization rates of 37% and 36%, respectively (BAIK13-1a and
BAIK13-1b; Table 4).

5. Conclusions

This study represents the first use of δ30Si in Lake Baikal to provide insights into both the long-term export of
DSi into the sediment record and seasonal variations in mixed layer DSi utilization following the onset of
spring and autumn overturning. Over the last century around a quarter of all DSi entering the lake has
ultimately been exported into the sediment record by diatom blooms in the lake. However, δ30Simixed data
from 2003 and 2013 show that this long-term trend is superimposed by a significant degree of temporal
and spatial variabilities, highlighting the complexity of this lake system.
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Questions remain about the extent to which both local and distal anthropogenic pressures may be
influencing wider biogeochemical cycling in Lake Baikal. The relative homogeneity of δ30SiDSi along
Lake Baikal’s largest inflow, the Selenga River, may suggest that any anthropogenic alteration in the
catchment is having minimal impacts on the silicon isotopic signature and DSi concentrations in the river.
Similarly, the lack of change through the Selenga Delta also suggests that the uptake and recycling of
silicon by vegetation/phytoliths are in balance. Further work using δ30Si analyses on diatoms preserved
in sediments from the lake are now required to investigate temporal changes in DSi utilization over
the last 2000 years in order to fully constrain and trace natural versus human impacts on biogeochemical
cycling in the lake.

This research emphasizes the temporal and spatial variabilities in DSi export in Lake Baikal and highlights the
importance to fully constrain continental Si cycling [e.g., Frings et al., 2016] in such large-scale drainage basins,
as ameans to estimates DSi fluxes to the oceanic biogeochemical pump. This is of even greater importance for
large river catchments, such as Lake Baikal, which are increasingly demonstrating alterations to lacustrine
biogeochemical cycling as a response to anthropogenic nutrient loading and climate change. Such implica-
tions of a move away from a steady state interpretation for the continental Si cycle over recent decades has
already been highlighted [Frings et al., 2014b], which can have significant impacts upon the oceanic Si cycle.
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