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(Received 28 April 2004; in final form 19 November 2004 )

Fluvial suspended particles along with dissolved substances in riverine waters are valuable for
understanding the processes in the watershed. Data on the chemical composition of suspended
particles in the tributaries of Lake Baikal, Siberia are scarce and obtained mainly by regular
techniques. Application of low-Z electron probe microanalysis with subsequent cluster analysis
of the results appeared to specify the chemistry of different groups of suspended particles.
Results obtained show that all the particles may be divided into three groups: (1) mineral, (2)
organic, and (3) mixed. Contribution of these groups into the total composition of suspended
sediments was evaluated. According to abundances of the particle groups, two categories
of the rivers have been distinguished. Both chemical and mineralogical differences in suspen-
ded particles between two categories of Baikal tributaries are discussed. They are mainly
conditioned by natural landscape features and the land use on the watersheds.

Keywords: Low-Z electron probe microanalysis; Suspended sediments; Lake Baikal;
Tributaries

1. Introduction

Suspended particulate sediments as well as the substances dissolved in fluvial waters
are important inquiry subjects for understanding the processes occurring on the
watershed. The composition of suspended particles is mainly a result of physical
processes whereas that of aqueous phase is mainly formed by chemical interactions
with the solid phase. There is an enormous number of publications devoted to surface
water chemistry but much less on the composition of suspended particles. Most of such
data are obtained using routine analytical destructive and nondestructive techniques
like flame emission/absorption analysis, mass spectrometry, X-ray fluorescence,
etc. At present, few authors applied conventional EPMA with subsequent cluster
analysis to chemical examination of single particles in suspended and bottom
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sediments. This method was used to analyze individual particles of suspended materials
in Onondaga Lake (New York) by D.L. Johnson e al. [1]. B.T. Hart et al. [2]
characterized colloidal and particulate matter in Magela creek system in Norhtern
Australia. V.M. Dekov et al. [3] studied chemical composition of bottom sediments
and suspended matter of the Nile river. In some studies, the EPMA-based mineralogy
reconstructions were attempted [4, 5].

Data on the composition of suspended particles in Lake Baikal and its tributaries are
scarce. There are more than 300 tributaries entering Lake Baikal, however except the
highest content of suspended particles in the Selenga River (10-20 and even more
than 20mgL~" in some seasons) only in large tributaries (the Rivers Barguzin,
Upper Angara, Turka) the concentration of suspended particles is around 2mgL™".
In most other rivers, especially the mountain ones, there is very low content of
suspended sediments; therefore it is not easy to study their composition. In 1963,
G. Patrikeeva [6] published the first data: she investigated the particulate phosphorus
in fluvial waters of Southern Baikal tributaries. N. Sudakova [7] and E. Tarasova
[8, etc.] studied organic constituents, mainly the content of organic carbon, in sus-
pended particles of Baikal tributaries. In 1977, L. Vykhristuyk [9] firstly reported the
data on particulate Si, Ca, Fe, Mn, and Ti in 17 Baikal tributaries. The mineralogy
of suspended sediments in Baikal tributaries was shortly presented by V. Shevchenko
with co-authors [10]. About ten years ago, when more sensitive instrumental methods
became available, more extensive studies of the chemical composition of suspended
riverine particles were started [11, 12]. However, the data are still scarce, and some
authors prefer to calculate the composition of suspended riverine particles by mathema-
tical modeling [13] or to use data on bedrocks composition [14] instead of those
obtained directly by examination of particles suspended in fluvial waters. The only
EPMA data and simple reconstruction of suspended particles mineralogy in Lake
Baikal tributaries have been presented by Jambers and Van Grieken [15]. The
chemical composition of different types of particles was not quantified in the paper,
because measurements were performed by the conventional EPMA (with 7pum Be
window in front of the X-ray detector) and using element relative X-ray intensities
instead of the concentrations as the output data. The weight contribution of
different particle types into the total weight of suspended sediments was not evaluated
too, since carbon could not be measured with a conventional detector and thus the
organic phase could not be estimated. Additionally the procedure of mineralogy
reconstruction was not perfect. The present study aims to apply ultra-thin window
EPMA capable of quantifying low-Z elements as whole with subsequent cluster
analysis. This will allow quantifying results and improving the procedure of mineralogy
reconstruction.

2. Experimental

2.1. Sampling

Thirteen water samples from eight Baikal tributaries (figure 1) were collected during a
sampling campaign in July 1996. The rivers Selenga, Upper Angara, and Barguzin are
the largest Baikal tributaries contributing annually about 66% of the total water inflow
[16]. The contribution of the Rivers Snezhnaya, Solzan, Slyudyanka, Utulik, and
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Figure 1. Map of Lake Baikal basin showing locations of major rivers.

Khara-Murin inflowing into Southern Lake Baikal from the Khamar-Daban Ridge is
much lower. The Snezhnaya is the most full-flowing river among small rivers
listed above.

From 0.3 to 3.9L of fluvial waters were run through 0.45um pore acetate
membrane filters, 47 mm in diameter (D-3354 Dassel, Germany). After filtering, the
samples on filters were air dried for 1-2 days at room temperature and stored in airtight
Petri dishes.

2.2. Analytical procedures

The particulate matter on the filters was re-suspended in water and then deposited on
a silver foil by a pipette. Samples prepared in this way were analyzed by a JEOL 733
electron probe microanalyser (JEOL, Tokyo, Japan) equipped with an ultra-thin
window Oxford Si(Li) detector. One hundred particles were analyzed in each sample.
Due to small size of the majority of deposited particles, the measurements were done
manually with an accelerating voltage of 10keV and a beam current of 1nA. To
avoid beam damage of the particles, the sample holder was cooled by liquid nitrogen
during measurement [17]. Such conditions are suitable to analyze low-Z analytes
starting from C.

The characteristic X-ray spectrums obtained by EPMA were evaluated by non-linear
least squares fitting using the AXIL program (Analysis of X-ray spectra by Iterative
Least squares) [18]. The semi-quantitative elemental composition of the particles
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was calculated with an iterative approximation method based on the Monte Carlo
simulations [19].

Using the results obtained, the analyzed particles were classified by the Hierarchical
Clustering Analysis (HCA) [20]. In this way, the particles were divided into different
clusters accordingly to their compositional similarity.

2.3. Data processing and simple mineralogy reconstruction

The different particle clusters within the sample have different abundances and
densities. To obtain the data on bulk chemistry of the sample we assume for
simplicity the density of organic phase to be close to 1. In this case, the densities
of mixed and mineral particles are conventionally assumed to be 1.5 and 2.5,
respectively.

To evaluate the bulk chemical composition of suspended sediments, the abundance
of mixed and organic particles (clusters) was divided by the corresponding factor
(1.5 or 2.5) and the sum of new abundances normalized to 100%. Then, the element
contents corresponding to each cluster were multiplied with new cluster abundances,
and the values obtained were summarized within each sample. Since the diameter
of most particles (about 90%) was within a narrow 0.7-1.5pum range, it was not
taken into consideration during calculation procedure.

Mineralogy was reconstructed on the base of ratios between the elements. The
basic principles of preliminary grouping of mineral particles are given in table 1.
The elements Si, Al, and Fe were taken as a matrix, whereas the sum of Na, K,
Mg and Ca was considered as an indicative constituent.

To determine the average mineral stoichiometry, a more complicated procedure
was applied. As the first step, the carbon was not considered and the total content
of elements was normalized to 100%. In the second step, the molar equivalents
(ME) of elements were calculated: the oxide percentage was divided by its molar
mass. At the next step, the obtained coefficients were normalized to the number
of oxygen atoms in structural cell of the corresponding mineral according to table
1. It is necessary to keep in mind that the “mica” we measured may actually be
a mixture of different stratiform aluminosilicates. Thus a precise identification is
not invariably possible using this approach.

Table 1. The principles of simple mineralogy reconstruction based on the element composition
of suspended particles.

Mineral Indicative constituents Matrix Structural cell
Amphiboles Me* > 10% Si 20-35% [(OH), | Sig0x]"~

Al 10-25%
Mica Me < 10% Fe 2-15% [(OH), | (AlFe)SizOq0]°~
Feldspars Me <15% Si 30-35% [AISi304]

Al 10-15% [ALSi>,Og]*~
Silicon oxide Me+Al+Fe<3% Si > 42% Me,Si, 0,
SiO,-rich residues** Me + Al+Fe<10% Si<40%  Me,SiyO, or (Me,Oy+ SiO,)

*MeyOy =(Na+K + Mg+ Ca).
**Intermediate weathering products or SiO, aggregates.
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3. Results and discussion

In all samples studied, the particle size ranges from 0.4 to 3.6 um; however, as it
was mentioned above, most particles are within a narrower range (0.7 to 1.5um).
Majority of mineral particles have a regular shape whereas the shape of organic parti-
cles is often irregular. No chemical composition dependence on particle size and shape
was observed.

Based on their element composition, all the particles can be divided into three
groups: (1) mineral, (2) organic, and (3) mixed particles. The chemical composition
of different particles is shown in table 2. In the first group, the particles consist mainly
of at least three lithophile elements: O, Si, and Al. The carbon content is less than 8%.
In the second group, carbon (36-41%) and oxygen (48-56%) absolutely prevail over
the other elements, whereas the silicon is absent or rather negligible. The third group
is by 11-17% composed of carbon and by 51-63% of oxygen; the rest falls to the
other elements. The important feature of organic particles is their enrichment (up to
3.5 times) with Ca and Mg as compared to the first and the third particle groups (table 2).

Table 2. Chemical composition of different particles in Baikal tributaries measured by
EPMA, % per particle group.

Na K Mg Mn Ca Fe Al Si C (0]
Object (%) Abundance
Mineral
Selenga 19 18 03 - 1.2 1.7 106 312 40 473 92.0
Barguzin 2.0 1.2 1.3 - 2.2 39 10.7 289 3.6 463 71.8
Snezhnaya - 0.7 09 - 1.4 5.1 9.0 30.2 7.5 452 72.8
Average 1.3 1.2 08 - 6 3.6 10.1  30.1 51 463 78.9
Up. Angara - - - - 2.0 - 9.1 343 6.6 43.0 53.1
Slyudyanka - - - - - - 9.8 347 7.2 483 63.3
Utulik - - 1.0 - 1.0 1.9 6.4 351 73 473 53.0
Khara-Murin - - - - - - - 43.5 6.8 497 40.0
Average - - 0.3 - 0.7 0.5 63 369 7.0 483 52.3
Organic
Barguzin - - 2.8 - 2.8 1.9 3.1 2.1 36.6 509 9.3
Snezhnaya - - 1.7 - 2.6 - 1.4 1.0 393 541 21.8
Average - - 2.2 - 2.7 0.9 2.2 1.5 379 525 15.6
Up. Angara - - 1.3 4.8 4.3 2.8 - 1.0 368 49.0 15.0
Solzan - 1.0 2.0 0.8 35 6.6 0.5 - 36.9 488 60.9
Slyudyanka 08 0.5 2.4 - 5.8 - 0.8 03 380 515 36.7
Utulik - - 0.6 - 2.0 - 0.8 0.5 406 55.6 17.4
Khara-Murin 0.5 0.6 1.3 - 2.7 - 0.3 - 40.2 545 28.8
Average 03 04 1.5 1.1 3.7 1.9 0.5 04 385 519 31.8
Mixed
Selega - - 2.2 - - 20.9 2.5 38 155 552 8.0
Barguzin - - 1.5 2.0 2.9 6.5 2.7 6.5 17.3  60.5 19.0
Snezhnaya - - 1.5 1.5 21 - 52 100 168 629 5.4
Average - - 1.8 1.2 1.7 9.1 3.5 6.8 165 59.6 10.8
Up. Angara - - 1.7 - 23 144 44 124 11.1 538 32.0
Solzan - 0.6 0.6 - 1.7 149 45 118 11.7 542 39.1
Utulik - - 0.5 - 1.7 249 3.0 64 124 511 29.6
Khara-Murin - 1.0 1.5 - 1.3 4.1 56 154 125 587 31.2
Average - 0.4 1.1 - 1.7 14.6 44 115 119 544 33.0
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Examination of single particles shows that suspended sediments in the Rivers
Selenga, Barguzin and Snezhnaya contain 92%, 72% and 73% of mineral particles,
respectively (table 2). The Rivers Upper Angara, Solzan, Slyudyanka, Khara-Murin,
and Utulik contain from 40% to 63% of such particles. Thus, based on abundances
of mineral particles in riverine suspended sediments, two categories of the rivers can
be distinguished: (1) those containing > 72% of mineral particles and (2) those contain-
ing <63% of mineral particles. One can see that in large rivers (except the Upper
Angara) suspended sediments are mainly represented by mineral particles, whereas in
small rivers organic and mixed particles comprise a substantial share of the suspended
matter. In general, the larger the watershed, the higher a share of arable lands,
the higher is the percentage and diversity of mineral substances in fluvial suspended
sediments.

Data obtained (tables 2 and 3) show that the chemical composition of specified
particles (mineral, organic or mixed) is different in all the samples studied. However,
mostly the group of predominant particles in the sample stipulates the difference in
bulk chemistry between the first and the second categories of rivers. In contrast to
small rivers, the suspended particles in the Rivers Selenga, Barguzin, and Snezhnaya
are enriched in Na, K, Mn, Al, and Si (table 3). Comparison between bulk chemistry
(Sum lines in table 3) of suspended particles in this category of rivers and the
chemical composition of different particle groups (lines Mineral, Organic and
Mixed) show that all these elements, except Mn, are mostly incorporated into mineral
phase.

Suspended particles in the second category of rivers are enriched in organic
substance, which is their major constituent, as compared to the first category of tribu-
taries. Table 3 is vertically structured to show decreased contribution of mineral parti-
cles and increased contribution of organic particles from top to the bottom. Suspended
sediments in small rivers are also slightly enriched with Fe associated to a greater extent
with the mineral phase of mixed particles compared to suspended sediments in large
rivers containing Fe mostly in mineral particles (table 3). The prevalence of organic sub-
stance in suspended particles of these rivers may be due to both landscape/land use and
surface geology. There are the landscapes of mountain taiga in this area, in which the
carbon is a widespread element because of unmanaged dense vegetation that covers
the watersheds. Vegetation cover also strongly protects the soil from erosion.

The concentrations of Mg and Ca in fluvial suspended sediments are the same in
large and small tributaries (table 3). In small tributaries, these elements are mostly asso-
ciated with organic particles, whereas in large tributaries they are associated with
mineral phase. Most probably in small rivers organic particles are represented by Ca-
Mg salts of humic acids, absorption complexes, and partly decomposed plant residues.

The differences in chemistry of mineral phase are conditioned by quantitative and
qualitative differences in mineralogical composition of samples (table 4). In the first
category of rivers, the mineral particles and mineral part of the mixed particles in fluvial
suspended sediments mainly consist of feldspars, amphiboles and micas, whereas in the
second category of rivers micas and silicon oxide represent most of the mineral parti-
cles. Amphibole-like minerals were surmised to be present only in the mixed particles.
Since the mineral phase in these particles is probably tightly coupled with organic
substance, we are unable to give the exact composition of mineral fraction.

To assess integrally the possible differences in watershed geochemistry, the total
bulk chemistry data were normalized to aluminum (table 5). These are the abundance
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Table 3. The contribution of different groups of particles into bulk chemistry of suspended sediments,
% per sample.

Na K Mg Mn Ca Fe Al Si C O
Object (%) Abundance

Rivers with predominance of mineral particles in suspended sediments

Selenga
Mineral 1.8 1.6 0.2 - 1.1 1.6 9.8 28.7 3.7 435 92.0
Organic - - - - - - - - — — —
Mixed - — 0.2 - - 1.7 0.2 0.3 1.2 44 8.0
Sum 1.8 1.6 0.4 - 1.1 33 10.0 29.0 49 47.9 100.0
Barguzin
Mineral 1.5 0.8 0.9 - 1.6 2.8 7.6 20.8 2.6 33.2 71.8
Organic - - 0.3 - 0.3 0.2 0.3 0.2 34 4.7 9.3
Mixed - - 0.3 0.4 0.6 1.2 0.5 1.2 33 11.5 19.0
Sum 1.5 0.8 1.5 0.4 2.4 42 8.4 222 9.3 49.4 100.0
Snezhnaya
Mineral - 0.5 0.7 - 1.0 3.7 6.5 22.0 5.5 329 72.8
Organic - - 0.4 - 0.6 - 0.3 0.2 8.6 11.8 21.8
Mixed - - 0.1 0.1 0.1 - 0.3 0.5 0.9 3.4 5.4
Sum - 0.5 1.1 0.1 1.7 3.7 7.1 22.7 14.9 48.1 100.0
Average 1.1 1.0 1.0 0.2 1.7 3.7 8.5 24.6 9.7 48.5

Rivers with predominance of organic and mixed particles in suspended sediments

Utulik
Mineral - — 0.5 - 0.5 1.0 3.4 18.6 3.9 25.1 53.0
Organic - - 0.1 - 0.4 - 0.1 0.1 7.0 9.6 17.4
Mixed - - 0.1 - 0.5 7.4 0.9 1.9 3.7 15.1 29.6
Sum - - 0.8 - 1.4 8.4 4.4 20.5 14.6 49.9 100.0
Upper Angara
Mineral - — - - 1.1 - 4.8 18.2 35 25.5 53.1
Organic - - 0.2 0.7 0.6 0.4 - 0.1 5.5 7.4 15.0
Mixed - - 0.5 - 0.7 4.6 1.4 4.0 3.6 17.2 31.9
Sum - - 0.7 0.7 2.4 5.0 6.3 22.3 12.6 50.0 100.0
Slyudyanka
Mineral - - - - - - 6.2 21.9 4.5 30.6 63.3
Organic 0.3 0.2 0.9 - 2.1 - 0.3 0.1 13.9 18.9 36.7
Mixed - — - - - - - — - — -
Sum 0.3 0.2 0.9 - 2.1 - 6.5 22.1 18.5 49.5 100.0
Khara-Murin
Mineral - - - - - - - 17.4 2.7 19.9 40.0
Organic 0.1 0.2 0.4 - 0.8 - 0.1 - 11.6 15.7 28.8
Mixed - 0.3 0.5 - 0.4 1.3 1.7 4.8 3.9 18.3 31.2
Sum 0.1 0.5 0.8 - 1.2 1.3 1.8 22.2 18.2 53.9 100.0
Solzan
Mineral - - - - - - - - — — —
Organic - 0.6 1.2 0.5 2.2 4.0 0.3 - 13.3 38.8 60.9
Mixed - 0.2 0.2 - 0.6 5.8 1.8 4.6 4.6 21.2 39.1
Sum - 0.8 1.4 0.5 2.8 9.8 2.0 4.6 17.9 60.0 100.0

Average 0.1 03 09 02 20 49 42 183 164 527

rows obtained for particulate elements in the first (1) and the second (2) categories of
tributaries, respectively:

(1) Mn < K =Na < Mg < Ca < Fe < Si;
(2) Na=Mn < K < Mg < Ca < Fe < Si.
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Table 4. Chemical composition of mineral particles, % per particle, and their abundance in suspended
sediments of Baikal tributaries, % per sample.

Na K Mg Ca Fe Al Si O
Particle abundance

Sample (%) Formula (%)
Selenga 85 1.2 1.2 10.6 30.8 47.6 Cag s Mgo.14Ko.50Al} 055120505 19.9
5.0 2.4 129 30.6 49.1 Cayg 1sNag 57Al; 55Si5 8405 36.6

7.6 153 28.6 48.5 Feo.50Al,.07S13.70010(0OH), 22.0

46.7 53.3 SiO, 13.6

Barguzin 4.0 2.4 13.6 30.6 494 Cayg 15Nag 45Al; 31Si5 8305 37.5
33 3.6 2.7 106 10.1 25.0 44.7 Cag27Ko33Mgo soFeg75Al 47Si3.51010(0OH), 26.5

0.8 1.9 445 527 Feo.01Al.04Si0.9602 7.8

Snezhnaya 2.1 2.0 43.6 523 Cayg 03Alp.04S10.9502 27.5
1.8 17.0 30.6 50.6 Feo.11Al2.19Si3.80010(OH), 19.7

2.1 29 19 144 124 22.5 439 Cag9Kgo1MggasFe; 03Al; 85Si321010(0OH), 25.6

Up. Angara 2.1 9.8 36.7 514 Cag3Alp.23Sip 5105 53.1
Slyudyanka 10.6 37.4 52.1 Alp 245108205 63.3
Utulik 1.9 19 3.6 11.8 31.5 494 Cag.16Mgo 27Fe0.23Al; 56514.00010(0OH)» 30.9
46.7 53.3 SiO, 22.1

KharaMurin 46.7 53.3 SiO, 40.0

Table 5.  Al-normalized chemical composition of suspended particles in Baikal tributaries.

River Na K Mg Mn Ca Fe Si

Selenga 0.2 0.2 - - 0.1 0.3 2.9
Barguzin 0.2 0.1 0.2 - 0.3 0.5 2.6
Snezhnaya - 0.1 0.2 - 0.2 0.5 32
Average 0.1 0.1 0.1 - 0.2 0.4 2.9
Solzan - - 0.2 - 0.3 1.9 4.7
Slyudyanka - - 0.1 0.1 0.4 0.8 3.6
Up. Angara - - 0.1 - 0.3 - 34
Utulik 0.1 0.3 0.5 - 0.6 0.7 12.2
Khara-Murin - 0.4 0.7 0.2 1.4 4.8 2.3
Average - 0.1 0.2 0.1 0.5 1.2 4.4

Taking into account the magnitude of values, the only real difference between these two
rows lies in the Na position. This may probably reflect higher forestation of small rivers
watersheds compared to that of large tributaries and consequently lower erosion, which
serves as a source of Na-rich minerals. The same may be the reason for presumably
lower particulate Al content in small rivers (table 3) that leads to higher particulate
Me/Al ratios for most elements in these tributaries compared to large ones (table 5).
Our data on the element concentrations are in agreement with those reported
by Callender and Granina (7) obtained using direct current plasma AES for three
major Baikal tributaries: the Rivers Selenga, Upper Angara, and Barguzin (table 6).
To make the comparison possible, we converted the element concentrations to those
of oxides.

4. Conclusion

Electron microscopy coupled with X-ray microanalysis is a universal tool for studying
the geochemical processes at the single particulate level. Application of the ultra-thin
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Table 6. Comparison of the results obtained in present study and the data by L. Granina
and E. Callender (1997).

Na20 K2O MgO MnO CaO F6203 A1203 SiO

Source (%)
Selenga
Present study 2.6 2.1 0.7 - 1.6 5.1 20.5 67.4
Granina & Callender 2.1 2.1 2.1 0.2 2.7 6.4 12.5 49.5
Upper Angara
Present study - - 1.7 1.3 4.7 9.9 16.4 66.1
Granina & Callender 1.2 1.3 1.4 0.2 2.9 11.7 8.9 334
Barguzin
Present study 2.5 1.3 3.1 0.6 4.2 7.6 20.3 60.4
Granina & Callender 1.6 1.6 2.1 0.3 3.6 7.5 10.0 39.5

window EPMA with subsequent HCA allowed us to distinguish different groups of the
particles suspended in fluvial waters and to obtain data on their chemical composition
without complicate sample pretreatment. This is of great importance for the investiga-
tion of fluvial suspended sediments in the Baikal region, characterized by extremely low
concentrations of suspended particles in the most rivers. Small masses (micrograms) of
suspended particles collected on the filters demand extremely sensitive techniques to be
reliably studied. Semi quantitative determination of low-Z elements such as C and O
gives the unique opportunity to distinguish organic and inorganic phases and to eval-
uate the contribution of different groups of particles to the bulk chemistry of suspended
sediments.

Based on their element composition, all the particles studied were divided into three
groups: (1) mineral, (2) organic, and (3) mixed. According to abundances of the particle
groups, two categories of Baikal tributaries have been distinguished. There are more
than 72% of mineral particles in suspended sediments of the first category tributaries,
whereas, in the second category of rivers, the suspended sediments contain less than
63% of mineral particles. Percentage of different particles causes a difference in the
chemical composition of suspended sediments among the rivers. The aluminum
normalization procedure shows such difference to be the most pronounced for Na.
As a result, we suggest that natural landscape features and land use of watersheds
may be of great importance for the chemical and mineralogical composition of
suspended sediments in Lake Baikal tributaries.
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