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Abstract. This study presents the results of an experimental investigation of five different pre-
treatment methods for measuring the grain-size distribution of allochthonous siliclastic matter in
cohesive organic-rich sediments and some comparisons with mineral-rich sediments. The loss on
ignition (LOI) methods were the fastest for eliminating organic matter but here a problem of aggregate
formation may arise. Oxidation with H,O, was time and resource consuming. Getting reproducible
results was hard and the reaction was not completed for grain-size analysis. Therefore the samples
were also treated and carbonates were removed with HCI. It was also very important to remove
biogenic silica by alkali treatment. The median values in grain-size spectra had trends towards
finer grain size after treatment with KOH and observations with light microscope showed changes
during treatments. The grain-size distribution measured by a laser particle sizer differed considerably
between the five pre-treatment methods studied.

Key words: allochthonous siliclastic matter, biogenic silica, cohesive sediments, lake sediments,
particle size, organic matter, pre-treatment methods.

INTRODUCTION

In an aquatic environment different compounds are incorporated within or absorbed
on mineral matter depending on the physical, chemical, and biological processes
that may change substantially the sediment texture. Extra difficulties arise in
analysing fine-grained materials (clay and silt). Fine-grained sediments in an
aquatic environment may aggregate into larger, porous aggregates commonly called
flocs (Van Rijn, 1993; Roberts et al., 1998; Kim et al., 2005). These sediments
are cohesive by definition (Hayter & Pakala, 1989; Paterson, 1997) and their
composition and structure are temporally very changeable. The organic matter as
well as different micro- and macrocomponents in the aquatic environment will
be closely associated with suspended mineral particles, e.g. adsorbed on single
particles, forming complexes with metal (usually iron) oxides on the surface of
particles, become aggregates and are deposited or transported in this form within
the lake. The large specific surface area, surface energy, and electrostatic charge
of small and colloidal particles mainly drive coagulation (Gu et al., 1996).

Thus sediment texture gives very diverse information about the sedimentation
environment. Depending on the aims of research, different methods are used to
describe sediment texture. For example, electron microscopic research enables
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to fix the three-dimensional structure of particles or aggregates (Konert &
Vandenberghe, 1997; Kim et al., 2005). Light microscopic research enables
primary estimation of sediment composition and selection of appropriate pre-
treatment methods, as well as monitoring the progress of processes. Recent
researches show that due to the fragile nature of aggregates, sometimes their
properties have to be determined in situ (Mikkelsen & Pejrup, 2001; Thonon et al.,
2005).

The grain-size spectrum is influenced by authigenic minerals such as carbonates
or diatom valves of diameter range 5-200 um (Round et al., 1990) and by their
fragments. The proportion of diatoms may vary largely, being even up to 50% of
the bulk sediment, and it is source material for diatomite (Kadey, 1983).

The methods used for the pre-treatment of samples and grain-size analysis
depend on the aim of studies. If we are interested in the distribution of allochthonous
siliclastic matter in sedimentation processes, it is necessary to have for analysis
purified material, that is the disaggregate flocs and sorbed materials (organics,
carbonates, etc.) have to be removed from the grains. The problem is quite easily
solved in the case of medium- or coarse-grained particles by using the sieving
method for grain-size analysis (Last, 2001a). Complicated problems arise in the
case of fine-grained material where secondary side-effects in the sedimentation
environment as well as during the pre-treatment process (flocculation, damaged
grains, etc.) could seriously affect the reliability of the obtained grain-size spectrum.

The majority of sediment grain-size studies are associated with marine, loess,
fluvial, and aeolian sediments (Lu & An, 1997; Buurman et al., 2001; McCave et
al., 2006; Almeida et al., 2007), which are usually poor in organic matter. Also
these researches commonly study coarse-grained sediments (sand, gravel, etc.),
formed in the water environment with a high ion concentration, and the sediments
are generally rather well sorted.

The aim of this work is to compare the impact of different pre-treatment
methods on the results of granulometric analysis of fine-grained lacustrine sediments,
rich in organic matter (ca 40-50%).

METHODS

To determine the influence of sediment pre-treatment methods on the grain-size
spectrum of different lacustrine sediments obtained with a laser particle sizer, two
lakes of different sedimentation environment were selected: typical South Estonian
eutrophic Lake Tiindre (L. Tiindre) (sampling site: 57°57'19"” N, 25°36'32" E)
and large and shallow mesotrophic Lake Peipsi (L. Peipsi) (sampling site:
58°55'44" N, 27°13'47" E). The sampling was performed with a modified
Livingstone—Vallentyne piston corer from surface sediments (40 cm thick). The
lithology of the core was recorded in the field. Sediments from L. Tiindre are
dark black very cohesive and homogeneous organic matter rich gyttja. The surface
sediment of the L. Peipsi sample consisted of green-grey gyttja with a smaller
content of organic matter.
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To determine the lithological composition of the sediments (content of water
and of organic, carbonate, and mineral matter) the well-homogenized sediments
were processed using standard loss-on-ignition (LOI) methods (Boyle, 2001;
Heiri et al., 2001). The results of content analysis show the demand for different
chemicals in analysis. Similarities of LOI results indicate how homogeneous
samples are. For LOI analysis samples were dried at 105°C up to constant weight.
From every sample several subsamples were separately analysed by LOI standard
methods. Small differences (ca 1%) in dry weight were an indication of homo-
geneity of samples.

After data on the lithological composition of the samples for grain-size analysis
were obtained, different pre-treatment methods were applied. A total of 230 results
of parallel measurements of grain-size distribution were obtained for analysis.

Different methods are used for eliminating organic matter. A widely used
approach is thermal combustion. For this samples dried to constant weight were
kept in a previously weighed crucible in a muffle furnace and the organic matter
was measured as LOI after heating the samples at 550°C for 3.5 h (Boyle, 2001;
Heiri et al., 2001) (hereafter referred to as method LOI550). This method is
certainly the easiest but it is necessary to consider that depending on sample
lithology and mineral content, problems with grain aggregate formation may occur
(Murray, 2002).

To avoid damaging grains during pre-treatment, wet oxidation is often preferred
to combustion for organic matter removal. Widely used oxidants are potassium
dichromate (Walkley & Black, 1934) and hydrogen peroxide (Schumacher, 2002;
Allen & Thornley, 2004). In this research concentrated hydrogen peroxide (30%)
was used for organic matter oxidization (hereafter referred to as method H,0,).
Hydrogen peroxide was continually added to the sample until sample frothing
ceased. The samples were heated to 80°C during hydrogen peroxide addition to
increase the speed and completeness of hydrogen peroxide digestion. After the
active reaction ended, the samples were washed with distilled water by centri-
fugation at 3500 rpm for 8 min and the solution was decanted. All chemical
procedures were carried out in high-temperature-proof (at least 100°C) and acid-
proof 120 mL centrifuge tubes.

Thermal combustion is also often used to remove carbonates (Murray, 2002).
Decomposition of carbonates was accomplished by heating the samples at 950°C
for 2.5 h (Boyle, 2001; Heiri et al., 2001) (hereafter referred to as method
LOI950).

Also hydrochloric acid is commonly cited for carbonate removal (Battarbee,
1986; Battarbee et al., 2001; Schumacher, 2002). In this research 15 mL of 10%
HCI solution was used added to the wet sample held in a water bath at 80°C for
5 h. Besides CaCOs; also Fe, Mg, and Al were dissolved. After that the samples
were washed with distilled water three times by centrifugation at 3500 rpm for
8 min, and the solution was decanted. Next the organic matter was removed by
adding H,O, until the sample colour turned white. When the active reaction ended,
the samples were washed with distilled water until a neutral environment was
achieved by centrifugation at 3500 rpm for 8 min, and the solution was decanted.
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Eliminating Fe ions makes the process of the oxidation of the organic matter with
H,0, significantly quicker, because Fe is known as a catalyst for H,O, decay
(Mikutta et al., 2005). This method is hereafter designated as method HCl+H,0,.

Diatom valves, which consist mainly of biogenic silica, also influence grain-
size distribution. To remove biogenic silicates (diatom valves and their fragments)
alkali was used (Conley, 1998; Lyle & Lyle, 2002). The samples previously pre-
treated with 10% HCI and 30% H,O, were now pre-treated with 10 mL of 10%
KOH in a water bath at 80°C for 30 min. After that the samples were washed
with distilled water until a neutral environment was achieved by centrifugation at
3500 rpm for 8 min, and the solution was decanted. This method is hereafter
designated as method HCl+H,0,+KOH.

Brief descriptions of the five different pre-treatment methods of this
experimental investigation for measuring grain-size distribution are presented in
Table 1.

To avoid grain flocculation during pre-treatments, 1% solution of sodium hexa-
metaphosphate (NaPOs)s (known as Calgon) was used (Murray, 2002;
Andreola et al., 2004).

For estimating the efficiency of different pre-treatment methods a light micro-
scopic study of the samples was conducted. Suspensions were mounted on glass
slides using Naphrax® (R.I. > 1.74) and examined under a stereomicroscope. The
general composition of each sample and sizes of particles were measured using
an Olympus BX41 microscope with phase-contrast at 1000x magnification.

Grain-size spectra were obtained with a Fritsch Laser Particle Sizer
“Analysette 22”. The laser diffraction method for the analysis of sediment grain-
size distribution is nowadays well known and widely used (McCave & Syvitski,
1991; Konert & Vandenberghe, 1997; Buurman et al., 2001; Bohling, 2004; Blott
& Pye, 2006; McCave et al., 2006; Punning et al., 2008). The used laser particle
sizer can measure grain size in the range 0.3-300 um and to distinguish 62
magnitudes. The laser particle sizer parallel laser-light is scattered to fixed spatial
angles, which depend on the particle size and the optical properties of the particles,
a lens focuses the scattered light concentric to the focal plane, where a detector
measures and the program calculates the particle size distributions.

Table 1. Brief descriptions of the pre-treatment methods studied

Abbreviation Description of method
LOI550 Organic matter removal by thermal combustion at 550°C for 3.5 h
H,0, Organic matter removal by concentrated (30%) H,O,
LOI950 Carbonated matter removal by thermal combustion at 950°C for 2.5 h
HCI1+H,0, Carbonated matter removal by 10% HCI; thereafter organic matter

removal by concentrated (30%) H,0,

HCI+H,0,+KOH Carbonated matter removal by 10% HCI; thereafter organic matter
removal by concentrated (30%) H,0,; diatoms removal by 10% KOH
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For analysing samples with a laser particle sizer 0.2 g of pre-treated mineral
matter has to be entered to get the required amount of particles in the detector.
Previous experience has shown that to get statistically reliable results a minimum
of three reproducible measurements whose standard deviations do not exceed
reproducible accuracy have to be made. Reproducible accuracy was achieved by
the laser particle sizer’s own standard sample Fritsch Standard F500. The maximum
standard deviation of the repeated measurements was 8%. The homogeneous
sample had an appropriate moisture content (creamy consistency). Repeated
measurements showed that in excessively liquid samples the coarse-grained material
settled out, as a result of which the distribution of the material became hetero-
geneous. In case of excessively dry samples it was also hard to get a homogeneous
sample consistency.

In this paper the grain sizes follow the Udden—Wentworth grain-size scale
(Last, 2001b) and are presented in micrometres. Statistical analyses were made
with the laser particle sizer control program and MS Excel.

RESULTS

Sediments from L. Tiindre were very porous: their water content was 91.7%. Of
the dry matter 48.6% was organic and 51.4% mineral, of which carbonaceous
compounds made up 4.1%. In L. Peipsi sediments the mineral matter content
(carbonaceous compounds included) was 96.7% and organic matter constituted
only 3.3% (Table 2).

The grain-size spectra obtained using the five different pre-treatment methods
(Table 1) (four groups — thermal combustion (LOI550, LOI950), method H,0,,
method HC1+H,0,, and method HCI+H,0,+KOH) clearly differed (Figs 1 and 2).
Methods LOI550 and LOI950 showed dominance of coarse and very coarse
silt fractions in the L. Tiindre samples. Method LOI950 showed larger sand
concentrations (very fine sand 9.6% and fine sand 1.8%) (Table 3, Fig. 1). The
clay content was the highest (11.5%) by method H,O, while the highest coarse
silt content, 29.2%, was revealed by method HCI+H,0, (Table 3, Fig. 1). In
chemical treatments the results of method HC1+H,0,+KOH indicated the lowest
fine (14.8%) and medium silt (18.6%) content (Table 3).

Table 2. Sediment lithology of lakes Tiindre and Peipsi

Lake Tiindre Lake Peipsi

Water content, % 91.7 50.5

Dry matter, % 8.3 49.5
Organic matter, % 48.6 33
CaCOs, % 4.1 3.1
Mineral matter, % 473 93.6

Biogenic silica, valves/g 133 x 10° 20 x 10°
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Fig. 1. Grain-size spectra of samples from L. Tiindre after applying different pre-treatment methods.
The descriptive terms follow the Udden—Wentworth grain-size scale.
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Fig. 2. Grain-size spectra of samples from L. Tiindre and L. Peipsi after applying HC1+H,0, and
HCI1+H,0,+KOH pre-treatment methods. The descriptive terms follow the Udden—Wentworth grain-
size scale.

Special attention was paid to the content of biogenic SiO,. Diatom valves and
their fragments also influence the grain-size spectrum. To analyse the effect
of KOH the results are presented in Fig. 2, where L. Tiindre and L. Peipsi results
of sediment samples are compared. Pre-treatment methods HCI+H,O, and
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Table 3. Grain-size percentage distribution after applying different pre-treatment methods (Udden—

Wentworth grain-size scale)

Descriptive terms Lake Tiindre Lake Peipsi
< 2 an am T
21 8| | 2|23 |13
& Q Q O O
8 8 as T T % T T f
Clay 7.0 50 115 4.7 10.8 275 335
Silt
Very fine 8.4 6.1 14.1 7.1 13.5 24.0 26.5
Fine 10.3 80 194 16.0 14.8 18.7 16.5
Medium 151 125 265 285 18.6 14.6 10.5
Coarse 282 253 207 292 26.9 10.2 6.7
Very coarse 275 318 72  12.6 15.4 4.8 5.2
Sand
Very fine 32 9.6 0.4 1.5 0 0.2 1.2
Fine 0.3 1.8 0.1 0.5 0 0

HCI+H,;0,+KOH were used for analysing L. Peipsi sediment samples. The
concentrations of clay and very fine silt in L. Peipsi were 33.5% and 26.5%,
respectively (method HCI+H,0,+KOH). Like L. Tiindre, L. Peipsi had lower
fine and medium silt concentrations (Table 3, Fig. 2) and also a smaller median
value compared with method HCI1+H,0, (Table 4).

Table 4. Statistical characteristics of different pre-treatment methods

Lake Tiindre Lake Peipsi
S 2 2
2 2 e T T T
5| £ S | x5 + 3
A Q Q Q Q
Arithmetic mean 243 33.9 12.9 18.5 16.0 8.2 8.1
diameter, pm
Mode, pm 323 33.7 12.1 17.1 26.5 2.8 2.1
Median, pm 20.9 26.9 9.4 14.0 12.4 4.0 3.1
Variance, pm? 436.6 996.5 172.1 353.1 180.0 114.2 185.2
Mean square 20.9 31.6 13.1 18.8 134 10.7 13.6
deviation, pm
Coefficient of 85.9 93.2 101.8 101.5 84.1 130.0 168.0
variation, %
Span 22 2.5 2.8 23 2.7 5.1 6.5
Specific surface 91323 72548 13729.0 82820 123106 25206.1 288413

area, cm?/g
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The efficiency of Calgon as an antiflocculant was analysed in L. Tiindre
sediment samples. The results of grain-size distributions were very similar to the
results of the pre-treatments without Calgon. The maximum standard deviation
between the results with Calgon and without it was only 6%. The fact that the
laser particle sizer has its own ultrasonic system that also disaggregates flocs may
be the reason why the effect of Calgon did not come out. This may show the
efficiency of the ultrasonic system or a low flocculent concentration in samples:
the carbonate (flocculent) content was only 4.1% in L. Tiindre and 3.1% in
L. Peipsi. Besides, carbonate matter was removed by HCI addition.

Microscopic observations showed a large percentage of fine-grained matter
and silt particles in the cohesive sediments coated with inorganic (oxides,
carbonates, etc.) and organic (mainly plant and animal detritus and bacteria) sub-
stances adsorbed on the surface.

DISCUSSION

The results show that the pre-treatment methods influence substantially grain-size
spectra measured by the laser particle sizer. Depending on the sediment particle
structure and the mineral physical and chemical composition as well as the
sedimentation environment (electric conduction, temperature, cycling of sub-
stances, etc.) very varied structures may occur. Thermal or chemical treatment is
accompanied by different transformations reflected in the grain-size spectra and
in the results of statistical data (Table 4). It is especially difficult to choose the
right pre-treatment method for the analysis of the grain-size distribution of
allochthonous matter in cohesive sediments.

Comparison of two thermal treatment methods, LOI550 and LOI950, showed
that the grain-size mode values shifted towards the coarse-grained fraction when
method LOI950 was used (Fig. 1). In statistics the specific surface area is the best
parameter to characterize a spectrum shift. In the case of method LOI950 the
specific surface area value (7254.8 cm?/g) was the smallest among all pre-
treatment methods studied (Table 4). The spectrum mode value shift towards the
coarse-grained fraction was due to two processes. One reason was that at 950°C
carbonates decompose. At the same time fine-grained matter may aggregate
(Murray, 2002). The intensity of aggregation depends on the pore-water content,
texture, and composition of sediment. The chemicals used could not crumble
grains because these are harmless for siliclastic grains and widely used. More-
over, aggregation was avoided by using Calgon and an ultrasonic system. It can
be clearly seen that after thermal combustion the grain-size median value shifted
to the coarser-grained (very coarse silt) fraction than in the chemically treated
samples (Table 4). This may show the effect of aggregate formation.

Table 4 presents the results of statistical treatment of grain-size distribution by
pre-treatment methods. One statistical indicator need not always characterize the
object well enough. The most significant of the values presented in Table 4 are
discussed below while some of the statistics are just auxiliary indicators.
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The H,0, pre-treatment method is the most widely used wet oxidation method
for organic matter (Carver, 1971; Konert & Vandenberghe, 1997; Lu & An, 1997;
Murray, 2002; Allen & Thornley, 2004; Mikutta et al., 2005). Our multiple
experiments showed that pre-treatment of organic-rich sediment until total organic
matter became oxidized was very time consuming and the H,O, amount exceeded
essentially the stoichiometrically needed amount. Due to the large amount of Fe
and its form it was very hard to get reproduced results (standard deviation larger
than 10%). After the H,O, treatment part of the samples were treated by method
LOI550. In the course of this treatment 12% of the analysed matter was
eliminated. This suggests that with method H,O, the oxidation reaction of organic
matter was not complete.

Microscopic analyses showed that the samples were red; this means they were
Fe oxide coated. To remove Fe oxide, the samples were extracted with HCI as
suggested also by Dominik & Kaupenjohann (2000). In that case the H,O,
amount necessary and treatment time decreased substantially. After the application
of method HCI+H,O, the samples were white and individual grains were clearly
distinguishable (Fig. 3).

The specific surface area of sediment in L. Tiindre was the largest
(13 729.0 cm’/g) in the case of treatment with method H,O,, which means that the
percentage of fine-grained matter (clay, very fine silt) was the greatest. This may
be due to the carbonate content because also after treatment with method LOI550
the grain size was finer than after treatment of samples with method LOI950
where carbonates were removed. Treatment with HCI decreased significantly the
specific surface area value of the samples of L. Tiindre (Table 4).

The concentration of diatom valves was 20 x 10° in the sediments from
L. Peipsi and 133 x 10° valves per g dry sediment mass in L. Tiindre. As the size
of valves is from 5 to 200 um (Round et al., 1990), their presence might essentially

b

Fig. 3. Microscopic analysis of L. Tiindre sediment: (a) samples treated by method HCI+H,0,,
sample with diatoms; (b) samples treated by method HCI+H,0,+KOH, single grains without diatoms.
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distort the grain-size spectra. Therefore in the studies of the grain-size distribution
of siliclastic matter it is very important to remove also diatoms. After the removal
of diatom valves and their segments the grain-size spectrum will change
significantly. The most effective elimination method of diatoms, which are
composed mainly of biogenic SiO,, is treatment with alkali (Conley, 1998; Lyle
& Lyle, 2002). The microscopic analyses showed the method’s efficiency
(Fig. 3a, b). Change in the sediment samples after the removal of diatoms can be
well monitored by using method HCI+H,0,+KOH. For example, after the
application of this method the median value of the grain-size distribution of the
sediment samples from L. Peipsi shifted clearly towards a finer grain-size median
(Fig. 2). This is analogues to the results of Reynolds et al. (2004) and is also
confirmed by the increase in the specific surface area of sediment from 25 206.1
to 28 841.3 cm’/g (Table 4).

The mode values of the sediment samples from L. Tiindre shifted to the
coarser silt (26.5 um) fraction after the application of the pre-treatment method
HCI+H,0,+KOH (Fig. 2). The grain-size distribution of the samples treated with
this method shows an increase in the percentage of clay and very fine silt (10.8%
and 13.5%) compared to method HCI+H,O, where the clay content in the
samples was 4.7% and of very fine silt 7.1% (Table 3). However, the content of
medium silt was smaller (18.6%). Samples from L. Peipsi treated with method
HCI+H,0,+KOH had changes in the same fraction classes and showed the same
trend as in L. Tiindre (Fig. 2). The decreasing of fine, medium, and coarse silt
percentages after using KOH speaks about a certain amount of diatoms in those
samples (Table 3). Clay and very fine silt percentages are increasing and medium
and coarse silt contents are about 4% smaller than in the case of treatment with
method HCI+H,0, (Table 3).

CONCLUSIONS

To get reproducible results of grain-size distribution in studies of allochthonous
siliclastic matter from eutrophic organic-rich cohesive lake sediments the aut-
ochthonous matter must be eliminated. Influences of different pre-treatment methods
on sediment composition and texture were analysed. With the help of a large
number of repeated analyses the most appropriate method for fine-grained (clay,
silt) organic-rich cohesive sediments was selected. The following pre-treatment
methods were tested: thermal combustion at 550°C and wet oxidation with 30%
H,0O, were used for removing only organic matter, thermal combustion at 950°C
and wet oxidation with 10% HCI were used for removing carbonate matter, and
10% KOH was used for removing biogenic silica. The efficiency of the pre-
treatment method for grain-size distribution analyses depended on sediment
cohesiveness (porosity, organic matter concentration, grain size, etc.). It was
established that the fastest method for organic oxidation from cohesive sediments
was the method with the use of 10% HCI and thereafter 30% H,0,. This method
also gave the best fineness standard and the results were reproducible.
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Sediment samples with greater diatom concentrations had to be pre-treated
also with the alkali KOH. After KOH treatment the grain-size distribution changed
considerably. Specific surface area showed a higher concentration of fine-grained
matter than before treatment.

As an additional method for checking the completeness of the removal of non-
siliclastic particles light microscopic analysis was used. This analysis enables to
see the sample content, monitor the pre-treatment process, and make primary
estimations of the grain-size distribution. In addition, it proves the correctness of
distribution and gives the best descriptive characterization. Also the presence of
additions can be followed. Light microscopic analysis also helps make the decision
about the pre-treatment methods.
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Jarvesetete terasuuruse analiiiisid:
eeltootlusmeetodite vordlus

Tiit Vaasma

Nagu saadud tulemused nditavad, mojutavad eeltdotluse viisid oluliselt laser
difraktsiooni meetodil méaratud terasuuruse spektreid, mis vdimaldab teha ka
jéreldusi proovide esialgse tekstuuri kohta. Olenevalt setteosakeste struktuurist,
mineraalsest, fiilisikalisest ja keemilisest koostisest ning ka settimiskeskkonnast
(elektrijuhtivus, temperatuur, aineringe jne.) voivad eksisteerida véga erinevad
struktuurid. Proovide termilise v0i keemilise todtlemisega kaasnevad erinevad
transformatsioonid, mis peegelduvad terasuuruse spektrites ja nende statistilise
tootlemise andmestikus. Sobivam viis kohesiivsete setete eeltdotluseks on keemiline
tootlusmeetod (HCI+H,0,+KOH) eraldades seeldbi nii karbonaatne ja orgaaniline
materjal kui ka biogeenne Si.
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