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Grain size of the bottom sediments of Lake
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Abstract. Surface sediments and sediment cores from Lake Véaike Juusa were studied in order to
examine the dependence of the sedimentation regime on the topography and development of the
lake. Close relationship was established between the grain size of the surface samples and depth of
water at the sampling site. The data obtained show that in the lake the accumulation area is situated
deeper than 4.0 m. The grain size data for three sediment cores allowed reconstruction of lake-level
fluctuations and their amplitude.
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INTRODUCTION

An essential issue in palaeolimnology is understanding the key events in the
history of lake ecosystems and, on this basis, generating ideas for lake restoration.
The state and evolution of lake ecosystems are regulated by several biotic and
abiotic factors, natural and man-induced processes of various levels and duration.
One of the best ways to obtain long-term data on the development of a lake eco-
system is the palaeolimnological method.

The most complicated problem in apiplg the palaeolimnological approach
is the interpretation of data obtained bgdiment studies and their temporal
calibration with certain in-lake and catchment events affecting the lake status.
Numerous studies are focused on the direct responses of different bioindicators
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(pollen, diatoms, chironomids, macrophytes), geochemical records, hydrological
changes in the trophic state of a laf@earing 1983; Engstrom et al. 1985;
Punning & Leeben 2003; Marchetto et al. 2004). Less attention has been paid to
sedimentology, especially grain size of lake sediments, however, several studies
have been successful in investigating water-level variations in small temperate
lakes (Digerfeldt 1986; Dearing 1997; Punning et al. 2004a). Fluctuations of lake
water level alter the lake morphometry and transform the characteristics of
sedimentation zones of the lake bed, thereby directly influencing sedimentation
and resuspension. Based on sediment composition and bottom morphometry
of the lake, areas with different sedimentation regimes can be distinguished
(Hakanson 1977; Hakanson & Jansson 1983; Blais & Klaff 1995). These are the
erosion, transportation, and accumulation areas. Erosion areas are located most
frequently in shallow waters and/or in deep slopes and are characterized by hard
or consolidate deposits. Sediments within the transportation areas vary largely —
from sand to loose mud. Deposits within the accumulation areas are comparatively
loose and mainly fine-grained, with high water and organic contents. Changes in
water level may change properties of sediments accumulated in the lake, for
example, their mineral matter content and grain size distribution, and will lead to
increase in the rates of mineral matter delivery (Shteinman & Parparov 1997).
Such a comprehensive lithological approach to the study of lake sediments has
been developed in Estonia by A. Raukas (see Raukas 1999).

Within the areas formed in the deibed way at different sedimentation
regimes, the chemical and lithologicadmposition of lake sediments varies
according to certain major regularities. The interpretation of all sedimentological
data requires knowledge of the principal regularities of sediment accumulation:
how the sediment is formed in thekég which factors have influenced the
sedimentation process, the composition of the deposited material and its origin.
The amount of mineral matter and grain size composition of sediment are the
indicators of processes in the lake basin (Boyle 2001) and changes in water level,
which enable reconstruction of the hydrological balance of the lake. Recent
studies in palaeolimnology (Beierle et al. 2002) have shown that the quantitative
and qualitative analyses can be used to describe sedimentological processes and
distinguish the changes in past environmenir recent analysis revealed that the
lake depth, slope inclination, and distance to the shore determine up to half of the
variation in the composition of sediments (Terasmaa 2005). Analyses of surface
sediments of some small lakes suclhalse Viitna Linajarv (Punning et al. 2004b)
showed that the accumulation, redistribution, and composition of sediments are
related to bottom topography, and changes in their lithological composition are
most probably caused by lake-level fluctuations.

The aim of the present study is &xplain in detail the spatiotemporal
regularities of the lacustrine sedimentation process in a small lake. Grain size
analyses of surface sediment samples and samples from three deep cores of Lake
Vaike Juusa were performed to deterenihe relationships in the lithological
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composition, especially between grain size and topography of the sedimentation
area. On the basis of these connections we can reconstruct changes in lake water
level in the past and their impact on the development of the lake ecosystem, and
predict the evolution of lakes in the future in case the environmental conditions
change.

STUDY AREA

Lake Vaike Juusa (hereafter L. Juusa) is situated in the southern part of
Estonia (58°03N and 26°30E) on the Otepaa Heights (Fig. 1). The relief of the
Otepaa Heights varies greatly. The hillocks that border the lake are formed of
glaciofluvial deposits and till and have steep slopes. Small depressions between
the hillocks were formed after the withdrawal of glaciers from marginal land-
forms during the Otepaa stage about 12 700-12 200 yr BP (Punning et al. 1968).
Many water basins of the region like L. Juusa are of glaciokarstic origin. The
water level of the lake is 122 m a.s.l. The difference between relative heights in
the catchment area is nearly 60 m; close to the lake the relative heights are within
20 m. The northeastern and eastern shores are the steepest. The surrounding
terrace is ca 2 m higher than the present water level. The lake is situated in semi-
open cultural landscape, with two farms located nearby and a paludified area on
its western side. The forests are birch-dominated, but alder and willow are wide-
spread close to the lake.

Lake Juusa is a small 3 ha hardwater lake with a maximum length of 250 m
and width of 160 m. The mean and maximum depths of the lake are 3.7 and
5.8 m, respectively. It is a mesotrophic-eptric dimictic lake with strong stratifi-
cation during spring and summer seasons. In summer the thermocline deepens
from about 2.5 m in June to 3-3.5 m in July—August. The near-bottom layers
contain no oxygen during the whole year. The decrease in temperature in September
induces gradual onset of autumnal circulation, and the water column becomes
unstratified at the end of October. The lake is covered with ice from December to
April. The measured mean values of the water pH were ca 7.7 at the surface and
6.6 at a depth of 5 m in the years 2002—-2003.

Lake Juusa is characterized by a concave hypsographic curve and very small
dynamic ratio (DR = 0.04). The lake bottom has a relatively regular shape; the
near-shore zone deepens abruptly. The deep area is large and gently sloping. The
slope inclination is greatest (up to 20%) at depths from 0 to 3 m (see Fig. 1b). The
inclination of the deeper slope decreases rapidly and is only 2% on average at
depths of 5-6 m.

The bottom sediments of L. Juusa are up to 12 m thick in the deepest part of
the lake (Fig. 1c). The upper sediments are brownish gyttja rich in water and organic
matter. The content of dry matter increases downwards. The lake sediments are
lying on silt and sand. Large variations in organic matter and carbonates in the
sediments down the core reflect significant changes in sedimentation conditions
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during the Holocene. A comprehensive analysis of sediment cores from L. Juusa
considering different lithological, geochemical, and palaeobiological criteria allowed
us to reconstruct the history of lal@#| fluctuations (Punning et al. 2005).

METHODS

The surface sediments were sampled with a Livingstone—Vallentyne type
piston corer and a gravity corer modified at the Institute of Ecology. A total of
19 samples, each 10 cm thick, were collected (Fig. 1b) and packed into hermetic
plastic boxes. Three sediment cores were taken from the ice during winters of
2001-2003 with a Belarus (Russian) peat sampler (Fig. 1b,c). The cores were
lithologically described in the field. The thickness of lake sediments and the basin
were topographically mapped. Mapping was carried out from a boat in the ice-
free period, and from ice in winter lging the echo sounder, measure-disk, and
coring-tubes. Water depths and sediment thickness were measured at each coring
site. The sediment cores were divided into 50 cm long pieces, photographed, and
wrapped into plastic. The samples were preserved in a refrigerator in darkness.
The subsampling for different analysis was performed in the laboratory prior to
analysis.

Standard methods were used for processing samples (Bengtsson & Enell 1986;
Boyle 2001). First the wet mass was measured at a fixed volume, then the
samples were dried at 185 to constant mass, and the dry mass was calculated.
Thereafter the samples were kept for 3.5 h at°65h a previously weighed
crucible in a muffle furnace. Next the samples were weighed and the loss on
ignition (LOI) was determined. Samples for grain size analysis taken from the
cores were 2 cm thick and weighed about 30-60 g.

The grain size composition of sediment samples was determined by wet sieving.
The previously frozen samples were melted and soaked in water for about 48 h.
The soaked samples were treated with ultrasound for about 30 min before wet
sieving. Wet sieving was carried out on four metallic woven mesh sieves in a
Vibratory Sieve Shaker “Analysette 3" PRO. The weighed sediment subsample
was placed on the upper sieve and after a proper period of shaking (generally
15-20 min), the content of each sieve was weighed and separated. Particle size
was determined from the amount of the sediment that remained on each sieve
partitioning of the fractions ¢.315, 0.315-0.1, 0.1-0.063, 0.063-0.036, and
<0.036 mm (Folk 1980; Last 2001). As the accumulation zone in the lake is
characterized mainly by the content of the fine-grained fraction (Hakanson &
Jansson 1983), we included in our analysis a generalized parametehieh
shows the proportion of the finest fraction0(€36 mm) among all the fractions.
Cartographic analysis, visualization, adijital elevation models of the lake
bottom topography were made with thegrams Maplinfo Professional 5.5 and
VerticalMapper 2.5.
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RESULTS

The composition of the 19 samples taken from the surface sediment of
L. Juusa (Fig. 1b) varied largely due to the slope inclination. The sediments analysed
consisted mainly of unconsolidated dark brownish to reddish gyttja with frag-
ments of plant remains and pieces of mollusc shells. The content of dry matter
in the sediment was 8-32%, depending on the topography of sampling sites.
The spatial distribution of mineral matter and its grain size composition in the
surface sediment of L. Juusa revealed the same main tendencies as the dry
matter distribution: the highest valuesr@eecorded in the near-shore zones in
the eastern and northeastern parts of the lake. In the analysed surface samples
the proportion of mineral matter was between 50 and 90% (Terasmaa 2004,
2005).

In Table 1a the percentages of different grain size fractions and the relative
proportion (k) of the finest fraction (8.036 mm) are presented in the increasing
order of the water depth at each sampling site. The samples withsthaltke
less than 0.9 (in bold) represent mostly the sediments with a finer grain gize.

Three sediment cores were taken along an E-W profile from the deepest area
(core J20) towards the shore (cores J&1.I80). The sediments analysed consisted
mainly of dark brownish- to greenish-brown gyttja with mineral silt and sand
particles and fragments of mollusc shéllse content of dry matter in the sediment
was 5.3-71.3%, depending on the depth of sampling and lithology of lake sediment.
The content of mineral matter varied between 24.5 and 94.9%, whereas the
highest values were recorded in thenpées from lower parts of the cores in
deeper zones of the lake. Lake sediments were underlain by silt. In all cores
detritus gyttja and carbonaceous gyttja with different Ca@tents (from 6 to
50%) could be distinguished (Fig. 1c) (according to Troels-Smith 1955; Aaby &
Berglund 1986). The colour glediments varied from dark to light brown and
lighter colour variations disappeared quickly after exposure to air. In some layers
mollusc shells and plant remains weregant. The lower part of sediments
(2-3 m below basal silt) of cores J20 and J31 were compact and consolidated.
The lower layer of core J30 contained gravel grains. The 30-50 cm thick surface
layers of gyttja were so unconsolidated in all cores that it was necessary to use the
Livingstone—Vallentyne sampler. The values of the mineral and organic matter
differ, depending on the location of cores. The mineral matter content of lacustrine
sediments varies from 30 to 80% in core J20 (water depth 5.1 m, see Fig. 1b,c),
from 35 to 80% in core J31 (water depth 4.1 m), and from 10 to 60% in core J30
(water depth 3.6 m).

A total of 62 samples representing all lithological types of sediments were
taken for grain size analysis from deep cores (Fig. 1c). Table 1b,c,d shows the
percentages of different grain size fractions and valuegsdbiFcores J20, J31,
and J30. The sampling depths are given from the surface of sediments. The same
method of data processing was used in cores with gheakies less than 0.9 to
distinguish different intervals.
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Table 1. Percentage contents of different grain size fractions (mm) in the surface samples and
sediment core samples from Lake Juusa. Depths for surface samples are given from lake surface
and for sediment cores from the sediment surfaggdénotes the ratio of the fractio®?©36 mm

to the total. Numbers in libdenote samples withsf< 0.9

(a) Surface samples (b) Core J20
Water
0.315+ 0.1-|0.063 Depth, 0.315+ 0.1 {0.063+
dength, >0.315 0.1 10.063 0.036 <0.036 Fss m >0.315 0.1 |0.063/0.036 0.03+ Fss

19 263 343 102 104 188 02 148 0.00 8.825.8820.59 60.78 1.7
21 26 292 97 111 204 03 252 055 1240 2011 21.21 4573 08
24 233 295 120 109 242 03 300 237 2493 1632 1632 3887 06
28 88 2562 267 181 213 03 397 146 1927 1854 1878 37.32 0.6
3.0 149 238 158 124 332 05 449 136 1474 1701 17.01 4354 087
32 24 120 179 208 469 088 498 0.39 8.9018.18 17.02 51.26 1.2
34 132 287 142 165 274 04 550 0.21 11.3915.53 16.77 56.11 1.3
34 116 507 164 72 142 02 6.00 081 2.7512.28 16.16 65.75 2.1
35 52 195 146 205 402 0.7 6.98 049 2104.451236 7231 3.7
3.6 00 211 164 229 397 07 748 050 4.335.47 20.13 5557 14
37 47 383 161 157 253 03 798 241 7.6715.34 2287 47.73 1.0
38 91 556 127 68 158 02 8.02 0.30 10.5013.90 17.30 51.79 1.2
4.0 00 157 171201 470 09 836 447 2948 1386 11.83 36.08 0.6
4.1 00 111 226164 499 10 876 19 2686 7.88 11.09 4232 0.89
41 20 116 144240 480 09 890 252 2266 1632 11.24 4417 08
51 0.0 27 87140 746 29 905 1864 3243 11.03 946 2710 04
51 0.0 43 128177 653 19 925 1170 2872 1121 1036 36.33 0.6
55 0.0 88 113142 657 19 936 016 2684.7411.25 7132 3.8
55 0.0 6.2 109229 599 15 947 024 3.176.68 1358 7461 3.2

9.76 0.08 6.8414.76 16.54 56.53 1.5

1030 0.33 2.25 4.61 6.70 85.00 6.1

1036 0.05 0.96 4.07 6.29 88.40 7.8

(c) Core J31 (d) Core J30
Depth, 0.3154 0.1-]0.063] Depth, 0.315] 0.1 [0.063%
m |7 9319751 |0.063 0.036]< 0038 Fe 1> 031975 17| 0.063] 0.036 O'O3+ Fas

0.45 0.00 9.09 9.173.14 6884 22 0.70 2.78 16.6513.98 10.43 44.66 1.0
0.98 8.15 6.20 5.821.20 5833 14 0838 1410 1464 647 1329 3760 08
1.16 173 20.86 9.430.68 4438 1.0 105 406 1798 1278 1531 4458 0.89
1.73 256 14.66 11.421.75 49.60 1.0 1.20 1.79 1148 5.17 13.38 67.44 2.1
2.16 258 3.74 3.058.17 6481 37 150 734 3819 1211 1248 2900 04
2.73 293 9.09 10.3@0.00 5750 14 235 290 6.6610.64 16.50 63.04 1.7
3.00 147 259 519278 69.96 3.2 290 1.75 10.4519.39 15.06 53.25 1.1
3.45 545 9.86 10.146.08 68.61 2.2 320 255 34.77 1195 1218 2575 04
4.00 041 977 6.71281 70.67 24 3.35 156 21.1011.06 13.25 52.71 1.1
4.56 3.24 21.86 10.980.78 54.02 1.2 340 1841 39.80 1406 7.38 1538 0.2
500 087 2339 1754 1509 3899 07 348 1920 2977 939 721 3103 05
525 941 3267 1791 1426 2179 03 358 2570 3640 1367 644 1630 02
545 871 2748 1664 1600 3118 05 366 1686 3226 17.65 1094 1836 0.2
5.75 0.98 22.64 1438325 4882 1.0 380 2957 3935 1119 645 1371 02
6.00 126 7.72 545937 69.43 29
638 220 3812 10.28 1312 3341 05
645 433 3176 1557 1316 3250 05
700 579 4134 941 620 3360 05
735 251 4419 9.09 11.09 3051 05
773 1221 4366 1433 1264 1681 0.2
802 087 1246 1799 27.00 4168 0.7
8.36 020 4.96 15.624.61 52.78 1.2
8.58 127 1790 6.907.10 66.76 2.0
8.67 0.22 6.47 7.840.12 7356 3.0
8.76 0.16 229 4.887.07 85.63 5.9
9.05 040 112 3.399.11 8547 6.1
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DISCUSSION

The distribution of grain size fractions depends on water depth at the sampling
site (Table 1, Fig. 2). This clearly shows that with increasing water depth the
average grain size spectrum of sedimshifts towards finer grains. Many
researchers (Davis & Ford 1982; Dearii97; Yang et al. 2002) have mentioned
this relationship. As the topography of the lake basin is quite variable, the
environmental conditions during sedimentation were determined by several morpho-
metrical parameters. In L. Juusa it was possible to distinguish areas with greatly
different grain size compositions of sediments. In shallower areas the content of
coarse fractions is higher and thg Values that could characterize the accumulation
area vary from 0.2 to 0.9. This area embraces the littoral up to a depth of ca 4.0 m.
The content of mineral matter in dry matter of surface sediments is m&éstg >
(Vaasma 2004). This area shows also notable variations in the proportions of the
finest fraction, being indicative of the more complicated nature of the sedimentation
processes.

The investigation of surface sedimentd.ofuusa (LOI, grain size composition)
by Terasmaa (2005) showed that, in addition to the water depth, the grain size
composition of sediment is mainly determined by slope inclination and distance
to the shore. On the basis of the results he developed a composite dimensionless
parameterCP) that determines nearly half of the variation in the composition of
the sediments. Analysis of spatial variation of the composite parameter showed
that in case of L. Juusa (lake with a concave hypsographic curve) the accumulation
area is characterized I§P < 2.3 (confidence level 0.95) and the proportion of
the sand fraction (©.063 mm) is generally below 29%. Analysis of grain size
data of surface sediments (Fig. 2) shows that thedfues fit well with previous
results and we can assume that the boundary between the erosion and transport
area and the accumulation area (Hakanson 1977) lies approximately at a water
depth of 4.0 m. This estimation fits well with our previous data (Terasmaa 2004)
and allow us to use theyfvalue <0.9 as a criterion for the accumulation area
in L. Juusa in the past. As current analysis shows, there is a strong relationship
between the § value and water depth at sampling poifts-(0.81,p < 0.01).

Several cycles can be distinguished in the vertical distribution of grain size
fractions in all core sections (Table 1, Fig. 2). The content of coarser and finer
fractions in these cycles varies periodically, especially in deeper cores J31 and
J20. In the basal part of all cores where the brownish gyttja contains several light
interlayers, the grain size of the sediment differs markedly from the upper layer
of different mud (gyttja) type. The basal layers of deep cores J20 and J31 (below
9.3 and 8 m, respectively) show the domination of the silt and clay fractions
(<0.063 mm), whereas at depths of 10 m in core J20 and 8.6 in core J31 the
content of the 8.036 mm fraction reaches over 80%. In core J30, taken from the
shallower area of the lake (Fig. 1), the sediments are underlain by coarser minero-
genic matter.

Sharp increase in coarse material can be noticed in cores J20 and J31 at depths
of 9.25 and 7.73 m, respectively. Upwards (sediments at 8-9.25 m in core J20
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and 6-7.73 m in core J31), the content of the sand fraction (grain size mainly 0.1—
0.315 mm) is also quite high. A thin layer overlying this complex (at 6.98 m in
core J20 and at about 6 m in core J31) is considerably well sorted and consists of
the finest fraction (up to 78%). Blue Faad P-rich authigenic mineral inclusions
formed of vivianite were also determingdthis level. Higher above this well-
sorted layer the content of sand fraction8.845 and 0.1-0.315 mm) grows again
until to depths of about 3—4 m in core J20 and 4-5 min core J31.

According to the variation ingkit is possible to define certain depth intervals
in all cores. Two intervals of cores J20 and J31 display higher values of F
(Fig. 2, Table 1), showing the prevalence of finer particles. In core J30 only the
lower layers have elevated values gf, Fvhile in the upper layers variations are
rather occasional due to unstable accumulation conditions.

Assuming that the § values characterize the sedimentation area, it is possible
to estimate the intervals when the corgiig@s are situated within the accumulation
areas. Those periods are marked with a black dotted pattern in Fig. 2. Based
on the results obtained, we can reconstruct the history of the lake in the past,
including the individual sedimentation zones and amplitude of single lake-level
fluctuations. This facilitates understanditig functioning of the ecosystem during
different hydrothermic regimes, which is necessary for palaeolimnological studies
and modelling of the processes in the future.

CONCLUSIONS

Grain size distribution in the sediment core is a valuable indicator of water-
level fluctuations in the past. Analysis of the grain size pattern of surface samples
taken from L. Juusa revealed the relationships between water depth and grain
size. The extension of these relationships to the core data showed essential changes
in the hydrological regime of the lake during the Holocene.

The ratio of the smallest fraction @036 mm) to the sum of coarser fractions
found for surface samples serves as a good basis for generalizing data and
differentiating samples from areas with different sedimentation conditions. With
the help of this ratio (f) depth intervals could be distinguished, indicating
periods with a higher water level and more stable accumulation conditions in all
cores. A similar grain size composition of surface samples is recorded only in
certain areas where water depth is over 4 m.
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Véike Juusa jarve pOhjasetete terasuuruse muutuste
seos veetaseme kbikumistega

Jaan-Mati Punning, Jaanus Terasmaa ja Ene Kadastik

On analiusitud Otepda kdrgustikul paikneva Véike Juusa jarve 19 pindmise
setteproovi ja pohjasetetest voetud 3 puursiidamiku 62 proovi granulomeetrilist
koostist. On leitud, et pindmistes setetes suureneb peenterisemate fraktsioonide
osakaal proportsionaalselt veesigavusiurenemisega. Akumulatsioonialas,
mis Vaike Juusa jarves asub stigavamal kui 4 m,@A36 mm terasuurusega
fraktsiooni sisalduse suhe jameterisesse settds9e <

Litoloogilise koostise ja terasuurusariatsioonid puursiidamikest vdetud proo-
vides on suuresti tingitud jarve minevikus aset leidnud veetaseme kdikumistest.
Kasutades pindmiste setete anallitsil saadud seoseid terasuuruse ja settimisstiga-
vuse vahel, on v8imalik rekonstrueerida veetaseme koikumiste amplituud kogu
Holotseeni kohta.
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