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Suromi^.E

In the present study, concentrations of silica in the waters of the

lakes investigated were deterni3.tied photometrically using the molybdenum blue

method :Collowi.ng s•i;andardizUtion with sodium silicofluoride (Na2S:i.F6 ). The

dissolved silica was estimated directly. The silica suspended in the free

water o^.^ settled in the leake sediments as diatomic silica was determined

after heating for one hour in 0.25i sodium carbonate solution. The silica

bound in mineials and, especially, in quartz was estimated after melting with

,sodium ca.r.bona'ce.

Only the true dissolved silica is determined using either the molybdate

or the molybdenum blue method. Dissolved silica is stable in solution in con-

centrations up to 50 - 60 mg Si/l. Condensation may take place only above

that saturation concentration. Almost all fresh waters, thus, are strongl-y

undersaturated with silica. Inorganic precipitation of silica may occur only

by adsorption, but not by flocculation of colloidal silica, which was fovxxd

neither in rumaing waters nor in the free water of the lakes.

The pore-waters of the soils and of the lake aediments-botl1 of great

importance for silica metabolism in bodies of water--exhibit saturation con-

centrations of dissolved silica often far below the level of the saturation

conceixtration of amorphous silica depending on both the temperature and the

^ures 4 to 12; Tables 2 to 5). In these waters the dissolved silica ispfI (Fig

in equilibrium not with amorphous silica but with chemically bound or adsorbed

silica. The latter equilibria determine both the concentrations of silica in

runn.:i.,ng waters and the liberation of silica from the sediments. They are

achieved also in the overlaying water of closed mud ^vater systems, but are

stable only in the presence of the solid phase (Figures 10 to 12). The solu-

tion equilibria of silica in soils are surprisingly well buffered and shoY1

remarkable resistance to leaching (Figures 6 and 7). That situation leads to

constant concentrations of silica in drainage and spring waters (Tables 10 & il ).

The concentrations of silica of lake inlets and running waters were-

at least in the region of inves•bigation-determined mainly by the mixing ratio

of soil waters (4 - 6 mg si/i.), of spring waters (11 -- 16 mg Si/l. ), and of

the waters leaving the lakes ( 0- 12 nig Si/l,), The varying mixing ratios

of the originating waters largely lead to a dependence of the concentrations



of silica in running waters on the water masses (Figures 32 and 33). Con-

centrations of 5 to 10 mg Si/16 have generally been found in the running 

waters of both Sleswig-Holstein and Jutland (Denmark) (Tables 15 and 16). 

During the spring the concentrations of silica may decrease to 0..2 to 

0.3 mg Si/l. in ditches with small water masses due to the activities of 

diatoms (especially, Se...21m ulna) (Figure 54; Tables 13 and 14). 

The decrease in the concentrations of silica dissolved in lake waters 

is caused either by biogenic utilization or by dilution. Abiogenic preciPi- 

tation in the free waters of lakes plays an unimportant role in the metabolism 

of silica. In most lakes of Sleswig-Holstein the amounts of silica incorporated 

by diatoms during the main depletion period are limited by both the actual 

concentrations of silica and the depth of silica uptake in the water bodies. 

The final concentrations generally amount to 0.02 to 0.05 mg Si/1., and they 

are entirely independent of the initial concentrations (Figures 14, 18, 20, 

26, 28 and 30). Since the absorption of silica by diatams is independent of 

light and, in fact, increases in darkness (Figure 13; Table 6), uptake of 

silica may occur also below the oxygen compensation point. In consequence, 

surprisingly great depths of silica depletion may be observed in lakes (Figur-

es 17, 18, 20, 26, and 68). 

The amorphous silica of the diatoms produced during spring bloom is al-

most completely embodied in the sediments, i.e. at the beginning of summer 

stratification, almost all silica is incorporated into the sediments (Figur-

es 15, 21, and 22). The periods of Si uptake during the summer and fall vary 

largely from one year to the next one, and they reach the spring level of 

uptake only in Shallow lakes (Figures 14 to 16, and 24 to 31). 

The dissolution of suspended silica may be highly accelerated in lakes 

and, above all, in ponds by disruption of the diatom Shells by species of 

Daphnia  and other zooplankters (Figures 40 to 44). 

Because of the inferiority of abiogenie hydrolysis of the amorphous 

silica of diatmns compared with the biochemical condensation of dissillved 

silica, there arise muds rich in diatam shells, since silica is continuously 

delivered autochthonausly and either continuously or periodically precipitated 

by diatoms. The silica accumulated in the sediments represents the basis for 

autochthonous Si removal. In general, that amount is greater than the quantity 



of allochthonous silica introduced fram the surroundings in the course of the 

annual cycle. Autochthonous removal increases with increasing accumulation of 

silica (Table 34). 

The interstitial solutions of muds are enriched in dissolved silica at 

a level far above the concentrations of lake inlets (Table 4 e  15 1  and 16). As 

the silical removal from the mud is based on the exchange between the free 

overlaying water poorer in silica and the interstitial solutions, we may occa-

sionally find in relative shallow lakes that the Si concentrations increaàe 

above the level at the lake inlets. Therefore, short periods of leaching of 

silica from the lake may occur. 

The exchange between Imid and water leads to a decrease of the concen-

tration of dissolved silica in the sediments (Figures 45, 47, and 52) and on 

to more pronounced redissolutiaa (Pigure 48). Finally, aa equilibrium is 

reached between redissolution and release at a relatively constant level of 

undersaturation. A steady-state prevails, which is continually tending toward 

a chemical equilibrium (maximum of entropy) but never reaches it because of 

the activities of the organisms (diatoms). 

The rate of Si release from muds depends on both temperature (Figures 49 

to 51; Table 21) and the difference of Si concentrations between mud and over-

laying water. This difference is influenced by the renewal of the overlaying 

water by currents, by movements produced by benthic organisms (for instance, 

larvae of chironomids; Figures 46 to 48, and 60), and by gas bubbles escaping 

from the sediments. A correlation to the redox conditions of muds has been 

observed only in experiments using thin layers of mud. 

The release of silica from the sediments varies largely depending on the 

temperature and on the conditions of exchange at different depth levels in 

the lakes. These aspects as well as both the morphametric constitution of the 

lake and the horizontal transport by currents may lead to heterograde strati-

fication of silica (Figures20, 24, 54, 55, 56 1  58 1  61, 68, and 70). 

The varying release of silica is reflected in the sediments in both 

their silica content and their microscopical pattern (Figures 62 to 67). In 

profundal sediments of stratified lakes, diatomic silica is strongly accumu-

lated and, thus, prevented from participating in the Si metabolism. However, 

the silica settled at Shallower parts of these lakes is returned rather 
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rapidly into the autochthonous metabolism. Profundal sediments--in parti-

cular, if they involve only relatively small areas--are not representative 

for the Si metabolism of a given lake. 

The rate of Si removal computed for the entire  laite  volume (and related 

to the entire area) is surprisingly constant in contrast to the shorter periods 

of Si uptake and removal (Figures 16, 27, and 29). This stability depends on 

the afore-described exdhange equilibria between mud and water. 

The Si metabolism in lakes is predominantly autochthonous in character, 

but it is controlled to a large extent by allochthonous factors. 

(PWY,PcPcP(P 
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Introduction and statement of the problem 

The silica concentrations observed in lakes depend on both the 

autochthonous metabolism and a more or less pronounced allochthonaus supply 

of dissolved silica. 

The autochthonaus silica metabolism of lakes is characterized, on 

the one hand, by the biogenic condensation [or conjugation] of dissolved 

silica to polysilicic acid (amorphous silica) and, on the other one, by the 

re-dissolution of these products of condensation. Numerous authors have been 

occupied with the utilization of silica in relation to diatom growth, while 

the regeneration of dissolved silica in the lakes hitherto has not yet been 

investigated in quantitative terms Thus, certain aspects have remained 

largely unclear, i.e. the extent to which the increases in silica. concen-

tration observed outside of the periods of depletion may be ascribed to the 

occurrence of hydrolysis in the free water; the extent to which these in-

creases may be based on a release from the sediments; and the extent to which 

allochthonous inflow interfers directly in the silica metabolism. Likewise, 

it appears that the factors influencing the dissolution of silica in the free 

water and $  above all, in the sediments (i.e. temperature, pH, exchange re-

actions; redox potential) hitherto have been investigated to a small degree 

only. The Si liberation or Si removal from the mud, in fact, has occasionally 

been recognized as representing an important source for the autochthonous 

silica metabolism (Einsele and Vetter, 1938; Elster and Einsele, 1938; and 

Yoàhimura, 1939), but, with the exception of Mortimerts (1941-1942 studies, 

has not been investigated by experimental means. It was, thus, of some im-

portance to carry out an investigation of the liberation or removal of silica 

.3. 



from the mud using mud-water systems under controllable experimental condi-

tions and to compare the degrees of Si release fram muds from different 

lakes both with each other and with the results obtained in the in-situ 

investigations. Particular attention was to be paid to the experimental work. 

The fact that the silica concentration in lake waters, in part, de-

pends on the geochemistry of the area surrounding the waters has been stressed 

repeatedly. However, the processes underlying these relationships are large 

unclear. In this connection there also arises the question regarding the 

extent to which the silica concentrations of the lake inlets are influenced 

by both the solubility conditions prevailing at their sites of origin and 

the water masses introduced at a given time as well as the question regard-O

ing the influence the latter factors may exert on the silica metabolism of 

stagnant waters. The continuous investigations carried out in the different 

lakes, thus, had first to be extended to both the lake inflows and their 

originating waters and, secondly, to be supplemented with comparative investi-

gations of lakes located within different physical environments. 

I. Methods 

1. Analysis of the waters 

(a)  Samplinp  - The water samples were withdrawn with the aid of a 

Ruttner sampler. Only in the Danish lakes, water samples were taken with 

the aid of polyethyelen bottles, which worked in accordance with the prin-

ciple of Meyer's sampling bottle. 

Water samples from close to the bottom were taken, in the investi-

gations in the Ploen Lake Region, with the aid of an automatic sampler after 

Ohle (1931). 



Both transportation and storage of the water samples, in principle'

were carried out in polyethylene bottles with exclusion of light.

(b) Determin.a.tion of dissolved si:l.iça, - The concentrations of dis- .q..

solved silica were determined photometrically using the molybdenum blue

method as described by Mullin and Riley (1955). That method is based on the

reduction of sïlicomolybdie acid to silicomolybdenum blue(II) with idletol®

(or Photo Rex.O, i.e. methyl -j2-aminophenol) and sodium sulfite in strongly

acidic solution. The procedure worked out by IJlullin and Riley was modified

only a little for our purposes.

According to the investigations carried out by Weitz et al. (1950)

and by Alexander et al. (1954), only monowsilicic acid will react directly

with molybda±ey while the oligo acids and the poly aGids muet first be de-

ga.^aded to mono acid involving a loss of time corresponding to the degree of

conjugation. Since the rate of degradation of amorphous silica is very low,

and since $ as a rule, no silica, showing low degree of conjunction 3.s present

in the waters under consideration (cf. Section III), the present method

determined only the ortho-silicic acid.

The molybdenum blue method was preferred over the molybdate methodt

i.e. the photometric and colorimetric determination of the yellow silico-

molybdic acid, since the former, first, possesses a sensitivity almost twice

that of the latter one; secondly, is disturbed hardly at all by impurities

like humus, iron, phosphate or small amounts of hydrogen sulfide; and? third-

1.y^ involves dealing with reduced silicomolybdenum blue(U)' which is con-

siderably more stable than the unreduced silicomolybdic acid.
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Al]. Si values reported in the present paper are related to standard

solutions, which were prepared with sodium silicofluoride (Na2SiP8) after

King (1939). The latter substance is hydrolysed compietely,but very gradually,

to ortho-silicic acid, so that the standard solution must be prepared several

days before use and must be shaken repeatedly. Compared to all the other cali-

bration (or standard) substances frequently used in laboratories-like quartz,

amorphous silica and alkali silicates-sodium silicofluoride possesses the

advantage that it has a stoichiometrically defined com.position, is water-

soluble and is not hygroscopic.

A comparison of the sodium silicofluoride standard with a quartz pre-

paration (melting with sodium carbonate) yielded good agreement of values.

The deviations found using these two methods were below 1%.

7'icric acid showed no merit as calibration substance. The calibration

factors reported in the literature in connection with this acid are very

different. These differences probably are due to both the presence of impu-

rities and the varying water contents of the preparations. Each batch•pre.-

pared must be calibrated against a valid standard. Only then can that batch

be used. We have'employed picric acid solution only in orientating, excur-

sive investigations. In the latter we have determined, by means of malci.ng

comparisons against the sodium silicofluoride standard, a calibration value

of 109 mg picric acid :^! 100 mg Si. That value agrees with those reported by

Wattenberg (1931) and by King and Lucas (1928).

(é) Determination of suspended diatomic silica in water - Since count-

ing of diatom cells and cell fragments is not suited as a method in serial

determi.nations of the silica suspended in the water, we have dissolved our
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material in hot, diluted sodium carbonate solution, and neutralized the al-

kaline silicate solution with hydrochloric acid. 

Comparative investigations using silicic shells of different diatom 

species as well as other foins of amorphous silica (precipitated and dried • 

sine% kieselguhr [diatomite], and diatom gyttja) and employing different 

sodium carbonate concentrations and different reaction times have shown that 

a sodium carbonate solution of 0.25% will dissolve all amorphous silica 

present within one hour of boiling in a water-bath. Dissolution of fresh 

planktonic diatoms, in tact, is completed already after boiling for 30 minu-

tes and occasionally even after boiling for 15 minutes. 

We then have used the following procedure: 

(1)Mixed 50 ml. of the water sample (well shaken and withdrawn with 

the aid of a wide-mouthed pipette) with 25 ml. of a 0.75% sodium carbonate 

solution. 

(2)Heated for one hour in a boiling water-bath in a sealed nickel 

cup (replacing a platinum cup). 

(3)Cooled under running tap water and neutralized with 0.4 ml  of 

concentrated hydrochloric acid (if necessary, against phenolphthalein as in-

dicator). 

(4)Determined silica using the molybdenum blue method. Following 

addition of the molybdate-sulfuric acid, the sample must be shaken repeatedly 

in order to, first, expel the carbon dioxide completely and, secondly, re-

dissolve the calcium carbonate precipitated from calcium carbonate-rich water 

in the course of sodium carbonate treatment (in.strongly alkaline solutions 

calcium, carbonate is able to absorb some dissolved silica). 
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Determination of the suspended silica is made by substracting the 

dissolved silica from the total silica. 

The sources of  error associated with this particular method are found, 

above all, in the Si content of sodium carbonate and the salt content of 

the neutralized water sample. These errors bring about that the Si concen-

trations determined in the range of low concentration (ge. 1 mg Si/1.) are'too 

high, and these determined in the range of high concentration are too low. 

The negative deviation due to the salt error lies below 1% at Si concen-

trations of up to 3 mg Si/1.; however, the positive deviation due to the Si 

content of  sodium  carbonate is relatively large, above all, at concentrations 

below 0.3 mg Si/l. For that reason it is useful to plot a calibration curve 

using standard solutions containing equal quantities of sodium carbonate 

and acid. 

The method described above will yield reliable results in cases where 

the total Si concentration is not less than 0.1 mg Si/l. and where the con-

centration of suspended silica in relation to that of dissolved silica is 

not too low. 

2. Anal sis of the sediments 

- Mud samples destined only for chemical examination were 

taken with the aid of a drive sampler of the type described by Ungemach (1960). 

Mud samples destined for exchange experiments were taken with the aid of a 

sediment sampler after Lenz (1931). 

1.121De:_terminati_ons  made apart from the silica determinations - In or- 

der to estimate their dry substance, mud samples were dried at 1050. The 
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residue from glowing was determined after Ungemach (1960) by ashing for two

hours in a muffle furnace at 5500 C. The pH of wet mud samples was determined

by electrometric means without either dilution or addition of K01. The

microscopic examinations were carried out with the aid of a plankton micros-

cope f ollowing sedimentation of a suspension of wet mud in a planki;on ehamber,

c Determination of s:L].ica dissol__ved in the pore water o:P mud in .6.

mg S:i./1. of mud wat^^] The determination of silica dissolved in mud

water must^ if possible, be carried out immediately after sample tak.i.ngt and

this, above all' in cases where the quantity of substance is small. Admission

of air occasionally leads to rapid fixation of the dissolved silica.

In cases where adequate quant:i.ties were available, the wet mud was

centrifuged at a number of revolutions as high as poss-ibles and. the super-

natant mud water was then siphoned off; next the sample was diluted in corres-

pondence with the [expected] Si content, and the Si concentration was then

determined in the usual manner with the aid of the molybdenum blue method.

In cases where it was either strongly colored or turbid, the mud water ob-

tained on centrifugation was either filtered through a membrane filter or

re-cent.rifuged following acidification to pH 2 to 3. Acidification results

in the almost complete flocculation of the colloidal or finely disperse

components9 without any change in the concentration of dissolved silica being

observable.

In cases where the quantities of substance were only sma1lq the wet

mud was suspended in a certain quantity of water and the suspension was then

immediately filtered. That method has the disadvantage that rapid re-disso-

lution takes place in some suspended mùds, so that, following slow filtrationg

the Si values obtained may be too high under certain circumstances by 10 percent.
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1  

The Si concentrations determined in the diluted filtrates were con-

verted to liters of mud water  (mg  Si/l. mud water) in correspondence with 

the gravimetric dilution of the water contained in the wet mud. 

Occasionally we have treated the mud suspensions and the wet muds 

described above with hydrogen sulfide in a Kipp apparatus (for 5 to 10 min-

utes) in order to determine in a semi-quantitative manner, in particular, 

the quantity of silica present in the oxidized upper layer of the mud of 

mud-water systems. The hydrogen sulfide was removed from the samples with 

the aid of cadmium sulfate in weakly acidic solution following filtration or 

centrifugation of the suspensions or wet muds, respectively. 

d) Determination of suspended or bound silica in mud - ...(2) .12`,Etts1.11- 

cd'after Zuellig (1956), - The method reported by Zuellig (1956) for the de-

termination of so-called "free silica" in normal sodium carbonate solution 

at room temperature does not yield real values, as is demonstrated in Figu-

re 1. The diatomic • silica is attacked so strongly during the course of this 

treaLment with cold sodium carbonate that the Si value obtained after treat-

ment for one hour represents only a momentary value for the silicate concen-

tration gradually increasing in the solution. That method, at best, will 

yield relative values for the rate of dissolution. A small fraction of the 

"free silica" is present in the mud water in true solution, but the greater 

part is present as finely disperse, enorphaus silica. 

) Determination  of  in  % Si -The 

amorphous silica of sediments consists, above all, of the silica of the 

diatom shells and the shell'remains. As will be demonstrated in Section VI, 

continuous  dissolution of silica takes place in the upper layer of the mud-- 
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a layer measuring several centimeters in thickness. It then follows that the 

Si weights of the individual cells determined in living cells cannot be 

applied to the shells present in the mud or, at best, can be applied only 	.7. 

with strong reservations. Furthermore, counts include only the identifiable 

remains, but not the small fragments and the fragments contained in the de-

tritus, since their origins usually can no longer be discerned« These frag-

ments frequently are so small that they will pass through normal filter paper 

and will sediment out in the centrifuge only with difficulty; however, they 

will be retained.quantitatively on membrane filters (mesh size 0.5 11). Fur-

thermore, attention has repeatedly been drawn (Einsele and Grim, 1938; Joer-

gensen, 1955b) to the variability in the Si contents of the individual cells 

of the same diatom species. We then realize that the method of counting under 

the microscope is not suited for ous purposes, i.e. the determination of the 

content of amorphous silica in the sediment, due to both the reasons autlined 

further above and the expenditure of time involved. 

For all these reasons, we have used a chemical method suited .for 

serial examinations; that method involves bringing the amorphous (diatomic) 

silica of the sediments into an alkaline medium, i.e. it is the same one al-

ready described further above in connection with the determination of the 

diatomic silica suspended in the water. We therefore mention here only the 

modifications associated with sediment examination: 

Ten to 20 mg of dry substance are weighed, transferred into a nickel 

or platinum cup, and suspended in 50 ml. of 0025% sodium carbonate solution. 

The suspensions are heated for 60 minutes in a boiling water-bath, neutra-

lized, permitted to cool, filtered, and made up to a volume of 100 ml. In 

.7.7Y 
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cases of pronounced brown coloration, the pH is adjusted to 2 to 3 with the 

aid of hydrochloric acid, and the precipitated colloids are then removed by 

centrifugation. Dilution is frequently required prior to actual Si deter-

mination. 

This particular method permits rapid and reproducible determination 

of sodium carbonate-soluble silica. The sources of error mentioned in Section 

1.0. (i.e. errors due to sodium carbonate impurities and salt) can be lar 

gely eliminated by appropriate selection of substance quantities and dilutions. 

The disadvantage of the afore-mentioned method is found in the co-

determination of a part of the silica bound in silicate minerals. That error 

is particularly large in mineral sediments containing small amounts of amor-

phous silica. Since exact separation of amorphous silica  frein  silica bound 

in minerals could not be attained with the aid of the methods available, we 

were forced to accept that error. The quartz contained in the sediments, how-

ever, does not go into solution under the conditions outlined above. 

This method can be employed, above all, in the case of autochthonous 

sediments rich in amorphous silica. In mineral sediments, this method yields 

only maximal values.. 

(y) Determination of the total silica (termed Si 
 tot-'- 

 .) - The determi-

nation of the total silica present in mud (i.e. amorphous, crystalline and 

silicate-bound) was carried out in the following manner: 10 mg of dry sub-

stance were weighed and put into a platinum cup, ashed, mixed with 1 g of 

anhydrous sodium carbonate, and melted for five minutes; after cooling, the 

molten mass was dissolved in distilled water and filled to a certain volume 

with water with simitaneous neutralization. In the course of these mani- 
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pulations, great attention must be paid to avoid that the solution--as in 

the case of all procedures involving alkaline  solutions—cornes  into contact 

with glass. As in all disintegration procedures, neutralization must be carried 

out only following  appropria-te  dilution, since condensation to polysilicic 

acid will take place in neutral or weakly alkaline media above the saturation 

concentration of 50 - 60 mg Si/1., and that acid is not determined using the 

molybdate* reaction. 

II. Characters of the lakes investi ated 

...(2) The Large Ploen Lake_bmnZln2ILneel - The Large Ploen Lake-- 

well known on the basis of numerous scientific papers published by the Ploen 

Institute of Hydrobiology--exhibits a maximal depth of about 60 meters, and 

a surface measuring 30 square kilometers; it is the largest one of the Iakes 
1 

investigated in the present study with respect to the Si metabolism . 

The short-term stratification studies were carried out only in the 

north-western part of the north basin (Ploen Basin), which maximally measures 

44 meters in depth at Sampling Site F shown in Figure 2. The line separating 

that basin from the rest of the lake (broken line in the Figure) was laid 

down in a manner excluding the SW part of the basin because of its deviating 

stratification conditions. The bypolimnion of the basin demarcated in that 

manner is well separated from the rest of the Lake by a submarine barrier. 

The epilianne connection to the central part of the Lake interfered with the 

1 
The bathymetric map of the Large Ploen Lake recently prepared by Dr. Uter- 

moehl unfortunately was not yet available to me,.so that I was forced to use 
in my calculations the data. reported by Thienemann (1928) and a preliminary 
bathymetric map prepared around 1940 (cf. Figure 2). 

7  
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separate consideration of the basin to the extent that a continuous, sma:Ll

inflow of Si takes place into the north basin, due to the Si concentration

in the central basin higher by about 0.2 mg Si/I. than that of the north basin.

With the exception of the Tensfelder Au (600 - 700 I./sec) flowing

into the Lake in the south, all of the larger inflowing waters reaching the

Large :Ploen Lake are desilicified already in the lakes located in the front

of this Lake (i. e. the Behler Lake, Vierer 1:,ake, and the Kembser Lake), so

that Si inflow into the north basin is relatively small. The Si concentra-

tions of the Lake varied between 0.02 and 3.4 mg Si/I. during the years 1960

to 1963. A characteris-t;Lc diatomic gyttja is deposited in the deep basin. The

Large Ploen Lake is euproductive (cf. Oh1.e, 1955b; 1958a; and 1959) and rich

in calcium carbonate (with an acid-binding capaçity of about 2.4 tnXq./J. ).

(2) The Vierer Lake (Vierersee) - The Vierer Lake (Figure 3), which is

located along the eastern rim of the Large Ploen X,ake, consists of two basins

exhibiting different morphometric aspects. The large north basin (measuring

86 hectares) represents a wide, shallow trough exhibiting a maximal depth of

11 meters and a mean depth of about 6 meters. A. hypolimn.ion does not exist;

however, during calm weather in the course of the summer, we may frequently

observe Si accumulations and oxygen depletxon above the sediment and, occa-

sionallyi also sulfate reduction.

The southern basin (measuring 55 hectares) exhibits a maximal depth

of 17 to 18 meters and a mean depth o^.? about 8.5 meters; during the course

of the summer that basin shows stable stratification with a IÏa S-containxng

hypolimmon. The surface values reported above were detexmi.ned with the aid

of planimetry using the ordnance-survey map No. 1828, Ploen. The surface
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values reported by Ule (1891) and by Wegemann (1922) for the entire lake, 

viz. 222,8 and 206 hectares, respectively, are wrong. 

The Vierer Lake is euproductive (cf. One, 1959) and calcium-carbonate- .9. 

rich (with an acid-binding capacity of 2.0 to 2.7 Miki./1.); it receives In- 

flows from field drainages and from numerous springs located in the immediate 

area surrounding the laite;  furthermore, there is one inlet from the Heiden 

Lake. With the exception of the latter inlet, all inflows are very rich in 

Si. The Si concentrations in the Vierer Lake varied between 0.02 and 8 mg Si/l. 

during the years 1961 to 1963. 

.,(2)  The Heiden 	- The Heiden Lake is a natural, pond- . 

like body of water with a mean depth of about two meters; its location is 

shown in Figure 3. According to Wegemann (1922) Î  its surface measures 16 

hectares. This Lake possesses one relatively strong inflow (20 to 40 1./sec), 

which inflow is made up of field drainages and receives a large addition of 

spring water just before opening into the Heiden Lake. 

Due to the marked. importation of nutrients and the continuous mobili-

zation, production in this Lake is extraordinarily large (cf. Mlle, 1959). 

Despite its little depth, the macroflora is restricted to the shore zone due 

to the strong absorption of light by the turbid lake water. Apart from a 

narrow shore belt, the deposited sediment is very uniform in character. Even 

in the reduced state, the sediment is represented by a yellowish-brown gyttja, 

which is rich in diatoms in an advanced state of degradation. The color of 

the sediment may be attributed to clayey  minerais  transported into the Lake 

following floodings. 

The silica concentration values varied between 0.02 and 12 mg Si/l. during 

the years 1960 to 1963. The acid-binding capacity, as a rule, lies around 

3 to 4 ieq./1. 
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- The Pluss Lake is located in a basin.e, 

shaped valley, the slopes of which are covered with high beech woods. Tt, 

thus, receives large quantities of leaves, which greatly affect the Lake's 

metabolism. According to Ohle (1962) the PIuss Lake is characterized by 

extraordinarily great production and intensive metabolism. At the time of 

complete fall circulation, the acid-binding capacity of the lake water amount-

ed to between 1.6 and 1.7 mEq./1. 

Due to the low degree of wind activity, the summer epilimnion measures 

only five meters in thickness, and the state of stratification is highly 

stable. As a rule, anaerobic conditions prevail in the hypolimnion, po that 

higher bottom animals do not exist there. 

The surface of this Lake measures 13.5 hectares; the mean depth amounts 

to nine meters, and the maximal depth, to 29 meters. The Puas  Lake receives 

hardly any inflow at all; only during the winter months, same water flows 

into the Lake from the surrounding meadows and fields as drainage (apprexi-

mately 2 1./sec). The outflow into the Schluen Lake, too, car ies  small 

quantities of water only during the winter months (maximallY 5 ..,/sec). 

Due to the practical absence of allochthonous inflew oe dissolved 4.1- 

lica, the Pluss Lake is deficient in Si. The average coneentration pf the 

entire lake volume varied between 0.05 and 0.45 mg Si/l, uring the years 

1960 to 1963. 

...(5)  The Schoeh  Lake (Schbhsee)  - The Schoeh Lake--the Ploen Tnstitute 	.10. 

of Hydrobiology is situated along its southern shore--is a body of clear 

water exhibiting a production that is low in comparison to the afore-mentioned 

lakes (Ohle, 1952; 1959; and 1962). However, during the late summer we find 
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H2S formation also in the hypolimnion of this Lake. The Lake deposits an

iron-rich mineral sediment (Ungemach, 1960). During the periods of complete

fall and spring circulation, the acid-binding capacity amounts to 1.9 to

2.0 mEq./l. Apart from small meadow-drainage ditches, the Schoeh Lake

receives no ii:u-"low. Its surface measures 79 hectares; its maximal depth is

30 meters, and its mean depth amounts to 13 meters (Wegemann, 1922).

The Si content estimated for the entire lake volume varied between 0.02

and 0.4 mg Si/1. during the years 1961 to 1963.

(6) The IhZ Zake Thlsee p- The Ihl Lake is a small, calcium ca.rbonate-

deficient sand lake without any inlets; it is located north of Segeberg along

the eastern edge of the central Holstein sand region. The soils surrounding

this Lake are podzolized sands covered with pine woods or the remains of a

former heath vegetation. The xhl Lake is populated by aLobelia-Tsoetes asso-

ciation.

The acid-binding capacity amounts to 0.28 mEq./l,; the maximal Si con-

centration calculated for the entire lake volume amounted to 0.08 nig Si/l.

during the winter of 1962-1963. As a sand lake without inflow, this Lake is

extremely poor in silica.

According to Wegeraann (1915) the surface measures 42.5 hectares, and

the maximal depth is 22.5 meters. Recent re-measurements and re-calculations

of both the surface area and the respective layer volumes have been based on

the corrected mean depth of 6.6 meters (formerly given as 7.6 meters). The

volume, thus, amounts to 3.23 x 10a cubic meters, instead of 2.83 x 106 cu-

bic meters.

^̂̂̂
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III. Equilibrium  concentrations of dissolved silica 

1. The solution equilibrium of amorphous silica  and quartz 

Already certain earlier investigations (Struckmann, 1955; lienher and 

Merrill, 1917; and Jander and Heukeshoven, 1931), but, in particular, the 

studies published since 1050 by Alexander et al. (1954), Baumann (1955), 

Krauskopf (1956), Okamoto et al. (1957), and Kautsky et al. (1962) have de-

monstrated that there exists in waters a temperature-dependent solution equi7 

librium between the mono-molecularly dissolved silica and the different forms 

of polymeric silica. According to both  lier (1955) and Alexander (1957) 9 . that 

solution equilibrium is determined by both the size and the structure of the 

surface area of the silica particles, i.e. by the number of hydrolytically 

active surface groups." It then follows that aged, subcrystalline and crys- .11. 

talline Si02  compounds, due to their lower surface energy, eXhibit a lower 

solution equilbrium than does a freshly prepared silica sol. In the case of 

the young and, thus, highly active amorphous silica--which according to both 

Rogall (1939, and 1959) and Helmcke (1954) is employed in the construction 
(= 100-140  mg  Si0W1.) 

of diatom shells--thisSolution equilibrium amounts to 50 to 65 mg Si/l."„in 

the neutral and weahly alkaline region at 20 to 25 °0. Solubility increases 

greatly above pH 9 due to the more pronounced dissociation taking place at 
a 

that pH . 

According to Krauskopf (1.0.) and Greenberg and Price (1959), the 

solution equilibrium of amorphous silica is influenced hardly at  ail  by the 

ions dissolved in fresh waters or seawaters. The influence of the tempera-

ture, likewise, is small within the range of temperatures normally occurring 

The solubility curve after Correns (1940) may be regarded as being dated. 
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on the surface of the Earth. Krauskopf (1.0.) has given 60 to 80 mg S102/1. 

for 0o0, and 100 to 140 mg 5102/1. for 25
o
C. In our own experiments, we have 

obtained a constant final value of 85 to 96 mg Si02  for 5 00 and pH 6 to 8, and 

one of 116 mg Si 02 for 1500 and pH 7.5 on dissolution of a silica sol added 

in low excess. 

Apart from a few exceptions the surface waters, thus, are highly under-

saturated solutions mith regard to amorphous silica, and in these waters con-

densation of dissolved silica to polysilicic acid cannot take place. Since 

the Si dissolved in the water is present to the greatest part by far in the 

form of undissociated silicic acid (silica), it is improper to speak of si-

licate dissolved in water. 

The conclusions drawn regarding the saturation concentrations of dis-

solved silica in natural waters also are not impaired by the fact.that quartz, 

due to its low surface energy, exhibits only a solubility of 3 to 5 mg Si/l. 

(Gardner, 1938; Van Lier et al., 1960; Morey et al., 1962), so that many 

waters are oversaturated with regard to quartz. Since the rate of dissolution 

of quartz as well as the rate of quartz precipitation from the water are 

extremely low under the conditions normally prevailing on the surface of the 

Earth, and crystallization of quartz takes place only under certain, as yet 

unknown, conditions; since, furthermore, there develops an amorphous weathered 

layer on the surface of the quartz crystalls (O'Connor and Greenberg, 1958; 

and Van Lier et al., 1.0.); and since silicate minerals, as a rule, parti-

cipate in the solution equilibria in the pore-waters, we must assume with 

Morey et al. (1.0.) that the solution equilibrium of quartz is only rarely 

realized in nature under normal conditions of temperature and pressure. 	.12. 
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The high silica concentrations found by various authors (Schmidt and lacht-

rath, 1955; and Moray et al., 1.c.) must be attributed to the disturbed sur-

face layer of quartz particles (O'Connor and Greenberg, 1.c.). The hypothesis 

proposed by Baumann (1.0.) and Stoeber (1956), viz. that the different  5i02 

forms differ only with respect to their rates of dissolution, but not with 

regard to their solubilities, and that the dissolution of aged gels to the 

crystalline modifications is irreversible, must be regarded as having been 

refuted on the basis of the experimental results reported by the authors 

already mentioned a number of times. 

Recent realizations regarding the solubility of silica permit us  to 

conclude that the different forms of amorphous silica—whatever their state 

of conjugation may be—represent metastable compounds in the free water of 

inland waters and of the sea, which can came into being only by biogenic 

means. The "colloidal" silica found by leaksonen (1956) in springs and ponds, 

àâà by Wawrik (1960a) in Lunz running waters; and by Jaernefelt (1963) in 

Finniah  laies (ehich authors have presented no description of their methods), 

probably, represented only finely disperse, detritus-contnined amorphous, 

absorbed or mineral-bound silica, which can be separated already with the 

aid of a bacterial filter. In the examination of silica suspended in water, 

we must absolutely distinguish between the finely disperse and the colloid-

disperse fractions. 

2. E uilihrium concentrations of silica dissolved in pore-waters  of the soil 
and of the water-body sediments 

_.(11)  Introductory remarks  - The saturation concentrations described 

further above for amorphous silica are attained only rarely in natural waters. 
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In the case of the surface waters that undersaturation is not surprising, 

because the Si concentrations are kept at a relatively low level due to 

the continuous biogenic fixation of Si. However, we find also in the case 

of the pore-waters of the soil, of the mineral sub-soil, and of the water-

body sediments that the concentrations, in most instances, are below the 

saturation values of 50 to 60 mg Si/l. determined in the experiment using 

pure solutions. 

1121.S.11:1_921.goneAltrations in the ore-waters  of the soil and of the 

minerai  sub-soil - Only very recently workers have turned their attention to 

the problem regarding the factors deternining the silica concentrations in 

the soil waters. This problem is of significance to the linnologist to the 

extent that it touches on the relationships existing between the geological 	:1.3c 

and edaphic features of the catchment area, on the one hand, and the silica 

metabolism of the inland lake, on the other one. The silica concentrations 

of the waters flowing into a given lake and that of the running waters are 

determined to a large extent by the solubility conditions existing at their 

respective sites of origin. 

In the drainage waters, which feed the inlet opening into the Heiden 

Lake (cf. Figure 3), we have been able to demonstrate relatively uniform Si 

concentrations, which were strikingly constant during the entire course of 

the year. The Si concentrations in the latter waters were always between 

4 and 6 mg Si/l. Even following instances of unussually strong precipitation, 

which led to inflow of large masses of water, we were unable to observe any 

decreases in the Si concentration. On the other hand, we found that the spring 

waters (ground waters) in the Ploen region eXhibited a relatively uniform 



01, 

-28- 

and constant concentration in the region between 12 and 15 mg Si/l. (cf. 

Tables 10 and 11, and pages 40 and 41). The difference in the concentrations 

between drainage and spring waters can hardly be explained alone by the 

different contact times of the respective waters with the silicate minerals 

in the soil or the mineral sub-soil, respectively, sincq in that case, we 

would expect to observe large variations in the Si concentrations of the 

drainage waters in the course of the year. The situation rather suggests that 

we are dealing here with equilibria, which are well buffered against differ-

ent degrees of loadjng (represented by the rate of percolation of the rain 

water). 

We. have carried out a number of different percolation experiments using 

soils, which we shall first describe and then discuss. The experimental design 

was as follows (cf. Figure 5 9  left part): The moist (preliminary experiment) 

or air-dried soil samples (remaining experiments) were put into 2000-ml poly-

ethylene bottles after large stones and plant rests had been removed and 

large soil clumps had been crushed; the bottam of these bottles had first been 

out  off, and they were set up upside down filled to the rim. The percolating 

water uns dripped onto the soil surface and,  once the water holding capacity 

had been reached, collected at the lower end of the bottles. Experiments of 

this type were carried out in closed systems as well as in open systems. In 

the former case, the percolate was continuously returned within the closed 

system, i.e. dripped again onto the soil surface; in the latter case, water 

was dripped on in a continuous manner and collected, but not returned for 

additional runs.  AU  experiments were carried out in the dark at room tem-

perature. 



pirst e?:perimez^t ( preliminary experiment using garden soil): Leaching

(A) and regeneration (R) of dissolved silica in the soil (Figure 4).

Using moistq sandy garden soil from the Institute grounds^ the dis-

solved andt in part9 absorbed silica was first leached out by application

of a high percolation rate (up to 300 m1../hour) and then again regenerated

in the closed system.

JaQ ^GeachizIZ With 11 mg Si/l., the maximal Si concentration was al-

most reached already in the first percolate ( 100 m1..). The concentration then

increased to 11.8 mg Si/l. and subsequently decreased only to 10.6 mg Si/l. .14.

in the sixth 100 nt1 percolate9 which had run through at Hour 12 after the

start of the experiment. On the other hand, we found that the electrolytic

conductivity decreased in the first six percolates from 1100 to 400 020.

Follo«=ing a pronounced increase of the percolating rate and percolation of

an additional eight liters of distilled water, we finally observed marked

leaching from the soil sample, The final values of leaching and^ thus, the

initial values of regeneration were the following ones:

Si concentration: 0.62 mg Si/l.

Electrolytic conductivity: 38 ^020

pH: 6.6.

Refenera_L•ions The regeneration experiment using the closed system

was started with one liter of the percolating water collected last in the

leaching experiment. Due to the continuous withdrawal of samples, that vol-

ume of one liter decreased within the experimental period of five months to

a few milliliters. This continuous decrease of the percolating water accele-

rated the increase of the Si.concentration. On average, one percolation was

carried out each day. After three months, we found that the initial concen-
^^ï
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tration of 11.8 mg Si/l. had been reached; however, there occurred a further 

increase to 12.7 mg Si/l. during subsequent percolation. The latter con-

centration level was not exceeded during the following two months. Even vi-

gorous mixing of the percolating water with the soil sample or drying of the 

soil sample and subsequent re-saturation with water did not bring about a 

change in that level of concentration: The soil-water system had become 

saturated with regard to silica. The difference with respect to the initial 

value is small and may have been due to an increase in the experimental 

temperature: The experiment was started a few hours after obtaining the partly 

frozen soil sample (on December 4, 1962), but carried  out  at room temperature. 

Second eum4m2.1: Equilibrium concentrations of silica dissolved in 

the upper soil and the shb-soil of the Heiden Lake catchment area (Figures 

5 to 7). 

cJ Descrizbion of the soil:  The soils within the main catchment area 

of the waters flowing into the Heiden Lake are para-brown earths on top of 

boulder clay. The A horizon is greyish-brown, extensively scoured and, at 

some points, already strongly acidic. The B horizon shows evidence of clay 

and calciummagnesium carbonate accumulation. This Shifting of the calcium-

negnesium carbonate has led to the formation of a calcium-magnesium carbon-

ate horizont between the B and 0 horizons at a depth of 1.2 to 1.5 meters. 

In the sub-soil, numerous rust spots indicate dislocation of iron. Due to 

the density of the sub-soil„ the soils tend, above all at level sites, to 

show wetness due to impounding, and, for that reason, -must be drained. The 

soil samples employed in aur experiments were obtained at a natural section 

along the road to  Eu-tin close to the county border. That section had been 
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laid bare recently in a field during the digging of a drainage ditch (A, 

in Figure 3). 

1f3j.  Description of the experiment: In the first part of the experiment 

(Vessels AI  and Ble  in Figure 5) y  we have treated soil samples fram the A 

and B horizons separately: Using the open system, 100 ml. of distilled water 

were percolated each day up to Day 20 of the experiment. That quantity of 

water corresponds t6 a "height of precipitation" of 10 lem in 24 hours. The 

solution equilibrium in the soil-water system, thus e  was exposed to unnatur-

ally hiéh loading, and this, in particular, since the height of the soil 

column was only 20 centimeters. After Day 20 of the experiment, percolation 

was continued in the closed system using the 200 ml. of percolate collected 

last. The Si concentrations and the electrolytic conductivities measured in 

the individual percolates are shown in Figure 6. The remaining data have been 

summarized in Table 1. 

Table 1 	 Tabelle 1 

Perkolat 	 3. PA, 	 - 5. 
1. Nn 	2 'SBV 	pH Htb)

4.  
SBV 	pH Hubl 

1 	1,2 	6,6 	60 	1,4 	7,5 	20 
2 	1,0 	7,5 	-- 	2,1 	7,4 	-- 

3 	1,3 	7,6 	45 	2,6 	8,1 	10 
4 	0,9 	7,5 	* L.- 	. 2,9 	7,8 	-- 	- 
G 	0,6 	7,4 	35 	3,1 	8,1 	6 
8 	0,6 	7,4 	40 	2,9 	8,1 	-- 

10 	0,6 	7,3 	50 	2,7 	8,2 	8 
16 	0,7 	7,3 	50 	2,4 	8,2 	5 
20 	0,7 	7,1 	40 	2,3 	8,0 	5 

Table 1  - Key: l e  percolat No.; 2, acid-binding capacity; 3, percolate _ 
from soil A; 4, humus color given in color units after Mile (1934), in 
0.01 mg methyl orange/1., 5, percolate from soil B. 
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The electrolytic conductivity, at first, decreased greatly in the 

percolate of the A horizon sample as well as in that of the B horizon 

sample (PA1  and 131 ), i.e. during the first ten days it decreased fram 1800 

and 1400, respectively, to about 300 4S20. The silica concentrations, on 

the other hand, remnined at the same level right from the start, apart from 

a few minor variations. The humus color and the pH values also were rather 

constant. The acid-binding capacity (SBV) initially increased slightly in 

order to decrease gradually. 

The percolates of Al  and of B1  differed, apart from their silica con-

tents, also in the three parameters acid-binding capacity, pH, and humus 

color. Theee different properties would have to bb attributed to the trans-

location processes within  the  soil profile. 

In the course of percolation in the closed system (Days 20 to 37 of 

the experiment) we observed no noteworthy changes. Only the electrolytic 

conductivity increased again gradually (Table 2). 

Table 2 	 Tabelle 2 

Versuchs- 	 2. PAi 	 3. P13 1 
1. tag 	mgSi/1 	Ao 	pH 	mgSdl 	Alo 	pH 

	

23. 	6,85 	• 168 	7,1 	2,80 	227. 	8,1 

	

96. 	6,90 	211 	6,9 	2,80 	232 	7,8 

	

31. 	6,90 	261 	7,1 	2,78 	242 	8,0 

	

37. 	6,90 	326 	6,9 	2,80 	251 	7,9 

Table 2  - Key: 1, Day of experiment; 2 e  percolate from soil A; 3, percolate 
from soil B. 

In the second part of the experiment (Vessels A2 and B2 , in Figure 5), 

we treated the soil samples from the A and B horizons up to Day 22 as an 
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integrated system in correspondence with the natural situation: As is shown

in Figure 5, the percolate of the upper soil sample (following withdrawal of

a small quantity for Si determination) was subsequently passed through the

sub-soil sample. After Day 22 of the experiment we-as already done during

the first part of the experitnent-percolated each vessel in a closed systemo

The Si concentrations found in Percolates PA2 and PR_, are shown in Figure 7

together with those obtained in Mi of the first part of the experiment.

Third eR^Leriment: Behavior of the silica solution equilibrium in the .160

soil on artificial modification of the reaction conditions.

_(ce) Continuous addition of hydroch^.oric acid or sodium h^doxide solu-

tion -to the soila-wzter system: Following conclusion of the afore-described

ex.~periments9 the soil samples from the A horizon (Vessels A, . and A;3) were

first percolated in a closed system without addition of either hydrochloric

acid or sodium hydroxide solution until a certain steady state had been at-

tained. Next-with continuation of the closed percolating system we added

a few milliliters of n hydrochloric acid or n sodium hydroxide solution to

the percolating water at intervals of several days. Including the water held

in the soil samples, a total ot 700 to 800 ml. of water was in circulation

per Experimental Vessel. The afore-reported quantities of hydrochloric acid

and sodium hydroxide solution9 respectively= thus were diluted in corres-

pondence with that quantity of circulating water. The pH values and the Si

concentrations measured as well as the quantities of hydrochloric acid and

sodium hydroxide solution added in the course of the experiment have been

swnm-arized in Table 3.
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• tag 

A1  

pH 	mg Si/1 +mlnHCI  

A, 	-F-  min  

mg Si/I NaOH 13}1  
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Table 3 	 Tabelle 3 

	

1 	6,92 	7,00 	• 2 	6,90 	7,40 	2 

	

3 	- 	7,05 	2 	- 	6,95 	2 

	

6 	6,86 	- 	5 	7,05 	- 	5 

	

11 	6,70 	7,10 	5 	7,04 	5,85 	5 

	

21 	6,50 	9,10 	3 	7,20 	4,50 	3 

	

31 	6,65 	9,90 	5 	7,38 	4,45 	5 

	

38 	6,68 	11,40 	10 	7,63 	4,25 	10 

	

50 	6,50 	13,80 	- 	7,80 	4,00 	- 

1-50 	- 0,4 	± 6,8 	32 	+ 0,9 	- 3,4 	32 

Table 3 - Key: 1, Day of experiment. 

in/ Decrease of acidity, on addition of calcium carbonate and sodium  

hydroAen.  carbonate (Figure 8) In accordance with the experimental design 

outlined further above, we dripped [distilled] water onto air-dried soil 

taken from plough-land (approximately 2 kg) until an adequate excess (200 ml.) 

had been collected in the collecting vessel after the water holding capacity 

had been reached. Using that excess of percolating water, which decreased 

gradually in volume due to the withdrawing of samples, we then continued 

percolation in the closed system to the end of the experiment. The Si con-

centrations in the water dripped onto the soil samples amounted either to 

zero (distilled water) or to 20  mg 51/1. (silica solutions prepared by heat-

ing a greatly diluted, dialyzed silica sol), respectively. 

The initial concentrations in the respective percolates, which had 

passed through the samples a few hours after the start of dripping, amounted 

to 10.5 and 17.4 mg Si/1. 1  respectively. As is demonstrated by Figure 8, an 

equilibrium had been attained already in the first percolate by means of 

dissolution. However, the equilibrium was attained in a very delayed manner 



when binding of excess silica was involved. The rather high Si concentrations 

of 10.5 mg Si/l. (i.e. high compared to the results obtained in the second 

experiment, Vessels 11  and A2 ) and the distinctly delayed Si binding must 

be attributed to the relatively greater acidity of these soil samples: The 

pH value of the percolating water was 5.3 at the start of the experiment and 

then gradually decreased to 4.7. 

On Day 21 of the experiment, 10 g of powdered calcium carbonate were 

washed into the loose soil with the percolating water. At.first, we observed. 

rapid fixation of the dissolved silica, which then gradually decreased, al- 	.17. 

though the pH values in the percolating water continued to drop. Addition 

of calcium carbonate to isolated percolating water did not result in a change • 

of the Si concentration. The latter finding then indicates that the binding 

of silica was not done directly by the calcium carbonate added; rather, treat-

ment of the soil with calcium carbonate had created the preconditions required 

for a shift of the silica equilibrium in favor of fixation onto substances in 

the soil capable of absorption. 

Finally we found that the acidity of the soil-water system was com-

pletely neutralized following addition of 10 g of sodium hydrogen carbonate: 

The pH value of the soil water rose to 8.5, and the Si concentration dropped 

to a new level (1.5 mg Si/1.). In addition we found at that high PH value 

that a marked translocation of humic acids took place. The percolates were 

coffee-brown colored. 



-36- 

Summary and discussion of the experimental  results 

(1)Equilibrium concentrations of dissolved silica prevail in soil-

water systems; the equilibria are attained immediately after the penetration 

of water into air-dried soil. In extraction experiments using soil samples, 

McKeague and Cline (1963), too, have made the observation that the Si con-

centration increased very greatly in the extracting agent already during'the 

first minutes, and they have assumed that the soil particles are surraunded 

by an envelope of absorbed  mono-cible  acid, which acid can be liberated 

very rapidly. 

(2)The solution equilibrium of silica in soil water, in contrast to 

both the acid-binding capacity and the electrolytic conductivity, is sur-

prisingly well buffered. That equilibrium shows great resistance to prolonged, 

unnaturally high loading produced by high percolation rates. These experi-

mental results agree with the constancy of the Si concentrations found in 

both drainage and spring waters. McKeague and Cline, on the other hand, have 

observed a decrease in the Si concentration in extracts obtained in the cour-

se of continuous extraction by means of repeated soaking of soil samples with 

distilled water and subsequent removal of the pore-water by centrifugation 

after the moist soil samples had been stored for a certain period of time. 

That deviating result noy have been caused by treatment of the soil samples 

not corresponding to the natural conditions (i.e. pronounced discontinuous 

change of water), but may  also indicate that different soils exhibit differ-

ent buffering capacities with respect to the Si equilibrium. As is demonstra-

ted in Figure 4, the solution equilibrium is regained only gradually follow-

ing severe disturbance due to intensive leaching. It appears probable that 
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the silica bound either in an absorptive manner or to exchanger substances, 

which silica is in equilibrium with the dissolved silica, must first be 

regenerated by means of silicate hydrolysis. 

(3) The level of the equilibrium of dissolved silica in the soil 

water depends to a large degree on the acidity of the soil. The percolate 

obtained from the strongly acidic soil sample used in Experiment 3.p. eXhi-

bited a significantly higher Si concentration (cf. Figure 8) then that of 

the neutral upper soil layer used in Experiment 2 (cf. PA1  and 1>A2 , in Tables 

1 and 2, and in Figures 6 and 7), although both samples had been obtained 

from the upper soil layer of plough-lands, which are located not far apart 

(several 100 meters). Increases in acidity (i.e. addition of hydrochloric 

acid) brings about a rise of the silica solution equilibrium of soil-water 

systems, while decreases of acidity (addition of NaOH, CaCOs  or NaHCO3 , 

respectively) brings about a depression of that equilibrium (Table 3 9  and 

Figure 8). 	 • 

Investigations carried out by McKeague and Cline (1.c.) and by Jones 

and Handreck (1963), using suspensions of the hydrated oxides of iron and 

aluminum (cf. also  Ohio, 1964) as well as iron- and aluminum-containing soils 

and minerals, have shown that silica is particularly strongly absorbed in 

neutral to weakly alkaline media, while absorption above pH 10 decreases 

very rapidly, and in the acidic region, gradually. In a soil sample from 

the experimental grounds of the School of Agriculture of Melbourne Univer- 

sity, which soil was available in different pH phases (pH 5.5 to 7.2), Jones 

and Handreck (1.0.) found that the silica concentrations in the soil water 

decreased with increasing pH from 60 to 23 mg 8i02/1. 

.18. 
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The transportability of silica in the soils, thus, is maximal under 

acidic conditions, and not—as has been generally believed hitherto--under 

neutral or weakly alkaline conditions (cf. Scheffer and Schachtschabel, 

1960, page 20; and Hutchinson, 1957, page 790). 

(4) Upper soils and sub-soils endow their percolates with different 

properties e  among which properties we must stress in particular the pro-

nounced difference in silica contents: In the present experiments, the Si 

concentrations in the percolates of the upper soil were more than twice as 

high than those of the percolates of the sub-soil. The silica concentrations 

in the percolates of the sub-soil exhibited identical levels when percolation 

was started with distilled water and when percolation was started with the 

percolate from the upper soil. In the former case, Si dissolution (liber-

ation) takes place; in the latter one, Si fixation (depletion) takes place. 

In both cases, however, the final result was the same (Figure 7). Transpor-

tation of silica into the sub-soil may occur on the basis of the different 

equilibrium concentrations prevailing in the upper soil and the sub-soil, 

respectively. That transportation takes place in the dissolved form of si- 

lica, and not in the colloidal one. The results obtained in our second experi-

ment (Figure 7) do not support the contention suggested by McKeague and Cime, 

 viz, that the decrease in the Si concentration observed on increase of the 

pH value in soil-water systems represents an event due to pure absorption, 

which follows Freundlichts absorption therms, because we have found in our 	.19. 

experiments that the final concentration was independent of the initial con-

centration despite high percolation rates. Attainment of the equilbrium takes 

place from above as well as from below. 
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The silica concentrations observed in the pore-waters may be regarded

as complex acid-base equilibria, with the ions involved being either dis-

solved in the pore-water or bound as fixed ions to an exchanger substance.

Since silicic acid (silica) is a very weak acidg it follows that the

equilibrium will be shifted toward increased silica fixation with increasing

bas3.cityy with the maximum of fixation ands thus, the minimum of freei dis-

solved silica' being shifted very far into the alkaline region (cf. Figures 8

and 9; LZcKeague and Cline, l.c., page 89; and Ohle, 1964).

The Si concentrations in the seepage waters of the soil are determined

by the respective solution equilibria prevailing at the site of origin.

These solution equilibria depend, above all., on the base saturation. We must

count on an increasing liberation of silica with increasing acidification

of the upper soil, which liberation, however, may be compensated by a corres-

ponding fixation in the sub-soil, so that the silica does not get into the

running waters. The uniform and strikingly constant Si concentrations found

in the drainage waters of the ground moraine area of eastern Holstein must

be regarded as being due to the uniform origin of these waters in the im-

pounded waters of the calcium carbonate-rich B horizon.

(c) Silica concentrations in the pore-waters of [fresh-] water body sediments

With the exception of a very recent publication by Chle (1964), the

pertinent literature does not contain data on the Si concentration in fresh-

water body sediments. Several investigations in that direction have been made

in the case of sea-water sediments by Bruevich (1953) and by E^nery and Rit--

tenberg (1952).
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The Si concentrations found in the mud waters of the lakes in Sleswig-

Holstein and Jutland (Denmark) differ very greatly (i.e. between 3 and 50 mg 

Si/1.). ?wen within a given lake we may find deviating concentrations in the 

different depth regions. As a rule, Si concentrations increase with increas-

ing water depth. The numerical values arranged in Table 4 demonstrate that 

the silica concentrations of the mud waters do not depend on the centent of 

the muds of amorphous (sodium carbonate-soluble) silica. As in the case of 

the soils, these concentrations are co-determined to a large extent by the 

sorptive properties of the sediments. The lowest values were found in the 

sand  laites  without inflow (No. 1 to No. 5). However, these concentrations .  are 

strikingly high in the mud of the Little Uhlei Lake (No. 6), which contains 	.20. 

only 0.05 to 0.09 % Sia/dry substance. In that case we found that 20 to 40 

per cent of the sodium carbonate-soluble silica of the dry substance had 

earlier been dissolved in the mud water: 

The muds of the different depth regions of the Large Ploen Lake differ-

ed very greatly with respect to their contents of diatomic silica, but only 

a little with regard to their concentrayions of dissolved silica. As we 	.21. 

Shall demonstrate in Section VI, the latter aspect is of decisive importan- 

ce for the liberation of dissolved silica from the sediment. 

The muds e±hibiting high contents of amorphous silica (> 5% SI/dry 

substance) without exception also contained high Si concentrations in their 

pore-waters. These concentrations are particularly high in the Jutland sand 

lakes e±hiting low to moderately high calcium carbonate contents and re-

ceiving dissolved silica through inflowing waters (No. 15 to No. 19). 

Following prolonged storage there appear in these mud samples equilibrium 
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Table 4 - Si concentrations in the pore-waters of different mud samples 
ring Si/l. mud water), arranged in accordance with the Si contents of their 
dry substance (%si/dry substance). Key: See = Lake; Lake No. 8 = Forest 
humus lake near . .1 . 

	

Ni. 	Sec  Lake 	Seetiefe 	 °/o Si a/Tr.S. 	- --" 	, 
Depth 	 substan 

m 	a 	b 	e 	d 	e 

	

0,1-1 	1-2 	2-5 	5-10 10-16 

mg Si/1 SW Müd wat 

	

1 	Iblsee 	 5-21 	2,5-5 

	

2 	Billtsee 	 3-4 	 7-9 
11 	1-3 

	

3 	Egges6 	 4 	- 	5 	. 

	

4 	Mi3rkes6 	 7,5 	 6 

	

5 	Gr. Langsti 	 11,5 	 6 

	

6 	KI. Ukleisee 	 8 	8-11 

	

7 	Kolksee 	 3 	3 
4 	4 	 • 
4,5 	 9,5 
5,5 	 20-25 	. 

	

8 	Waldhumussee bei 	1,5 	 13 
Silkeborg/Jiltl. 

	

9 	Plu5see 	 10-13 	10-15 
23-28 	 15-22 

	

10 	Schtihsee 	 13-28 	9-15 

	

11 	Heidensee 	 - 	2-3 	 20-25 

	

12 	Grebiner See 	 5-10 	10-11 
• 15 	 11-18 

28 	 27-28 

	

13 	Vierersee 	 11 	 40-45 
17 	 39-44 

	

14 	Gr. Pl6ner Sçe 	15-20 	25-26 
20-28 	 22___06 

28-30 	 25-28 
30 	40 	 27-30 

	

15 	S6bys6 	 5,5 	 37 

	

16 	Sunds6 	 2,5 	 50 

	

17 	Alminds6 	 15 	 50 

	

18 	Slaans6 	 . 11 	 48 

	

19 	Tors6 	 5 	 49 

concentrations of between 52 and 56 mg Si/l. mud water at 5 00, and of between 

71 and 77 mg Si/l. mud water at 20°0. With regard to amorphous silica, these 

mud waters, thus, must be described as saturated to weakly oversaturated 

solutions. About three weeks after mud-sample taking, the pH value of the 
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centrifuged solutions amounted to 6.7 to 7.1; after prolonged storage at 
o 	. 20 0, it amuunted to 5.5 to 5.8. These sediments are only weakly buffered 

by calcium carbonate. 

In order to investigate the dependence of the equilibria of dissolved 

silica in the interstitial waters on various factors, we have carried out a 

number of experiments using muds and mud-water systems: 

..(sY1 Experiments with wet muds:  The influence exerted by the temperature 

on the solution equilbrium of silica in mud water is demonstrated by the re-

sults obtained in the following experiment: Mild samples taken from the Heiden 

Lake on January 18, 1965, were first stored at either 5o or 15 to  20°C.  

Once constant Si concentrations had appeared, the conditions under which 

these mud samples were stored were reversed on August 5, 1965, i.e. the  

sample" was stored at 2000, and the "20°C-sample" was stored at 5°C. As is 

demonstrated in the following compilation of data (Table 5), new equilibria 

appeared after a certain time in the respective samples in correspondence 

with the changes in temperature: 

18.1 	28.1. 	8.2. 	20.2. 	 • 	27.7. 	5.8.  

5' 22 	21 	22 	22 	5' 21 	22 
15 	92 	29 	30 	31 	 34 	34 

5.8. 	 5.8. 	6.8. 	13.8. 	27.8. 	14.11.  

50  --> 20' 	22 	25 	28 	80 	33 
20' 	5' 	34 	30 	98 	98 	25 

These data then indicate that temperature-dependent equilibrium concen-

trations of dissolved silica prevail in mud waters, which nny be attained as a 

consequence of Si liberation as well as of Si fixation. 
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A As in the case of the soil waters, we find also in that of the mud .22.

waters that the solution equilibrium of silica is influenced by the pH value

(or by the base saturation, respectively): 7'relim.i.nary experiments on mud-

water exchanges had shown that addition of calcium carbonate to the ma.d taken

from calcium carbonate-deficient lakes resulted in a pronounced decrease of

the liberation of Si from the mad into the. wa.ter. W e were in a position to

assume that this increase of basicity led to increased binding of dissolved

silica to the mud substaneeshaving adsorptive capacity. That assumption was

confirmed by the results obtained in an experiment using Kolk Lake Md. The

Kolk lake-a small, calcium carbonate-d,eficient (acid-binding capacity: 0.40

mEq./l.)y shallow forest lake-deposits a leaf-humus mud, which, according

to Ungemach (1960) has a calcium content of 3% Ca/dry substance.

We have prepared different pli phases of mud by adding either hydrochloric

acid or sodium hydroxide solution to mud samplest  after a constant Si concen-

tration of 24 mg Si/l. of mud water had been attained at 200 C. As a conse

quence of these pH changes (of. Figure 9) we observed a pronounced tilting

of the concentration curve at the initial pli value: Acidification had brought

about a shift of the equilibrium in favor of dissolution, while increase in

basicity had led to a depression of the level-a depression due to increased

absorption. The decrease in fixation of dissolved silica observed in the re-

gion above pH 8.5 probably =st be attributed to an increase in the solubi-

lity of amorphous silica due to both increased dissociation and a transfor-

mation of the absorbents or exchangers, respectively, into the hydroxide

form..
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L51 Experiments usinz.  mud-water D-stems: In his mud-water exchange 

experiments, Mortimer (1941-1942) found that the Si concentration in the 

overlaying water did not rise any further once a ceryain value had been reached. 

He stated: "The source of silica, whatever it may have been, appears to have 

become eXhausted." As we have demonstrated further above, there exist true 

equilibration concentrations of dissolved silica in mud. The increase of the 

Si concentration in the overlaying water of mud-water systems, however, is the 

result of an exchange between the Si-rich interstial water and the less Si-

rich overlaying water (cf. Section VI). This then would indicate that this 

exchange, in the course of time, must lead to equalization of concentration 

or, at least, must come close to it, and that, inconsequence, no further 

increase of Si can take place in the overlaying water. A number of different 

experiments have demonstrated that the equalization of concentration between 

mud and water is not based on a simple nixing of bodies of water, but exchange 

and re-dissolution in the nud proceed in an integrated manner, and this until 

the equilibrium concentration characteristic for the mud in question has been 

attained in the mud as Well as in the overlaying water. From that point on, 	.25. 

water exchange takes still place across the mud-water interface, but no Si 

dissolution. 

However, it is out of the question to speak in this connection of ex-

haustion: If the overlaying water is repeatedly removed [in the experiment] 

and replaced by fresh water having a lower Si content, we will find--at least 

in diatam gyttjas and other silica-rich muds--continuous dissolution and Si 

liberation into the water. 

In one exchange experiment, which had been started during February of 

1961 using a diatom gyttja from the Large Ploen Lake, we found that equali- 
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zation of concentration had beèn practically completed after half a year at 

room temperature. The overlaying water of the aerobic experiment eXhibited 

a concentration of 33 mg Si/le, and that of the anaerobic experiment, one of 

34 mg Si/l. The situation had practically not changed at all by November of 

1963 (!): In the overlaying water from these two experiments we measured 

34 and 36 mg Si/1., respectively. After discontinuation of the experiment 

in November 1963, the Si concentrations of the centrifuged mud water amounted 

to 35 mg Si/1 in the aerobic experiment, and to 38 mg Si/l. in the anaerobic 

experiment. The mud of the aerobic experiment was oxidized right through to 

the lower surface of the mud layer measuring 4 cm in thickness; the surface 

was covered with a rusty-brown oxide coating. The anaerobic mud was black 

and strongly smelled of hydrogen sulfide. The pronounced difference between 

the redox potentials of these two water-mud systems exerted only a minor 

influence on the respective solution equilibria. 

The situation found in the case of experiments using Schoeh Lake mud 

was an entirely different one. In that case, we again found that the Si values 

increased in the water overlaying the layer of mud measuring 4 cm in thick-

ness, i.e. they inereased until a constant saturation value had been reached. 

That value amounted to 4 to 6 mg Si/l. in the aerobic systems, but to 15 to 

18 mg Si/l. in the anaerobic systems; the latter high Si values were asso-

ciated with pronounced formation of hydrogen sulfide. 

This varying influence of the redox conditions on the silica equili-

brium in the mud-water system of the Large Ploen Lake, on the one hand, and 

that of the Schoeh Lake, on the other one, must be attributed to the entirely 

different characters of these sediments, and this, above all, with regard to 
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iron contents. The diatom gyttja of the Large Ploen Lake, according to Un-

gemach (1.c.), contains 1 to 2% Fe/dry substance, but the clayey mineral 

sediment of thé Schoeh Lake contains 4.7% Fe/dry substance. The percentage 

values of sodium carbonate-soluble silica (% Si
a
/dry substance) give a ratio 

of 16.0:1.5. 

Equilibrium can be brought about in a mud-water system by either one 

of the two processes involved, i.e. by means of dissolution and by means of 

absorption (fixation). That fact has been demonstrated by the results obtained 

in the following experiment: Several 5-liter plastic containers were filled 

with a 4-cm layer of Schoeh Lake mud obtained at a depth of 26 meters; the 

mud layer was then covered with Schoeh Lake water. Once the equilibriam had 

been attained under aerobic conditions (4 to 5 mg Si/1.), the overlaying 	.24. 

water was 1E:placed by two liters of fresh lake water; a portion of that water 

had been enriched with silica. The initial concentrations in the overlaying 

water now amounted to 0.3 (a) and 9.8 mg Si/l. (b), respectively,  As  is 

demonstrated in Figure 10, a concentration of 5 mg Si/l. had again  ben 

 attained in the (a) exPeriment after two months due to release of Si from 

the mud particles. In the (b) experiment, the concentration in the overlaying 

water had decreased to 6 mg Si/l. due to absorption (fixation). Simple equa-

lization of concentration without dissolution (release) or fixation, respec-

tively, could have led only to a change in concentration in the overlaying 

water of ± 1.0 mg Si/i. The course of the curve clearly indicates that we 

are dealing here with the appearance of an equilibrium of the type already 

described in our soil-water systems. The quantity of the overlaying water 

influences solely the time required until equilibrium is attained, but does 
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not influence the Si level. That level is determined solely by the mud.

Once the overlaying water of a given mud-water system has been isolated

from its mud phase and silica is added in a different formg we find that the

equilibrium conditions are different in that water. In an exchange experiment.

using Schoeh lake mud-an experiment9 in which the conditions corresponded

to those described in connection with the other experiments-•9vie added a small

quantity of dialyzed silica sol (concentration: 1000 mg Si/1.) to the over-

laying water9 which had attained a constant concentration of 3.9 mg Si/i.

Following addition of the sol, the overlaying water contained 5 nig Si/i. in

the dissolved form and 13 mg Si/1. in the colloidal form. A portion of the

overlaying water was removed with the aid of a feed scoop and stored in the

same room in a sealed polyethylene bottle. Figure 11 shows the courses of the

Si concentration in these two water samples: In the isolated parallel sample,

the colloidal silica had dissolved almost completely after ten days and the

concentration of dissolved silica had risen to the potential value of 18 mg

Si/l. The situation in the water of the main samples howeverg was an entirely

different one due to the relationship existing between that water and the mud.

The colloidal silica had been absorbed very rapidly by the mud, so that9

alone for that reason, any increase in the concentration of dissolved silica

in the overlaying water was possible only to a limited extent. However, apart

from that^ we found that dissolved silica was also bound by the mud, until

the original equilibrium had again been attained one month later.

Corresponding experiments using Schoeh Lake mud under anaerobic condi-

tions as well as Large Ploen Lake mud under both aerobic and anaerobic con-

ditions have yielded similar results. Figure 12 illustrates the results
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obtained in the aerobic experiment using a diatom gyttja from the Large 

Ploen Lake. However, in this instance, we added such a large quantity of 

silica that the total Si concentration was at a level above the saturation 	.25. 

concentration valid for amorphous silica. That saturation concentration 

(54 ng Si/i.) was attained only in the water isolated from its mud, but not 

in the overlaying water of the mud-water system. 

The solution conditions in the interstitial waters are completely 

different from those in the free water, and the results obtained in experi-

ments using pure or electrolyte-containing, but suspension-free water can-

not be applied to the situation existing in muds. 

In the pore solutions of water-body sediments--as in those of the soils 

--there exist temperature- and pH-dependent saturation concentrations. These, 

however, are located at a very different level, and they are determined by 

the silica content, by the species of silica present, and by the sorptive 

properties of the mud in question. The saturation concentration for amorphous 

silica is reached only in muds with high contents of diatomic silica..The 

concentrations are strikingly high in the sediments of the calcium-carbonate-

poor, but silica-rich sand lakes of Jutland. The low equilibrium concentra-

tions found in other diatom gyttjas could be caused by a certain absorption 

of metal ions or metal oxides on the surface of the diatom shell and the con- 
4 

sequent decrease in surface energy .  Absorption of that type is greatly pro- 

moted by calcium carbonate. The mobility (transportability) of silica is 

maximal also in the sediments at low pH values. We find that the concentrations 

4 
In addition we must, in the case of older sediments, take into consideration 
the decrease in surface energy brought about by aging of the amorphous si-
lica. 



of dissolved silica increase only above pH 9 to 10 (values rarely occurring 

under natural conditions). The antagonism assumed by Correns (1950; and 1951) 

to exist in the solubilities of calcium carbonate and silica in sediments 

(i.e. marked dissolution of calcium carbonate at low pH values, and marked 

dissolution of silica at high pH values) would, for that reason, hardly ever 

be realized as far as silica is concerned, and probably is valid only in the 

case of pure calcium carbonate-silica mixtures. 

The view suggested by Emery and Rittenberg (1952)-viz, that the silica 

getting into the upper sediment layers with the interstitial water during 

sediment diagenesis is precipitated there because of the lower pH, among 

other factors—is no longer tenable for the same reason. The lower Si con-

centrations found in the upper sediment layers must be attributed in the 

first instance to the exchange with the water close to the bottoM (cf. Sec-

tion VI.30). 

IV. Biogenic determination of silica concentrations in lakes 

Both the marked variations in the silica content of lake waters during 

the course of the year and the fact that the Si concentrations in a given 

lake are almost always and frequently to a considerable extent at a level 

below that of the inflowing waters must be attributed to the utilization 

of silica by various groups of organisms, among which the diatoms occupy a 

predominant position. Birge and Juday (1911) and Broensted and Wesenberg-

Lund (1911 - 1912) were the first authors to draw attention to that parti-

cular aspect. 

6 
Inorganic adsorptive precipitation of dissolved silica was not observed in 
our investigations of lakes, since the adsorptive agentân)resent in the free 
water of the latter bodies in quantities too low for observation. 
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The investigations carried out in the Eastern Holstein Lake Region did 

not yield any indications suggesting that there exists any marked Si con-

sumption by other groups of organisms. The decreases in Si concentration 

observed, which decreases are very pronounced, above all, during the spring, 

must be attributed solely to diatom development and, above all, to the de-

velopment of plankton. Other Si-uptaking organisms (Porifera and Chrysophy-

ceae, among other ones) mould be of importance for the Si metabolism of in-

land lakes only in a local and sporadic manner. On the basis of the mass 

occurrences of Porifera in Lake Baikal, Wotinzew [Votintzev] (1948) has con-

cluded that these organisms exert a relatively pronounced influence on the 

Si metabolism of that lake, but he has been unable to present any direct 

evidence pointing in that direction. 

2._ca_31 -2.b.11. sa_ndi_dmitin,E  factors 

Despite the fact that the silicic nature of the diatom shells has been 

known approximately since the middle of the last century, we at the present 

time know almost nothing about the biochemical processes involved in Si up-

take and Si incorporation. 

Since silicic acid (silica) is dissolved in the water in a mono-mole-

cular form, but is present in the skeletal elements in the form of a more 

or less dehydrated silica gel, we must regard the process of incorporation 

as a form of biochemical condensation. 

According to Lewin (1954; and 1955);  silica uptake by diatoms represents 

an aerobic, respiration-coupled process, which takes place also in the ab-

sence of light. Diatoms (pavicula pelliculosa)  kept in a silica-deficient 
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nutrient solution took up silica upon transfer into a more silica-rich 

medium, and they did that also in darkness. Silica-starved cells reportedly 

add a second coat of silica onto the shell already present [when exposed to 

a silica-rich environment]. 

In our experiments using a planktonic biocoenosis--which had been ob-

tained during May of 1961 from the Heiden Lake at the time  of Asterienella 

mass development--we have, in fact, been able to determine an increased 	.27e 

uptake of Si.during the dark period of 12 hours. In that planktonic bio- 

coenosis, Asterionella formosa, representing the main phytoplantonic form, 

was present with 3 x 107 cells/1. and Fragillaria crotonensis, with 106  cells/1. 

In addition that biocoenosis contained Chlorococcales (Scenedesmus and Pe-

diastrum) and, among its zooplankton, Bosmina and various Copepoda. The 

cultures, which were kept in polyethylene bottles, were continuously aerated, 

and illuminated in a 12-hour rhythm paralleling the day-and-night change; 

the light source was a 100-Watt bulb set up at a distance of 50 cm. Heiden 

Lake water was used as culture medium, to which no nutrients were added. 

The experiments were carried out at room temperature. 

The courses of Si concentrations observed in two parallel experiments 

are shown in Figure 13. Already after six days, the initial Si content of 

1.5 mg Si/l. had decreased to 0.06 and 0.18 mg Si/1., respectively. The 

concentrations remained below 0.1 mg Si/l. up to Day 50 of the experiment; 

following short-term concentration increases due to the addition of fresh, 

filtered Heiden Lake water, the concentrations dropped again rapidly to 

between 0.04 and 0.10 mg Si/i. Starting on Day 50, we determined the Si con-

centrations at the beginning and at the end of each light period (or each 
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dark period, respectively), i.e. at 9 a.m.  and  at 9 p.m. Figure 13 and 

Table 6  show  that Si uptake took place preferentially during the night, 

Table 6 	 Tabelle 6 

a 	 + 132 — 30 = ± 102 	 -I-  28— 54 — 26 
± 137 — 21 = + 116 	 + —  92=— 88 

a ±b 	 ± 269 — 51 = +218 	 + 32 — 146 = — 114 

Table  6- Key: Increase (+) or decrease (-) of the Si concentration, 
determined in each case over 12 hours and totalled for nine days. 

while we usually observed increases in Si concentration during the day. 

The latter increases probably were due to the lysis of dead diatoms. This 

diurnal rhy%lim is particularly clearly evident in the course of the Si con-

centration observed in the case of our (b) experiment (continuous line, in 

Figure 13). 

Dr. Stange-Bursche has informed me that she was able to observe . vigor-

ous multiplication in Asterionella formosa, in particular, during the night 

(in sedimentation chambers), while the cell number remained almost constant 

during the course of the day. 

The ability of diatoms to carry out Si uptake in the absence of light 

or, in fact, to carry out that activity in a more vigorous manner under that 

condition, no doubt, is of some  significance in connection with the biogenic 

silica utilization in lakes. Due to that ability, Si uptake can be continued .28. 

also in water layers located below the compensation point, into which layers 

living diatoms may be transported by convection currents, seiches or the 

force of gravity. This uptake of Si does not have to be connected with 
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znultiplication' since Si may be taken up later on and laid down onto the.

shell already present (Lewin.^ 1954). On the basis of the observation made

in Lake Constance (Lower Lake) that the o:cygen-depleting zone reaches up

hig.ller. than the Si-depleting zone reaches down, Elster and Einsele (1938)

arrived at the conclusion that it is possible "•i;hat the loxygen compensation

point' is located at a level higher than the 'Si compensation point', i.e.

that the predominance of Si utilization and consumption reaches below the

level of positive ox.ygen balance."

The biogenic determination of Si concentration in lake waters is limi-

ted by the concentration of Si present at the onset of the period of depletion

and the quantity of dissolved silica added during the course of that period.

As a rule' silica can be taken up only once in the sourse of a period of

depletion, since a"short circuited system" ("ïcar zgeschlossener Kreislau.V)

(Ohie' 1952) is practically absent due to the non-occurrence of Si release

by the living ce11sq on the one hand, and the low rate of dissolution of Si

present in the shells of dead diatoms. If the other growth factors permity

all silica present in the water may be fixed by biogenic means apart from

a residual quantity of 10 to 20 mg Si/cubic meter-a concentration close to

the limit of detection. Only the modern ion exchangers possess a similar

desilicifying action:

In the lakes of eastern Holstein' total consumption and utilization

of the dissolved silica during the spring represents the rule. Whether that

total consumption is only a consequence of the more recent "rapid lake eu-

trophication" (ohle, 1953b; and 1955a) cannot be determined with certainty9

since no comparable investigations are available from the past. Similarly

^̂,^^,
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low residual quantities of Si bffle been reported repeatedly in the pertin-

ent literature; these publications have been reviewed by Joergensen (1953). 

However, a complete disappearance of Si from silica-rich waters can 

take place only on the basis of extensive storage or on that of intensive 

replenishing of nutrients. Nutrient-deficient waters eXhibit a relatively 

narrow'range of variation of Si concentrations, as has been demonstrated by 

the results obtained in numerous investigations carried out by Elster in 

Black Forest lakes and Lake Constance. 

Hughes and Lund (1962) were able to demonstrate in laboratory experi-

ments that Si depletion in Lake Windermere is arrested during the spring 

by phosphate deficiency. Addition of phosphorus (phosphate) to Lake Winder-

mere water resulted in a greatly increased uptake of Si. In the nutrient-rich 

lakes of eastern Holstein, we find, on the other hand, that Si uptake is 

not limited by any minimal concentrations of other nutrients, and multipli-

cation of diatoms is arrested only by Si deficiency. 

In cases where the dissolved silica has practically been completely 	.29 , 

consumed, we find that the depth of depletion ultimately determines the 

extent to which the total supply of dissolved silica available in the entire 

lake volume will be fixed (or precipitated) by biogenic means. The term "depth 

of depletion" indicates the depth level in a given lake, down to which the 

Si concentration is decreased on the basis of biogenic consumption and uti-

lization. The depth to which the Si concentration in the lake water decreases 

to the saine  extent as in the mixed upper layer will be termed the "relative 

depth of depletion," and the depth to which apy biegenic Si decrease at all 

occurs will be termed the "absolute depth of depletion." The "Si hypolimnion" 

(Elster, 1939) begins below the level of the absolute depth of depletion. 
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The exchange processes possibly taking place following discontinuation [ 

of depletion are not covered by these concepts, since they represent only 

processes of concentration equalization: The silica transported upward with 

the circulating water from the lower layers is not fixed by biogenic neans, 

but increases the concentration of the surface water layer. The relative 

depth of depletion, as is demonstrated by Figures 17, 18, 20 and 26, can be 

readily discerned in the course of the Si isopleths. That depth does not re-

present a fixed parameter, and it may either rise or fall during the course 

of the period of depletion. The absolute depth of depletion cannot always be 

determined in an unequivocal manner. 

It is advantageous to limit the use of the terms defined above to those 

cases, in which the nain zone of diatan multiplication is located in the 

nixed upper layer, i.e. in which depletion, thus, can spread by means of 

the vertical water exchanefrom the upper layer to the lower body of water. 

The depth of depletion, thus, also indicates the thickness of the depletion 

layer. In the present investigations of the Holstein Lake Region, we did not 

observe any depleted laYers isolated from the surface layer of the type re-

ported by Birge and Juday (1911) from Beasley Lake, and assumed to exist by 

Stangenberg  (1961) on the basis of his Si stratification curves. 

The depth of Si depletion in a given lake, thus, is determined by the 

following factors: 

(1)The position of the compensation point (maximal depth of positive 
assimilatory balance); 

(2)The depletion intensity;  and 

(3)The extent of vertical water exchange. 

In cases where the vertical water exchange reaches beyond the level 

of the point of compensation, we will find that biogenic decrease of Si 



concentration takes place also below that level: With the rising water fresh

silicic acid is constantly transported into the zone of diatom multiplication9

where it is rapidly consumed (i.e. utilized). However, the diatoms either

sinkà.ng or transported to lower layers by the descending water masses hardly .30.

ever release the silicic acid they have once incorporated; on the contrary,

despite the negative balance of energy, these diatoms continue for a certain

time to take up more silicic acid. The Si concentrations, thusq decrease con-

tinuously also below the compensation point, until the multiplication of these

diatoms is arrested or exchange is discontinued.

The quantity of Si taken up either in a certain partial lake volume

or in the entire lake volume cannot be detexnnined'exactly, since sedimenta-

tion of the formed suspensoids (diatomic silica) as well as continuous re-

plenissiment of dissolved silica take placa during the period of depletion.

Furthermore, it is not possible to determine in quantitative terms the amounts

of Si fixed by littoral offspring growth. The quantity taken upt thus, cor-

responds neither to the decrease in dissolved silica nor to the increase in

suspended silica. The decrease in concentration corresponds most exactly to

the actual depletion when the interval of time between the two samplings is

as short as possible; the value obtained for decrease in concentrati.on, how-

ever, will never be equal.to depletion because of the continuous autochthon-

ous liberation of Si.

The total quantity of Si taken up during a certain interval of time

corresponds to the difference between the change in concentration actually

measured and the change expected on the basis of theoretical considerationsg

with that difference then being multiplied with the lake water volume. The

measured change in concentration may be positive^ zero, or negative.



-57- 

The increase in concentration expected on the basis of inflow is, 

by all means, amenable to calaulation; that increase has been taken into 

consideration by Elster (1959; and 1959) in his calculation of the Si de-

pletion in Lake Constance and the Black Forest lakes. However, the highly 

unknown factor is found in the autochthonous liberation of Si, which is 

based, above all, on the release of Si from the sediment. As we shall demon-

strate further below, it is possible in some lakes--at least for the summer 

and fall months--to make certain predictions regarding the increase of aver-

age Si concentration calculated for the entire lake volume, with that in.- 

crease in concentration being almost exclusively of autochthonous origin. 

However, during the period of diatom development during the spring, we find 

that the depletion (uptake) processes in the deeper lakes predominate to 

such a large extent that we are permitted to neglect the authochthonous 

liberation, which, in any case, is greatly reduced at that time due to the 

low temperatures prevailing at that time. 

2. Course and extent of depletion of  silica in Holstein lakes 

lajtjerg.e... Lake - The course of the average Si concentration, 

calculated for the entire water volume of the north basin of the Large Ploen 

Lake (as plotted in Figure 14) shows a strikingly distinct periodicity. That 

periodicity is due to the gradual, relatively constant increase in the Si 

concentration in evidence well into the winter, and the subsequent drop in 	.51. 

Si concentration during the months of March and April due to biogenic utili-

zation, reversing the situation almost entirely. The periods of depletion 

occurring during the summer and the fall are relatively unimportant (cf. 
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Figures 16, 17, 24 and 25). Instances of minor depletion were observed in 

1961 during July, and in 1962 around the end of May and the beginning of 

June and again during September-October. 

In 1961 as well as in 1962, diatom development was arrested during 

the spring due to the complete consumption of Si by April. The minimal con-

centrations amounted to 0.01 tO 0.02 mg Si/l. Only the depths of depletion 

differed in these two years, which depths were determined by the climatic 

conditions prevailing during the months of March and April. As is illustrated 

by the data presented in Figures 17 and 24, respectively, the courses of 

of depletion were identical in these two years UP to early in April: From 

the surface down to the maximal depth (40 m), the Si concentration decreased 

in the course of one month from 3.0 to 1.2 mg Si/l. 

In 1961, the vertical exchange of water was so greatly reduced beginning 

around April 15th eue to a rapid warming of the surface water that subse-

quent depletion up to complete consumption was limited to the upper water 

layers. The relative depth of depletion decreased that year to 18 meters 

(from 40 m). In Figure 18, the conclusion of complete circulation is indi-

cated by the 6°  isotherm, and the end of Si depletion in the entire column 

of water is indicated by the 1.0-mg isopleth. These two lines show almost 

identical courses. In 1962, on the other hand, complete circulation took 14 

days longer due to a very cold spring, and depletion was completed already 

ten days earlier than in 1961. The relative depth of depletion was identical 

with the lake depth up to the end of the period of depletion, i.e. complete 

consumption of Si occurred within the entire lake water volume. Even one 

meter above the mud, we were able at a depth of 40 meters to measure the 
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minimal concentration of 0.02 mg Si/l. (Figures 19, 20 and 24). The differ-

ent situations existing during 1961 and 1962, respectively, are summarized 

in Table 7 0  

Table 7 	 Tabelle 7 

J ale 	
2 	

o 	
4. 	5 

Ende der 	En2der 

	

Zehrungstiefe 	linimalkcmzentr.. 

Zebrung 	absol. 	relative 	über cl. 	in 

	

m 	Sdilmmu  O-15 in 

1961 	ca. 5. April 	ca. 20. April 	40 	40 	18 	1,20 	0,02 

1962 	Ca. 20. April 	ca. 10. April 	40 	40 	0,02 	0,01 

Table 7 - Key: 1, Year; 2, completion of full circulation; 3, end of 
depletion; 4, depth of depletion; 5, minimal concentration above the 
mud, and in the 0-15 m layer, respectively. 

During the spring of 1962 we were able also in the other parts of the 

Large Ploen 'Lake to deteemine almost complete consumption of Si. On May 4th, 

we measured in the entire water mass of the remaining lake parts a concen-

tration between 0.09 and 0.13 mg Si/1., while the concentrations prior to 

diatom development had amounted to 3.2 to 3.4 mg Si/l. We then realize that, 

within one month, almost the entire dissolved silica of this lake was.fixed 	.32. 

by biogenic means. Calculations based on the lake volume (412 x 106  cubic 

meters) showed that that fixation corresponds to a quantity of about 1400 

tons of Si (= 3000 tons of 5i02 ): 

During the spring of 1963, we found that depletion was again restricted 

to the upper water layers, since rapid warming of the surface waters occurred 

after an unusually long period of ice coverage. 

It then appears in the case of the Large Ploen Lake that the extent 

of biogenic fixation of the lake's silica supply is ultimately determined 

by the climatic conditions, which determine the onset and the end of complete 



0

_60-

spring circulation. The morphometric features of this particular lake, how-

ever, bring about that, even in years associated with depletion depth not

reaching far down, mo:^e than 90 per cent of the Si supply present is con--

sumed, as is demonstrated in Figures 14 and 17. However, the different

depths of depletion are associated with very large differences in Si strati-

fication, which differences remain intact until the onset of fall circula-

tion (cf. Figures 54 and 55).

The surprisingly great depths of Si depletion-as observed, in parti-

cular, during the spring of 1962-occurred at a visibility depth of only

three to four meters. The fact that the Si concentrations dropped within one

month down to a depth of 40 meters from 3.2 to 0.2 mg Si/l., and down to a

depth of 55 meters to 0.1 mg Si/l., thus, can only be explained by suggesting

that Si uptake is not bound to the presence of light, but can also be continued

at depth levels below the level of the compensation point. This is all the more

possible, since the 0-to-5 mvtater layer makes up about one quarter of the

total lake volume, and the 0-to-10-m water layer makes about one half of that

volume..2'he average illumination conditions for the plankters apparently do

not deteriorate to an extent during extensive circulation as might appear on

first approach considering the depth levels mentioned above.

Numerous indications exist suggesting that diatoms gradually sinking

toward the bottom in calm waters continue to take up silica for a certain

period of time also in the dark depth, and this, in particularg in cases where

these diatoms had earlier been Si-starved ("Si-undernourished") but otherwise

were well nourished, Following onset of stagnation, we find toward the end of

April a great accumulation of living diatoms (Stephanodiscus astraea) in the
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depth of the Large Ploen Lake, while the upper layers are rapidly evacuated. 

That process is illustrated in Figure 21 on the basis of the concentrations 

of diatomic silica measured. At the end of April, the upper layer had been 

evacuated apart from 0.6 to 0.8 mg of suspended Si/1., while the concentrations 

--in particular, at a depth below 25 meters--increased greatly and reached 

4 mg of suspended Si/l. at a depth of 40 meters. 

When comparing Figure 20 and Figure 21, we are struck by the finding 

that the increase in the concentration of dissolved silica commenced in the 

hypolimnion only at a time when the diatoms had almost completely sedimented. 

Earlier in the season, the limit of 0.05 mg Si/l. had not been exceeded for 	.33 . 

more than one month. As vd11 be demonstrated in Section VI on the basis of 

the results obtained in mud-water exchange ex/eriments, there occurs a con-

tinuous release of Si fram the mud. That release takes place also prior to 

the sedimentation of the spring diatom population. That fact is demonstrated 

by the data presented in Figures 24, 55 and 58. We thus are forced to assume 

that living diatoms (Stephanodiscus astraea)  accumulated in the depth during 

the spring of 1962 prevented the expected rise in Si concentration for more 

than one month by means of their Si uptake. 

The periods of depletion occurring between the spring periods of de-

pletion are relatively unimportant. They cause, at best, short-term and local 

decreases in Si concentration. With regard to the total lake water volume, 

these intermediate periods of depletion result only in slight decreases in 

the overall increase of Si concentration. The Si quantity taken up during 

the summer and fall amounted in both 1961 and 1962 to only ten per cent of 

the total annual uptake. The concentrations of suspended diatonic silica did 
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no-t;  exceed 0.3 mg Si/l. (Figures 15 and 25). The species composition was an 

entirely different one compared to the spring plankton; above all, that 

population was not that greatly dominated by one single species* Only Ste-

phanodiscus hantzschii occurred in relatively large numbers of individuals, 

and this, in fact, in both years immediately after the disappearance of the 

spring population. As is demonstrated in Figures 20 and 21, the pronounced 

multiplication of St. hantzschii took place around the end of May 1962 on 

the basis of an initial Si concentration of 0.04 to 0.06 mg Si/l. and con- 

tinuous replenishment from the depth. A number of very different species were 

involved in the depletions occurring during the summer and the fall: Asterio-

nella formosa, Fragillaria crotonensis,_Sy) .-Adra_ sous, Sterhanodiscus astraea, 

St. hantzschii, St. binderana, Attheva zachariasia  and Oyclotella. 

No exact data can be provided on the role played by the littoral off-

spring diatoms in the Si metabolism of the Large Ploen Lake, since these 

organisms cannot be determined in quantitative terms. A part of the depletions 

reflected in the decreases in the concentrations of dissolved silica l ,however, 

must have been caused bY the sessile diatoms of the littoral. According to 

Kann (1940, page 204), the nain period of development of littoral diatoms 

falls also into the months of March and April, and ends once the water tem-

perature exceeds 10°0 (cf. Figures 18 and 19). 

Joergensen (1957) has reported from Furesoe and lengbysoe that the maxi-

ma of development of planktonic and littoral diatoms, respectively, never co-

incide there. The littoral diatoms exhibited their main period of develop-

ment following the disappearance of the planktonic diatams during the spring, 

although the Si concentration had dropped also there to 0.02 - 0.04 mg Si/l. 
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Lb The l'luss Lake - The Pluss Lake exhibits a similar periodic course .34.

of average Si concentration as the large Ploen Lake; however, the level is

significantly lower (cf. Figure 26). The short-interval examinations covered

only the year 1961^ but random samples taken during the years 1962 and 1963

revealed no really significant devâ.ations. The Pluss Lake exhibited only one

period of depletion9 which was concentrated on the month of March (Figures 26

and 27). The silica present was almost completely consumed down to the rela-

tive depth of depletion of 20 meters (residual concentration: 0.02 mg Si/l.),

although visibility depth was only three meters. The absolute depth of de-

pletion was located at the 25-m depth leve7.g where the Si concentration amount-

ed to 0.8 mg Si/1. Complete consumption of Si down to maximal depth-as ob-

served in 1961 In the Large Ploen Lake-was prevented by the sluggish verti-

cal water exchange, which did not reach the lower water layers. Stephanodis-

cus hantzschii and Snzedra acus represented the predominating diatom species.

Diatoms in quantities worth mentioning were observed only during the spring.

Cyanophyceae predominated during the rest of the year. The diatoms play a

subordinate role in the Pluss lake since the Si quantity available in the lake

(0.4 to 0.5 mg Si/s..) is relatively small, and liberation (recycling) pro-

ceeds at a very low rate (1 to 2 mg Si/cubic meter/24 hours). At least 80 per

cent of the diatomic silica formed is eventually subjected to sedimentation.

(é) The Vierer Lake - Almost complete biogenic fixation of dissolved

silica occurs during the spring also in the Vierer Lake (Figure 28); the Si

concentrations in that lake are considerably greater than the ones found in

the Large Ploen Lake. The main diatom species involved in this fixation of

Si is Ste.Thanodiscus astraea; however, numerous additional species are
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involved (including Synedra acus 9  Asterionella formosa, Melosira granulata,  

and Pr] .aria  

The consumption of Si by diatoms during the summer of 1961 and that 

during the summer of 1962 differed greatly, as is demonstrated in Figures 28 

and 29. The difference in summer depletion is made evident in particular when 

we compare the September values for dissolved silica, which are shown in 

Figure 70 in the stratification curves 4 and 4a. During the entire summer, 

the concentration of suspended diatomic silica amounted in 1962 to about 0.3 

mg Si/1.; during the summer of 1961, on the other hand, diatoms could hardly 

be found even under the microscope. During the summer we found that the main 

diatom species were the ones, which had played only a secondary role during 

the spring. 

The greater part of the diatomic silica of the spring plankton goes 	.35. 

into the sediment (during the spring of 1962, the total Si content dropped 

from 7.8 to 0.5 mg Si/1.); during the summer, however, we must count on more 

pronounced dissolution in the water. 

(4 The Heiden Lake - Due to both the greater inflow of nutrients from 

the surrounding area and the continuous mobilization of the nutrients due to 

the low depth of the water, we may  in the case of the Heiden Lake--in contrast 

to that of the Large Ploen Lake--see mass diatom development during any sea-

son of the year and, thus, also pronounced consumption of silica, in which 

consumption, as is demonstrated by Figure 30, a number of greatly different 

species may be involved. The extraordinarily rapid changes in the concen-

tration of dissolved silica (Figures 30 and 31) are characteristic for the 

Heiden Lake--changes of a type not observed in the deeper lakes eXhibiting 

stratification during the summer. 
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As already mentioned in connection with the Vierer Lake, we found also 

in the case of the Heiden Lake that the depletion of Si was significantly 

more pronounced during the summer of 1962 than during [the summer of] 1961. 

These differenees again are particularly evident when we compare the Sep-

tember values, giving a ratio of 1:10. 

Wawrik (1960b) has carried out several Si determinations in Austrian 

ponds, describing the situation as relatively undefined. She, too, found 

maximal and minimal concentrations between 0.5 and 10.5 mg Si/l. [sic: 10.5 

and 0.5 mg Si/1.] during any season of the year. 

Despite the usually very intensive consumption, the great turbulence 

of the lake water, and the continuous replenishment of Si fram the mud as 

well as from the environment, we found that the increase of suspended sili-

ca in the lake water corresponded only in a few cases to the decreases in 

the concentrations of dissolved silica. The maximal concentration of diatomic 

silica amounted to 2.8 mg 51/1.; however, that of the dissolved silica de-

termined prior to the latter determination amounted to more than 6 mg Si/l. 

We then find that relatively rapid sedimentation of diatoms took place also 

in the Heiden Lake. A part of this deficit could also be due to the Si up- 

. take by littoral offspring growth. 

The amplitudes of the Si concentrations corresponded also in the case 

of the Heiden Lake to the maximal concentrations, as is indicated by Figure 30 

and Table 8. Due to the vigorous metabolism involving mud and water, the total 

annual depletion (or consumption) amounts to a multiple of the maximal con-

centrations. Without taking autochthonous liberation into consideration, we 

already obtain an annual value for consumed Si amounting to 20 mg Si/l. The 
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quantity of Si actually consumed would, at least, be twice as high. 

Table 8 - Variation of Si concentration in the Heiden Lake. 
_ 

Si concentration  in. water 
Jahr 	 Si-Konzentration im Seewasser 

Year 	Maximum 	minimum 

1961 	 7,2 	 0,04 

1962 	 8,7 	 0,02 

1962/63 	 12,0 	 0,02 

(t)  The remaininE Slesvi.-Holst ed - The extent of 

the Si depletion in the remaining lakes--usually investigated only in a random-

type manner--will be characterized on the basis of their respective maximal 

and minimal concentrations determined in the course of a period covering well 

over two years; these concentrations have been compiled in Table 9. The values 

presented in that Table are related  in  most instances to surface-layer samples, 

and they may be regarded as being representative for the total water volume 

only cum grano  salis (with due allowance for exaggeration). In instances where 

the values were calculated on the basis of results obtained in stratification 

studies, we have indicated that fact by adding a (S) behind the value. 

In almost all eastern Holstein lakes, biogenic precipitation of Si dur-

ing the spring leads to minimal concentrations of dissolved silica of between 

0.01 and 0.03 mg Si/l. The latter concentrations may be found in the upper 

layers of water during any spring. We find variations in the depths of deple-

tion, which depths depend on the climatic . conditions. In cases where the Onset 

of summer stagnation is delayed, we find that the entire supply of dissolved 

silica is depleted down to the maximal depth. The silica laid down during 

spring bloom in the diatom shells is almost completely sedimented. 

.36. 
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• Table 9 	 Tabelle 9 
dissolved silica 	 suspend_ed edlica 

mean niittl. 	 gels te Kieselsiture 	 suspend. Kicseisiiure 

Lake 	depth Tief e 	 Maximum 	 Minimum 	 Amplitude 	 Maximum 

Name des Sees 	 m 	Date 	mg Si/1 	Date - 	mg Si/1 	mg Si/I O/o 	Date 	mg Si/1 

Behler  Sec 	 10,6 	10. 12. 60 	3,5 	5. 5. 62 	0,07 	3,43 	98 	2. 9. 62 	0,45 

Belauer  Sec 	 ' 9 	10. 12. 61 	4,2 	23. 4. 61 	0,06 	4,14 	99 	23. 4. 61 	1,0 

Bornhavecler See 	 6,2 	10. 12. 61 	8,3 	15.4. 62 	0,03 	8,3 	100 	27. 5. 62 	2,45 

Dieksee 	 12,6 	4. 3. 61 	3,3 	16. 4. 61 	0,45 	2,85 	86 	16. 4. 61 	0,25 

Edebergsee 	 6,9 	21. 1. 62 	1,1 	30.4. 61 	0,10 	1,0 	91 	26. 2. 61 	0,6 	 I 

Ci;i110/ ■ ., S,./. 	 1,8 	19. 11. 61 	9,7 	7. 5. 61 	1,0 	8,7 	90 	27.  8.61 	0,3 	 01 

(; I Airr !ivt! 	 !),J1 	20, 10. 01 	1,8 (8) 	18.4. 02 	0,03 	1,8 	100 	1, mehrfaeh 	0,1 	 ---.1 

Cr. Planer See/Nb. 	 J 0,0 	1/(1. 02 	3,2 (8) 	7. 0. 0:-!, 	0.0',.! (H) 	;1,2 	103 	17. .1. 02 	1,0 (S) 	 I 

guls= Total 	14 	21. 1. GS 	3,4 	4. 5. 02 	0,10 (S) 	3,3 	07 	10, 0. 01 	0,1; (!) 

Heidensee 	 2 	23. 2. 63 	12,0 (S) 	1. 5. 62 	0,02 	12,0 	100 	10. 4. 02 	2,8 

IhIsee/Segeberg 	 6,6 	23. 1. 63 	0,08 (S) 	8. 6. 61 	0,03 (S) 	0,05 62 	— 	— 
Kellersee 	 11,7 	4. 3. 61 	3,9 	16. 4. 61 	0,12 • 	3,78 	97 	— 	— 
Kolksee/Eutin 	 4,5 	21.  2.62 	0,9 	24.4. 62 	0,15 	0,75 83 	1. mehrfach 	0,1 

Krummensee 	 4 	21. 2. 62 	0,25 	4.3. 61 	0,08 	0,22 	88 	. 4. 3. 61 	0,2 

Plu6sce 	 8,9 	15. 2. 61 	0,47 (S) 	7.4. 61 	0,05 (S) 	0,42 	90 	24. 3. 61 	0,4 (S) 

Sclierensee/Bornh. 	 3,9 	. 	10. 12. 61 	6,5 	12. 7. 61 	2,4 	4,1 	63 	27. 5. 62 	1,2 

Sdiierensee/Grebin 	 6,1 	28. 1. 62 	2,2 	7. 5. 61 	' 0,14 	2,1 	94 	19. 11. 61 	0,2 

Schmalensee 	- 	 4,8 	10. 12. 61 	8,5 	23.4. 61 	0,10 	8,4 	99 	23. 4. 61 	2,3 

Sdimarksee 	 4 	27. 8. 61 	3,9 	7. 5. 61 	0,10 	3,8 	98 	19. 11. 61 	0,9 

Schahsee 	 11 	16. 1. 62 	0,38 	, 4. 4. 63 	0,02 	0,36 95 	— 	— 
Vierersee 	 7 	21.  1.62 	7,8 	16. 4. 62 	0,03 (S) 	7,8 	100 	10. 6. 62 	0,7 

Key: 1, several times 
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In contrast  • o spring depletion, we find that the depletions occurring 

during the summer and fall, respectively, vary greatly from one year to the 

next one as well as from one lake to the nec t one: As a rule, we will find 

that the extent of the summer depletion processes increases with decreasing 

mean depth of the lakes. That increase probably must be ascribed to the in-

creased mobilization of certain nutrients essential for both the growth and 

the multiplication of planktonic diatoms. The silica concentrations  canot 

 represent the cause of these depletions, since they may, under certain cir-

cumstances, be relatively high also in the deeper lakes. That fact is demon-

strated in a comparison of the summer Si values found in the Large Ploen Lake 

(Figures 17 and 24), in the Vierer Lake (Figure 28), and in the Heiden  Lake 

 (Figure 30)1  respectively. Furthermore, we know that marked diatom development 

may occur also on the basis of very low Si concentrations (cf. Figures 20, 21 

and 26). 

Figures 19 to 25 indicate the existence of a certain connexion between 	.38 , 

the periods of depletion and the occurrence of relatively pronounced, wind-

induced exchange processes. 

The differences in the extent of Si depletion observed in the years 

1961 and 1962 1  respectively, may have been caused by the different climatic 

conditions prevailing then, and this, in particular, by the temperatures pre-

vailing during the summer of 1962 1  which were far below the mean values. Ex-

tensive depletions were observed during that cold summer also in the running• 

waters (cf. Section V. 2b.). 



V. Silica concentrations in rumnin waters, and the alloc?athonous silica s^zn I
-- -- `^.^°__

r_ - - - -
of lakes

1. Introductor.v remarks -• The deficit in dissolved silica in a given

lake-a deficit, which is due to the pronounced biogenic utilization' above

all, during the spring-is completely made up during the course of the year,

so that the diatoms appearing during the following year have available for

their purposes the same Si quantities as those of the preceding year. In the

investigation of the problem of the origin of these---i'requently considerable-

Si quantities, we must first consider the alloehthonous supply of Si.

Comparative investiga.tionsg carried out in the lakes of Slesi^ri.g-H-olstein

and in those sii,i.iated in Jutland, have shown that the Si concentrations ob-

served in these lakes outside the periods of depeltion depend largely on the

presence or Rbsences respectively, of waters flowing into the lake in question.

The differences are particularly large in the sand lakes of Jutland: During

September of 1962, we found in the lakes having no inflowing waters Si con-

centrations of less than. 0,2 mg Si/l., while the lakes with inflowing waters

exhibited concentrayions of up to 8 mg Si/l. The eastern-Holstein lakes having

no inflows or almost without inflowing water---the Ih1 Lake, the Buelt Lake,

the Pluss Lake and the Schoeh Lake-showed during the years 1961 and 1962

average concentrayions not exceeding the limit of 0.5 mg Si/i. (these average

concentrations have been calculated for the entire lake volume); the lakes

with inflov-ring waters , i.e. running.Gvaters 9 exhibited values of up to 12 mg Si/1.

The question then arises: To which extent are these differences produced

by a direct increase of Si concentrations; and, to which extent do the inflow-

ing waters influence indirectly the Si balance of the lake, in that they, by

way of biogenic silica precipitation in the la3.i:ej bring about the conditions

for increased autochthonous Si release from the sediment.
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2. Factors deternLi.ning the Uilica metabolism of rlm.ning waters

The concentrations of Si in streams and rivers are determined by the

follo,rd.ng factors:

(a) The mixing ratio of the different waters and the Si concentrations

of these waters; and

(b) the changes in the concentrations along the course of the streams .39.

or rivers-changes that are due not to the mixing in of lateral inflows but,

above all^ to the biogenic consLmzption of dissolved silica.

(a) The Si concentrations determined at the openings of stremas or rivers

-apart from the changes mentioned under (b)-represent the result of mixing

of water bodies of different origins and, thus, usually also exhibiting dif-

ferent Si concentrations. The Si concentrations in the individual bodies of

water depend on the patterns prevailing at the sites of origin; they may be

largely constant or may be subject to large (seasonal) variations.

In the region.investigated in the eastern Holstein hill country, the

following originating waters may be distinguished with respect to their Si

contents:

Waters of precipitation flovr.i.ng off on the surface of the soil: These

particular waters exhibit the greatest variations with regard to both their

Si contents and their volume; they are characterized by their high contents

of turbidity-producing substances and their low concentra -,;'.ions of dissolved

silica (an.d thi.s, above all, during the period of snow melting).

The seepage waters originating in the interstitial system in the soil,

which do not flow into the ground water, but leave the soil in the form of

small rills or by means of artificial drainages after passing through one or



Kleinmilblenbach 	 D, 
2. (Heidensee-Zufluf3) 

27.  11.60 
20. 3.61 

5. 11. 61 

5,3 

	

4,5 	5,4 	597 

	

4,8 	3,4 	835 

4,9 
5,4 
6,0 
5,5 
5,4 
6,8 

710 
' 756 
704 
747 

6,2 
6,1 

5,8 
6,2 

D3  4,5 
4,1 

4,0 

27. 11. 60 
20.  3.61 
28. 4. 62 

5.  5.63 

4,1 	538 
525 

4,5 

525 

3, Frisch ausgebobener Acker-
entwâsserungsgraben nahe D, 5. 5. 63 	4,5 	5,2 

D„ 5.  2.61 5,2 

Schwentine am 
Bungsberg 

	

16. 4. 61 	5,2 	3,1 	444 

	

6. 5. 62 	4,3 	2,9 	410 

6 • Schwnnkungsbreite 4-6 (6,8) 3-6 100-800 
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several more or less thick soil layers. These waters usually originate in 

the waters impounded in the soil, either at low lying areas close to the 

groundwater or above compacted horizons in the soi, as, for instance, above 

zones of accumulated clay over boulder clay or hardpan layers in soils over 

glacial sand. The latter type of water was investigated in particular in the 

case of drainage waters in the Heiden Lake catchment area, which waters ori-

ginate in the water impounded in para-brown earth over boulder clay. As is 

shown in Table 10 and as has been discussed already in Section III,  these 

particular soil waters are distinguidhed by their strikingly constant and uni- 

form Si contents, and this in the percolation experiment as well as in the field. 

Table 10  - Silica concentrations in 
area; 2, . inlet; 3 9  freshly dug 
Bstl. = east of; 5, am . at the; 6, 
binding capacity. 

1.  Einzugsgebiet 

drainage waters (D). Key: 1, Catchment 
field drainage ditch close to D1; 4, 
range of variation; 7, date; 8 e  acid- 

7. Datum 	mg Si/1  8  SBV 	pS„ 

27.11.60 
3.61 

5.11.61 
28. 4.62 
21. 5.62 

5.  5.63 

D2  

134 	28. 4.62 	5,0 
5.  5.63 5,3 	4,5 

27. 11. 60 	4,5 
20. 3. 61 	5,7 	3,3 	522 

4. Schwar  tau bstl. • 
Kl. Meinsdorf 

	

D, 	19. 3. 61 	4,8 	2,0 	409 

	

• D2 	19. 3. 61 	4,5 	4,2 	530 

DI 	5. 2.61 	5,1 	4,0 	604 

	

5. 2. 61 	5,2 	2,9 	512 

Kossau 

Schluensee 
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The spring waters originating in the mineral subsoil and the ground 

water accumulating in wells exhibit a similar constancy with regard to their 

Si contents; however, we find that the range of concentration in their case 

lies between 11 and 16 mg Si/l. The individual values are presented in Table 11 , 

Table 11 - Silica concentrations in well and spring waters. Len 1, Type 
of water, and location of the well or the spring, respectively; 2, Ploen 
tap water; 3, well water at . . .; 4, six springs along the Small Ploen 
Lake, north shore; 5, springs along the Dick Lake; 6, Luisen spring 
along the Keller Lake; 7, seven springs along the Vierer Lake, east Shore; 
8, spring inlet into the Vierer Lake (12 to 14 1./sec); 9, springs open-
ing into the Heiden Lake inlet; 10, range of variation; 11, date; 12, 
acid-binding capacity. 

1 • Art des Wassers 
Lage des Brunnens 	Datum 	mg Si/I 	SBV 

()der der Quelle 	 11. 	 12. 

2. Miner Leitungswasser 	1960-63 	12-13 	4,2 	790(C1-) 

• Brunnenwasser  bel 
Sevel, Jutland 	 Sept. 62 	13 	4,0 

p.S 20  

4.  Ci Quellen am Ki. 

1)1 ,11er See, N-Ufer 

	

11.  5.63 	15,2-16,3 	5,6-6,0 	570-600 

	

8. 12. 63 	14,9-15,3 	5,7-6,0 	570-600 

5 , Quellen 	N-Ufer 	23. 5. 63 	14,3 	5,5 

am Dieksee 	1 S-Ufer 	4. 3. 61 	11,9 

6. Luisenquelle am Kellersee 23. 5. 63 	13,3 	5,4 

7.  7 Quellen am 
Vierersee., 0-Ufer 1961-63 	12,0-14,8 	4,1-4,7 	460-510 

8. QuellzUfluf3 zum 
Vierersee: 
(12-14 I/see.) 

3. 2. 61 	11,9 	4,1 	508 

2. 6. 61 	12,2 	. 4,1 	. . 	507 

23. 8. 61 	12,4 	4,2 	510 

5. 11. 61 	12,0 	4,2 	508 

31. 3.62 	11,5 	4,2 	506 

4. 5. 62 	11,3 	• 4,2 	510 

15. 7. 62 	11,8 	4,2 	513 
' 5. 5.68 	12,4 	— 	— 

9, Quellen zum 
Heiclensee-Zufluf3 1961-63 	11-13 	4,0-4,6 	500-560 

10. Schwankungsbreite 	 11-15 (16) 	4-6 	460-600 
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The water flowing  out  from stagnant surface waters--ponds, pools and 

lakes--with regard to its character depends to a greater or lesser extent 

on the characteristic metabolic processes in the originating waters. All 

concentrations within the range between 0.02 and 12 mg Si/l. have been obser-

ved by us. 

Apart from the running waters, which contain relatively large quanti- 	.40e 

ties of water from stagnant waters, and apart fram the short periods follow-

ing strong precipitation, during the course of ,i,tich large quantities of rain 

water flow off on the surface, we find that the Si concentrations of the 

streams in the eastern Holstein hill country are determined by the mixing 

ratio of drainage water and spring water. On the basis of that finding, we 

obtain a range of concentration between 4 and 16 mg Si/1.: 

zïe 

Drainage (seepage) waters: 

Spring waters (groundwaters): 

Mixed waters; 

4 -  6 mg Si/l. 

11 - 16 mg Si/l. , 

6 - 11 mg Si/l. 

The respective mixing ratios determine the differencepbetween the 	.41. 

individual streams as well as the variations in the Si concentrations in 

dependence on the rate of flow (water-mass): 

The stream flowing into the Heiden Lake, which originates about 4.5 km 

east of that Lake in the form of drainages fram fields, receives a relatively 

large inflow of spring water before opening into the Lake; the Si concentration 

(12 mg Si/1.) as well as the volume of that spring water are constant. Since 

the water masses of the stream vary very greatly at a relatively constant Si 

concentration (6 mg Si/1.), we find at the opening into the Heiden Lake very 

interesting relations between Si concentrations and rates of flow (water-masses). 

These relations are based on the combination of the three constant factors-- 
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Si concentration of the water of the main stream; Si concentration of the 

spring water; and the spring water volume--and the one variable factor-- 

rate of flow in the main stream. 

If the stream dries up before reaching the point of junction with the 	.42e 

spring water inflow during periods deficient in precipitation, we find that 

the Lake receives only the small amount of spring water, which eXhibits a Si 

concentration of 12 mg Si/l. On the other hand, the spring water becomes  more  

and more  diluted with increasing rate of flow (water-masses) in the stream 

above the point of spring water inflow, until finally, if the stream carries 

very great water masses, the water flowing into the Lake exhibits simply the 

Si concentration of the main stream. The situations described above are illus-

trated in Figures 23 and 33, and the corresponding data have been compiled 

in Table 12. The concentrations of the mixed water, calculated on the basis 

of a constant spring water inflow of 17 1./sec at a Si concentration of 12 mg 

Si/l. and increasing water masses flowing in the main stream at a concentra-

tion of 6 mg Si/1., are presented in Figure 32 as the thick continuoub curve. 

Table 12  - C. Figures 32.and 33. 
Tabelle 12. (Zu Abb. 32 und 33) 

NnNO. Datmm date 	Nr. NO Datum date 

1 	27 11. 1960 	12 	21. 1. 1962 
2 	2. 6. 1961 	13 	31.3.  

' 3 	''''''. 6: 	 14 	16.4.  
4 	23. 8. 	 15 	28.4.  
5 	17. 9. 	 16 	19. 5. 
6 	' 	29. 9. 	 17 	9.6.  
7 	14. 10. 	 18 • 	24. 6. 
8 	19. 10. 	 19 	15. 7. 
9 	4.11.  . 	 20 	2.9.  

10 	20. 11. 	 21 	20. 1. 1963 
11 - 	17. 12. 	 22 	23.2.  
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That curve corresponds with almost mathematical accuracy to the average of 

the values obtained by measurements actually carried out during the year 1961 

('Nos. 2 to 11) and during the winter of 1963 (Nos. 22 and 23). On the other 

hand, the values obtained during 1962 (Nos. 15 to 20) are significantly lower. 

That finding must be attributed to the pronounced Si depeletion in the main, 

stream water during the spring of 1962 (cf. Figure 34), which lasted into 

the summer of that year. As can be seen in Table 12, the values for the year 

1961 were obtained during the smaller, fall and winter months; those for the 

year 1962, however, were obtained during the spring, i.e. at a time when the 

Si concentrations in the main stream had dropped to 0.8 mg Si/l. due to the 

pronounced Si depletion. 

We then realize that the Si concentration of the water flowing into 

the Heiden Lake is determined--apart from the depeletion processes taking place 

in the main stream--above  ail,  by the varying mixing ratio of the two bodies 

of water eXhibiting constant Si concentrations. A third body of water--the 

surface rain water exhibiting low Si concentrations--is involved only.follow-

ing extraordinarily heavy precipitation or during the period of snow melting. 

Similar relations between water-masses and Si concentration have been 	.43 ,  

found to exist in a number of additional small streams. In each one of these 

instances we found that the waters originating either in the interstitial 

system of the soils or in the nineral subsoil and eXhibiting relatively con-

stant Si concentrations determine, in imriouscombinations, the Si content of 

the running waters in eaotern Holstein. 

( )) Decrease in silica concentration due to bioto.lenic consumption - 

The decrease in the Si concentrations in running waters due to biogenic 
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consumption hitherto has been investigated only to a small extent. That

decrease, however, must be taken into consideration in the comparison of

the Si concentrations of different waters, since samples taken during the

periods of marked diatom growth will yield an inaccurate picture of the aver-

age conditions for a given year.

In a comparison involving "open and closed running waters," `'dawrik (1960a)

found that the former waters exhibited a significantly wider Si concentration

amplitude than the latter ones, and he attributed the Si minima observed

during the fall and the winter to the increased occurrence of diatoms during

these periods, in addition to a decrease in the water masses transported.

We have found that a considerable depletion of Si -takes place in the

running waters in the eastern Holstein hill country and this, in particular,

dur:i.ng the months of April and Lay.

In:flow into -the I-ieiden Lake - The constancy of the Si concentration

described further above in the case of the stream flowing into the Heiden

Lake--a constancy observed, in particular, above the point of influx of spring

water in this stream-is not valid during the spring months. That fact is

demonstrated by the data shown in Figure 34: 1?uring April and May of 1962,

we found considerably lower values, which occasionally dropped down to 1 mg

Si/l. (On May 5, 1963, we even found a value of only 0.18 mg Si/l.). The some-

what decreased January values could not with certainty be attributed to Si

consumption by dia.tarns; however, the lowest Si values found during April and

May were associated with mass development of i!ieridion circulare in the small

drainage ditches and of Synedra ulna in the main ditch (stream). As is indi-

cated by the data presented in Table 10, the waters emerging from closed
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drainage pipes exhibited Si concentrations that were unchznged compared to

the annual average. These Si concentrations, however, frequently decreased

already after the waters had flown in the open over a short distance on7.ys

i.e, once large quantities of diatoms (chiefly Meridion circulareq but also

Cocéneis9 Naviula and C.ella, among other species) started to develop under
------7^----- .

the good illumination conditions.

On April 287 19629 we took samples at different times from the main .44.

stream above the spring water inflow point; the analytical values obtained

in these samples are presented in Table 13.

Table 13 Tabelle 13

Uhrzeit t° C Wasser nig Si/1 'US>o
Time water dissolved s«spended

for 10.00 9,8 1,00 0,88 540

12.00 11,3 0,80 1,08 518

14.00 11,3 0,80 0,88 530

16.00 11,1 0,78 0,76 530

20.00 8,2 0,66 0,88 556

The water flow amounted to about 10 1./sec; the weather was bright to

eloudy, and there was no precipitation.

The concentration of dissolved silica dropped within ten hours from

1.0 to 0.66 mg Si/l., i.e. it drooped by 34 per cent. The content of diatomic

silica, in part, was greater than that of dissolved silica. Similar obser-

vations have been made by us in the waters flowing into the Sch;.eren ^Gake.

Upper course of the Schwentine River between Bunp,,.sberE and ^^isseedorf --

The so-called Bungsberg Schwentine has its source at the foot of the 73ungs-

bergg representing the highest elevation in Sleswig-J-Iolsteil1 (168 meters
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above mean sea level), and, following a stretch having a rather steep slope, 

opens behind Kasseedorf into the chain of the Schwentine Lakes. The gradient 

of the slope along the stretch between Bungsberg and Kasseedorf measuring six 

kilometers in length amounts to 1 per cent. 

On two different days in 1962, i.e. on May Gth and on September 9th, we 

took samples at different sites in the ditch (stream) in order to compare 

the variations in concentration of dissolved and suspended silica, respecti-

vely, within a certain section of the ditch (stream) during different seasons. 

The days of sample taking were selected to ensure that one day was located 

within the main period of depletion, and the other one, outside of that period. 

We shall first characterize the sampling sites shown on the map (-Figure 35): 

No. 1: Two small subsurface water outlets at the foot of the Bungsberg. 

Due to impounding, these two outlets form a small, Shallow pond, in whicli con-

siderable Si depletion takes already place. 

No. 2: Outlfow from the little pond. 

No. 3 and No. 4: The two originating ditches above their junction. 

No. 5: The Schwentine River above Bungsberghof. Below this sampling site, 

the ditch water is greatly polluted by a rill containing dung water. 

No. 6: Road bridge near Bergfeld. 

No. 7: Schwentine River below the points of junction of two small lat-
eral ditches. 

No. 8: Above a relatively steep stretch through deciduous forest. 

No. 9: Below the points of junction of three relatively large lateral 
ditches. 

No. 10: Final sampling site; highway bridge near Kasseedorf above the 

Kasseedorf pond. 

The data obtained on the two days of investigation are arranged for com-

parison in Table 14. 

.45. 



Table 14 
Datum 	Station 

• date 

Tabelle 14 

SBV mg Siil 

disSolved suspended 
pS m 

6. 5. 62 	1 

2 
3 
4 	3 
5 	4 
6 	5,4 
7 	9,3 
8 	10,6 
9 	31 

10 	32 

2,2 
3,6 

	

1 	3,04 

	

' 1 	2,90 
3,68 
3,50 
3,70 
3,43 
3,46 
3,40 
3,56 

418 
470 
397 
416 
460 
450 
487 
465 
470 
460 
468 

0,26 
0,25 
0,27 
1,96 
2,32 

4,06 
4,44 
0,99 
0,98 
0,66 
0,70 

0,09 
0,09 
0,29 
0,20 
0,66 
0,97 
0,58 
0,05 
0,06 

o 
o 

3,30 
3,40 
3,56 
3,80 
8,90 

406 
409 
434 
454 
460 

3,96 
4,00 

• 4,40 
4,68 
4,88 

0,04 
0,04 
0,02 
0,08 
0,16 
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Investigation carried out on Em.6.11, 1962, at the time of the diatom 

maximum: As in the case of the Heiden Lake inflow, we were able also in that 

of the Schwentine River to observe pronounced Si depletion already in the 

small originating ditches. Shortly below the point of junction of the two 

spring-water ditches (Site 5), the concentration of dissolved silica had al-

ready dropped to 0.70 mg Si/l. That concentration then rapidly dropped to its 

minimal value of 0.25 mg Si/l. The Si concentration reached values of barely 

2.0 mg Si/l. only between Sites 8 and 9 9  following the inflow of the forest 

ditches e  in which Si depletion was less marked probably due to deficiencies 

in both light and nutrients. No Si depletion could be determined along the 

last stretch to Kasseedorf. The Si concentration continued to increase  due  

to the inflow of small, short Si-rich meadow drainage ditches. 

The concentration of suspended (diatomic) silica (almost exclusively 

represented by Synedra ulna) reached at some points almost 1 mg Si/i. (Table 14). 

-- 
8 	-- 
9 	100 . 

10 	100 

9. 9. 62 	5 	22 
6 

Key: .  SBV e  acid-binding capacity 
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Investigations carried out on September 9th, 1962: Following a cool 

and rainy summer, we found that the rate of flow was greatly increased com-

pared to the investigation of May 6, 1962, so that a direct comparison of 

data is made difficult. Due to the very large difference in the Si concen-

trations of the Schwentine River water between May 6th and September 9th,_ 

1962, (the ratio being 1:17), we find, however, that the comparison of the 

data is adequately instructive. On May 6th, we found a drop in Si concentration 

from 4 to 0.25 mg Si/l. between the origin of the ditch and Site 6; on Sep-

tember 9th, on the other hand, the original concentration of 4 mg Si/l. was 

in evidence along the entire stretch. 

3. Regional-limnological comparisons of concentrations of silica dissolved 
in runnine  waters 

In contrast to the standing or stagnant waters, brooks and small streams 

do not exhibit individual balances. In the interplay of Nature, running waters 

play the role of mediators between the surrounding area and the standing 

waters within that area. The waters carried by these brooks and streams have 

largely enjoyed intimate contact with the soils and the mineral subsoils, and, 

for that reason, reflect the properties of the catchment area better than the 

water in the standing bodies of water. For the purposes of regional compari-

son, we find that those ditches or streams are best suited, which contain no 

large shares of lake water  and do not reflect too strongly the purely local 

conditions (as, for instance, due spring water ditches and seepage water dit-

ches), but contain already waters of different origins. In the region investi-

gated by us, ditcheS (streams) of that desirable type are available only to 

a limited extent, since, due to the abundance of lakes in eastern Holstein, 

.46. 
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all large ditches (streams) contain considerable shares of lake water. The 

more important chemical data and the flow rates of several ditches (streams) 

investigated by us during the years 1960 to 1963 are compiled in Table 15. 

Instead of the average values, we are presenting in that Table the main ranges 

(i.e. extreme values occurring occasionally are not included in 

Table 15 

1. Graben 4. Zufluf3-See. 

Tabelle 15 

5 • «Mg. 1/sec. mg Si/I 6,,SBV 	itS„ 

Tensfelder Au 

Schmarkau 

Hâllenau 
2. bel Neumünster 

3. Wiesenraben 
(südl. Sebieren-
see-Zufluf3) 

.I. iihrener Au 

Sebierensee 
I). Wankendorf 

7-10 

4— 6 

5— 6 

Gr. Philter See 

Bebler See 

(St6r, Norclsee)  

600-700 

200-300 

100-200 

2,9-3,2 

3,0 

3,0 

430-460 

450 

440 

60-100 6-11 2,8-3,3 405-443 

Bornhiivecler Sc.e 100-150 8-10 2,3-2,7 385-410 
EleMmakmbach Heidensee 	20— 60 6-12 4,0-4,8 500---560 

2ML.1, Ditch; 2, bei = near; 3, meadow ditch; -bach = 
brook or little stream; 4, flowing into; 5, rate of flow; 
6, acid-binding capacity. 

A value of 7 to 8 . mg Si/l. may be given as a rough concentration aver-

age for the relatively large running watera not affected by lake waters within 

the predominantly calcium carbonate-rich eastern Holstein hill country. 

Similar Si values, associated with considerably lower acid-binding capa-

city and conductiviby values, were obtained in the calcium carbonate-deficient 

sandy regions of central Jutland, in the course of an excursion made durjmg 

September of 1962. The data obtained in Jutland  have been compiled in Table 16. 

The waters of the Jutland sand regions are derived largely from the 

waters impounded above thick hardpan layers. Due to their richness in iron, 

these waters usually  show a rusty-brown tinge: The ditches in the region of 
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Table 16 	 Tabelle 16 

Gewiisser und Probenentnahmestelle 1/sec. 	mg Si/1 	SBV 	MS20 

2. 1. Seengebiet Skanderborg 
bis Silkeborg 

3. 	Gudenaa  'or  ivlossb 	 (5-10 nO) 	7,0 	2,9 	307 
Saltenaa vor Salten Langsti 	 ca. 1000 	. 	7,4 	1,2 	- 

. 4, 	Zufliisse zurn Tors6 	a 	 20 	9,7 • 	0,9 	- 
5 • 	bei Virklung 	b . 	 10 	8,8 	0,4 	- 
4 • 	Zuflüsse zum Alminds5 a 	 17 	6,8 	0,5 . 	166 

b 	 10 	9,7 	1,1 	266 
4 • 	ZufluB zum Orns6 	 500 	8,3 	0,8 	- 

6. 9'. IIciclelandsehaften Mitteljütlancls 
(Brande - Sunds) 

7. Graben niirdl. Brande 	 ca. 200 	4,1 	0,04 	- 
4 • 	Zufillf3 zum S6bys6 	 20 	5,5 	0,2 	190 
8. Graben bei Kiilker n6rdl. S6bys6 	ca. 200 	5,1 	- 0,05 	. - 

Herningsliohn Aa 	 - 	7,4 	0,8 	- 
Storaa 	 500-600 	4,4 	0,8 	300 

8. 	Graben bei Suncls 	 ca. 100 	6,6 	0,8233 
4. 	sundsii-zufiüsse . 	a 	 400 	6,1 	0,4 - 	230 

b 	 60 	7,1 	0,8 	224 
c 	 40 	7,0 	0,9 	240 

9, G. Stubbergds6-Gebiet 
Skive Aa 	101, vor ihrem 	

1000 	
-- 

1-I 	
7,8 	0,9 

	

I nclerup Aa 	f Zusamm 	 Cd. enfluf3 	 7,8 	0,8 	-- 
-- 	7,4 	2,7 	-- 11. 	kleine ZufiLisse zurn 	a  

' b 	 -- 	5,5 	0,7 	-- Hellesii 	 c 	 -- 	7,4 	1,0 	-- 
Key: 1, Waters and sampling points; 2, lake region between 
and . • .; 3, vor = above; 4, inlet(s) into 0 • .; 5, bei immear; 
6, heath region in central  Jutland; 7, ditch north of . . •; 8, 
ditch near . . . north of . . .; 9, Gebiet = region; 10 e  above the 
site of their junction; Il e  small inlets into the . . . 

the Sund contained up to 4 mg Fe/1. in either dissolved or suspended form. 

The acid-binding capacity values, as a rule, were below l e  and the pH values 

varied between 6 and 7. We are thus dealing with a type of water entirely 

different from that found in the eastemliolstein ditches (streams), but the 

Si values, nevertheless, are of similar magnitudes. During September of 1962, 

the Si concentrations  [in the Jutland lakes1 vnried between 4 and 10 mg Si/1. 1 

 with a concentration of values around 7 to 8 mg Si/l. 



A more detailed investigation of the originating waters, unfortunately, .48.

could not be carried out; however, it appears that the Si content of the

waters from the impounded pore-water space above the hardpan layer is higher

than that determined by us in the drainage waters of eastern Holstein. Furth-

ermore, groundwater ef.fiuxes play hardly any role at all in Jutland, and this,

above a119 in the flat heath regions of central Jutland. In well. water obtained

at Sevely we determined, as in the case of Holstein groundwater, a Si concen-

tration of 13 mg Si/l.; however, the maximal .Si concentration-and this also in

;mall ditches-amounted only to 9.7 mg Si/1. On the basis of our-admittedly

highly sporadic-investigations, it appears that the concentration range of 10

to 16 mg Si/1. is absent in the Jutland brooks and streams.

In Central E3 ope, the lowest Si concentrations are found in mountain

regions:

Elster (1955a) found in Black Forest brooks values in the range between

2 and 6 mg Si/1., with certain ranges being characteristic for individual brooks.

Wawrik (1960a) found in running Lunz waters Si concentrations between

0.5 and 1.5 mg Si/l.; and in the Danube ('Alawrik, 1962), values between 1.5 and

3.5 mg Si/i. According to Elster and Insele (1937) and Elster (1939), the

Rhine, at its opening into Lake Constance, exhibits Si concentrations between

1.1 and 1.9 mg Si/l.

However, higher concentrations have been found in other continents.

Kobayashi (1960) found values of 3 to 25 r,ig Si/1. in 225 Japanese rivers, with

the higher values having been obtained in volcanic regions, and the lower ones,

in regions with sediment rock. The latter author has explained that difference

on the basis of the very intensive silicate weathering taki.ng place in vol-

canic soils.
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Loeffler (1960) found very high values in springs (of the non-thermal 

type) in volcanic regions in Chile (around 25 mg Si/1.). 

The extremely high Si values found in thermal springs are due to spe-

cial solubility conditions (temperature, pressure) prevailing in the interior 

of the Earth, and these values cannot be considered within the framework of 

the present study. However, these high Si concentrations can, under certain 

circumstances, influence the Si metabolism of the surface waters to a decisive 

extent (Ruttner, 1951). 

The values compiled by Clarke (1924) for different running waters of 

the world showed an accumulation in the range of concentration between 2 and 

10 mg Si/le; values exceeding 20 mg Si/l. were found only in a few exceptional 

instances. The relatively highest Si concentrations as well as the absolutely 

highest ones were found in the electrolyte-deficient river waters of North-

and South-America (4 to 15 mg Si/1., corresponding to 10 to 505 Si02 in the 

inorganic dry residues; cf. also Sion, 1950). 

Apart from this relative and, frequently also, absolute Si abundance in 

electrolyte-deficient waters, it is not possible to discern any correlations 

between Si content and either calcium content or total electrolyte concentra-

tion. Silica rather exhibits the tendency to occur in all waters within the 

sanie range of concentration. The Si concentrations found in the Alp rivers, 

admittedly, are strikingly low. 

4. Direct increase of concentration of dissolved silica in lakes due to in-
flowing waters 

The change in the concentration Ks of a certain substance in a given 

lake volume Vs due to the inflow of a. given volume Vz having the concentration 

Kz,is given in the following equation: 



L\Ks= Vz•Kz+Vs•Ks
Vz + Vs - Ks

Transformation gives Equation (1):

A Ks = ^^z -f- Vs ^Kz - Ks) (1)

The change in concentration in a given lake, thus, depends on both the

dilution factor introduced by the inflowing water, andVs , and the differ--

ence in concentration, Kz - Ks. Since we may regard only the lake volume as

a constant parameter, and since all other parameters vary with the changing

seasons to a greater (Vz, IÇs) or lesser extent Kz) j we find that QXs may

vaay very greatly.

Usually we will find that the Si concentrations in lake water, due to

the biogenic precipitation of silica., are lower than those in the inflowing

waters. This finding indicates that the Si concentrations in the lake water

are increased by the inflowing water. In order to be able to estimate the

extent to which a given inlet intervenes directly in the Si balance or meta--

•bolism of a given lake, we must compare the increase in concentration expected

on the basis of inflow with the concentration actually measured. The increase

in concentration brought about by inflowing waters over a relatively long

period of time can be calculated with the aid of a negative exponential function.

Equation (1) presented further above is not suited for calculations involving

relatively long periods of time, since the inflovring vrater causes a continuous

change of the concentration difference Kz - Ks. The theoretical course of Si

concentration in lakes, thus, cannot be linear are in chAracter.

In connection with the derivation of our function, we will proceed on

the basis of the following theoretical considerations: Let the initial



;fr 

86 - 

concentration of dissolved silica in the lake be zero; let the Si concen-

tration be gradually increased by inflowing water having both a constant rate 

of flow and a constant concentration of Si; in the course of this rise in Si 

concentration, let there occur in the lake no autochthonous processes, like 

biogenic Si utilization or Si release from the sediment. Let the lake volume 

remain constant by means of an outflow of water identical to the rate of in- . 

flow. And, finally, let the lake be in a state of ideal mixing. The increase 	.50. 

in concentration of Si in the lake during a certain interval of time, t, is 

given by the following Equation 

vz -- 
Ks = Kz (1— e vs t  ) 

which formally corresponds to Nernstls Law of Dissolution. 

We will now go ahead and compare the calculated increases in concentra-

tion brought about in lake water by inflowing waters with the increases actual-

ly measured, using the Heiden Lake and the Vierer Lake as examples. 

These two Lakes show hardly any stratification at all, so that the pre-

conditions for complete mixing are given. The volumes were regarded as con-

stant, neglecting the minor variations in the Lake levels. 

Heiden  Enke  - As has been demonstrated further above, there exist 

certain relations between the rate of flow (water-mass entering the lake) and 

Si concentration at the point where the inlet flows into the Heiden Lake. The 

Si concentration initially decreases with increasing rate of flow, and then 

tends towards a constant final value. Since the mass of inflowing water as 

well as the Si concentration of the inflowing water are of importance for the 

increase in Si concentration of the lake water, there arise interesting relations 

between the latter factors and the Si balance of the lake. 

(2), 
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For the calculation of the increase of the Si concentration in the lake 

water,  we  have selected the following three examples from Figure 32 (Table 17). 

Table 17 	 Tabelle 17 , 

. 	Vz 	 Kz 	1.theoretische 	Ks (Ks, =--, 0) 
Ysec 	 mg Si/1 	Durchfluf3clauer 	mg Si/ms - 24 h 

(Tage) 

a 	17 	 12,0 	 29 0 	 55 
h 	30 	 9,5 	 125 	 76 
C 	50 	 8,0 	 75 	 107 

Key:  1, Theoretical time of turnover (in days). 

The increase in concentration initially increases more rapidly with the 

increasing rate of flow of the inflowing water, despite the associated low Si 

concentration in the inflowing  via-ter. However, once the Si concentration in 

the lake water has reached the limiting value of 7.5 to 8.0 mg Si/1. 1  we find 

that the concentration of Si increases in the laite  with increasing Si con-

centration of the inflowing water, despite the fact that the rate of inflow 

is then lower. 

In cases where the Si concentrations are already high in the lake, we 

find that only low rates of flow (Nater-masses) with correspondingly higher 	.51. 

Si concentrations are able to bring about an increase in Si concentration in 

the lake water. In cases of marked inflow, we thus find occurrence of leaching 

in the upper range of concentration in the lake water. 

An increase in Si concentration in the lake water up to 12 mg  Si/l.-

as  we have observed during the winter of 1962-1963—cannot occur solely on 

the basis of influx, since the time required for such an extensive increase 

exceeds one year by far, and the depletion-free periods last only a few months. 
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The Si concentration in the lake water rises significantly more rapidly 

than one would expect on the basis of the daily 'importation excess.' That 

fact is demonstrated in Figure 37. In that Figure we have compared certain Si 

concentration increases detelmined during different seasons in the years 1961 

to 1963 with the values possibly brought about by inflowing water. This par-

ticular representation is based on Curve a, since low rates of flow (water-

masses) and high Si concentrations in the inflowing water are characteristic 

for the periods of Si feedback. The initial concentration of a given period 

was plotted on the Curve of the theoretical concentration, and the end con-

centration was plotted against time, so that the observed increase in concen-

tration can be divided into two sectors: The lower sector of the vertical re-

presents the increase in concentration attributable to the inflow, and the one 

located above it represents the autochthonous feedback based on the release 

of Si from the mud. The extent to which this autbchthonous Si quantity is 

already reduced by biogenic Si utilization or consumption cannot be established. 

Conclusions regarding the actual Si consumption cannot be drawn--in  th è case 

of shallow bodies of water--on the basis of the numerical increase of the 

diatoms, since a large fraction of these organisms--a fraction, which varies 

very greatly, depending on the movement of the water masses—sediments rapidly, 
it 

apart from the fact that is not possible to determine the quantitative develop-A 

ment of the sessile species in the littoral zone. However, the values nresented 

have been obtained during periods associated with low development of diatoms 

in the plankton. 

The Figure under consideration shows clearly that even the small  and 

 shallow Heiden Lake with its Si-rich inflow possesses pronounced autochthonous 
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liberation of Si, which uaually exceeds the allochthonous supply to a signi-

ficant extent, but, at least, is as marked as the allochthonaus supply. This . 

autochthonous feedback is particularly evident in the higher range of con-

centration, since the concentration of the inflowing water is practically 

reached in that range. The concentration of the uud water, however, is reached 

only up to 30 to 50 per cent, so that exchange between mud and contact water 

still leads to liberation of Si from the mud (cf. Section VI). 

(h) The Vierer Lake - Since only the northern basin of the Vierer Lake 

receives inflowing waters, we have carried out calculations only for that part 

of the Lake. The inflowing waters are: The outflow from the Heiden Lake, exhi- 

biting a Si concentration, which, as a rule, deviates only a little from that .52. 

of the Vierer Lake and, for that reason, does not have to be taken into con-

sideration; two relatively small ditches with spring water contributions; and 

numerous and, in part, vigorous springs located within the area immediately 

surrounding the Lake or along its shore. 

The average rate of flow of all these inflows amounts to 60 1./Sec, at 

an average Si concentration of 10.9 mg Si/l. The theoretical duration of turn-

over approximately amounts to 2.7 years. 

Figure 38 illustra -tes  that the relatively Si-rich inflow results only 

in a shift of the autochthonous Si balance somewhat in favor of feedback and 

release. The maximal concentrations of 7 to 8 mg Si/l. observed in this Lake/  

would be reached only after about three years, but these concentrations, in 

fact, are reached significantly more rapidly. In the year 1962, the Si con-

centration rose within five months from 0.2 to 7.3 mg Si/i.  

(c) In the Large Ploen Lake, we find that the inflows are hardlY notic-

eavle at  ail, if we disregard the water bodies located in the immediate 
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prolimity of the inflow mouth. The greater part of the inflowing water is 

desilicified already in the preceding lakes (riz. the Vierer Lake and the 

Behler Lake). Only the Tensfelder Au, ehibiting a rate of flow of 600 to 700 

1./sec and a Si concentration of 7 to 10 mg Si/1., is able to participate in 

the direct feedback in the southern basin of this Lake. Between the late 

summer and the spring, we find that the Si concentrations of the inflowing 

water renching the Vierer Lake are 2 to 3 mg Si/l. above those of the Large 

Ploen Lake; however, the rate of flow, being between 100 and 200 1./sec, is 

relatively low. At this small difference in concentration, it would appear 

that the water flowing out from the Vierer Lake is hardly able to play a role 

in the Lake presently under consideration. The highest rate of flow (which, 

however, cannot be determined accurately due to backwater control measures) is 

epthibited by the Schwentine River, which flows into this Lake directly from 

the Behler Lake. The Si concentrations of that water, however, differ hardly 

at  ail  from those of the Large Ploen Lake. The Si concentration in the lake 

water would increase in the course of a year due to the Si supplied by the 

inflowing waters only from zero to 0.4 mg 3i/l. The observed increases in Si 

concentration in the Large Ploen Lake, thus, are due to about 90 per cent to 

the autochthonous feedback of Si. 

(d) The importance of the inflowing waters is similarly insignificant 

in the other lakes in eastern Holstein, i.e. in the Grebiner Lake, the Wielener 

Lake, the Pluss Lake, the Trawler Lake, the Little Ploen Lake, the Behler Lake, 

and the Schmalen Lake, among other ones. These Lakes receive either only 

small inflows of Si-rich water (i.e. the Grebiner Lake, the Wielener Lake, the 

Pluss Palke, and the Tramer Lake) or the inflowing water has already been 

desilicified in the preceding lakes, so that the respective concentrations 

are'approximately equal. 
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In cases where the Si concentrations of the lake water and of the in-

flowing waters are equa.7. (i.e. Ks = Iiz), we realize that any change in the

concentration in the laite water is solely of autochthonous origin. The au•to-

chthonous processes (Si depletion and Si feedback), of course, create on their

part a concentration gradient, so that the allochthonous influence increases .53.

again. In chain lakes, which are interconnected by means of ditches or a stream,

we find that the state of concentration equality may exi.st for long periods

of time despite pronounced depletion or feedback of Si in these lakes, since

the autochthonous metabolic events proceed in these lakes in a relatively

synchronous mznner. These relationships may be illustrated in the chain of

lakes stretching between the Bornhoeveder Lake and the Stolper Lake (Table 18).

Yable 1.8 Tabelle 18

Seenverhindung Lake connection Datum Date Kz-Ks

Bcrnhüveder See - Schmalensee 23. 4. 61 0,4 - 0,1 =-t- 0,3
12.7.61 1,2 -1,5 = - 0,3

Sehmalense e-} Belauer See 23.4. Fi1 0,1- 0,1 = 0,0
12.7.61 1,5 -1,7 =- 0,2

Belauer See -> Stolper See 23. 4. 61 0,0 - 0,0 =± 0,0
12.7.61 1,7 -1,3 =-f- 0,4

Depletion and release of dissolved silica, proceed in a similarly syn-

chronous manner in the chain of the Schvientine lakes and in the chain of lakes

represented by the Heiden Lake -tr Vierer Lake -'^ Large Ploen Lake -•► Little Ploen

Lake (cf. also Lake Constance: Upper lake -^ Zower I,ake; Elster and Binsele, 1938).

However, we also find in the case of inflowing waters not carrying water

from preceding lakes'that their Si concentrations occasionally are only a

little above the Si concentrations of the respective lake waters. That par-

ticular case may arise during the winter before the onset of diatom developctent,
L
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when the lake water has reached its maximal Si concentration, but also during 

the spring, when the Si concentration of the inflowing water is greatly re-

duced due to depletion-associated processes. 

Direct increase in concentration in the lake water due to importation 

of dissolved silica, as a rule, is low—apart from local modifications of 

certain parts of the lakes or of bodies of water. Even in small  laites  (like 

the Heiden Lake), eXhibiting a theoretical turnover time of only 100 to 200 

days  and a maximal concentration difference between lake water and inflowing 

water of 12 mg Si/1., we find that autochthonous feedback predominates. In-

creases of concentration observed in lakes associated with inflows  must  not 

necessarily be of allochthonous origin1 

The direct allochthonous influence is particularlysmall in chain lakes 

interconnected by a river, since in these cases depletion and feedback proceed 

in a relatively synchronous manner, so that large concentration differences 

between lake water and inflowing water arise hardly ever. 

The parallelity between the quantity of inflowing water and the maximal 

Si concentration in the*lake water mentioned further above, thus, cannot be 

attributed to a direct increase in the concentration by the inflowing water. 

VI. Autochthonous liberation of silica 

1. Introductory_remarks - The dissolution of amorphous or bound silica 

occurring in the lake (i.e. in the free water, in the littoral or in the sedi-

ments) is called the autochthonous liberation or release or feedback of silica. 

In this connection it is, initially, immaterial whether these Si-containing 

particles have been formed in the water body in question (as, for instance, 
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the silica of authochthonous diatomic plankton) or whether they have gotten

into the water body by way of inflows or eolian transportation (as, for in-

stance, diatomic silica washed into a given lake together with the water from

running waters or preceding lakes, or leaves blovrn by the wind into forest

lakes). As is indicated by the extreme Si deficiency of small sand lakes

having no inflows, sublacustrine hydrolysis of silicate either in the littoral

or in the sediments is of no real importance in the Si balance of lakes.

In the hypolimnion of Danish lakes, Broenstedt and Wesenberg-Lund (1911 -

1912) fovnd a marked increase of Si concentrations with increasing depth; on

the basis of that finding and the simultaneous presence of markedly corroded

diatom shells, these authors concluded that diatom shells underwent disso-

lution during sinking. This type of dissolution is assumed at least in the

case of the thin-walled asterionelles and fragillarians, since they are hardly

ever found in the muds.

Loeffler (1960) believed that the dissolution of diatomic plankton in

the water represented the main cause of the extraordinarily rapid increase

in the Si concentration in Lake Vallarrica in Chile (from 8 to 24 mg 8i02/l.

at all depth levels within one month), and he vxote: 'Perha.ps, it should be

stressed in the case of large lakes that the bottom sediment with certainty

plays an insignificant role in the supply of silica."

Nauwerck (1963) has stressed that the decomposition of most diatoms

takes place very rapidly: "Already before.the algal cells have passed the

h,ypolimnion, we find that only indistinct outlines indicate the former shape

of the shell. 17:ost cells never reach the bottom."

On the other hand, Einsele and Vetter (1938), '.lster and Einsele (1938)

as well as Yoshimura (1939) have drawn attention to the importance of diatomic

silica for Si feedback.



-  94  - 

2. Dissolution of suspended  diatomic silica in free  water  

The extent to which the quantity of diatomic silica formed in a given 

body of water is sedimented, and the extent to which that silica is already 

dissolved during the course of sedimentation depend on the rate of dissolution, 

the settling rate, and the settling distance of the particles in question. 

Both the rate of dissolution and the rate of settling, in turn, depend on a 

variety of different factors (viz. temperature, pH, water movements, specific 

surface properties of the diatoms, extent of disintegration by zooplankton), 

and we are unable to deal with the entire complex of problems within the frame-

work of the present paper. We will draw attention here only to a few factors, 

which hitherto have been somewhat neglected. 

(a)  Settling  rate - Only a few investigations are available in the li-

terature on the rate of settling of diatom cells or colonies. 

Broenstedt and Wesenberg-Lund (1911 - 1912) have assumed that the diatoms 

require about two to four weeks in order to sink from the surface layer to 

the bottom of the Pure Lake (38 meters deep), and that the greater part of 

the sinid.ng diatoms is dissolved during the course of settling. 

Investigating stratification and stratification sequences and calculating 

losses to the sediments, Grim (1939) has made an attempt to determine the rates 

of settling of different diatams in Lake Constance. One Frajllaria  population 

or its accumulation zone, respectively, settled in the upper water layers 

1.2 to 1.5 meters per day; in the 30 to 50 meter space, 3 meters; in the 50 

to 100 meter space, 5 meters; and in the space below 100 meters, 7 meters per day. 

On the basis of observations made in FinniSh lakes, Jaernefelt (1955) 

came to the following conclusions regarding settling rates: 

•55. 
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Staurastrum pingue:  
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0.2 - 1.0 m/24 hrs. 

0.9 - 1.9 m/24 hrs. 

"r■er, 

crotonensis: 0.2 - 2.7 m/24 hrs. 

In the case of the Stephanodiscus astraea  population of the Large Ploen 

Lake, we have calculated during the spring of 1962 that the average velocity 

of settling amounted to 2 meters per 24 hours; that calculation was based on 

the course of the isopleths for suspended silica shown in Figure 21. The daily 

losses of total silica suspended in the northern basis of that Lake to the 

sediment amounted to 4 to 6 per cent during the course of the main sedimen-

tation period (April 17th to May 16th 1962). 

Attempts to determine the rate of settling of diatams in the laboratory 

experiment have hitherto been undertaken hardly at all. Experiments of that 

type can be carried out only in tranquil water, and the results obtained in 

that manner actually would throw no light on the velocity of settling prevail-

ing in the lake, since lake water, even at great depths, eXhibits turbulence. 

However, laboratoriexperiments can provide relative values for different species 

and, furthermore, valuable indications regarding maximal velocities of settling. 

Fritz (1935) has carried out several experiments in sedimentation cham-

bers. That author filled a Kolkwitz chamber with experimental material and 

covered it with a slip of paper; he then turned that chamber upside down, 	.56. 

placed it on top of an Utermoehl chamber (volume: 100 ml; height: 11 cm) con-

taining filtered lake water, and pulled the slip of paper  out  from between the 

two chambers. However, we are forced to assume that turbulences were created 

by these manipulations in the zone of contact between the two bodies of water, 

which turbulences would have' produced rather marked effects in such a small 
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chamber. The results obtained in these particular experiments will be dis-

cussed further below together with  oui'  own experimental results. 

In our own experiments, we have observed sedimentation of diatoms in 

a plexi-glass "column" measuring one meter in height and having a square 

bottom of 15 by 15 cm. We poured a dense suspension of living diatoms onto 

the surface of the water in a manner ensuring that these diatoms were con-

centrated at the surface in a layer measuring about one.to two centimeters 

in thickness. The diatoms had been cultured in a diluted nutrient solution 

(20% Chu No. 10), separated from the solution by means of centrifugation, and 

suspended in Schoeh *Lake water. The experiments were carried out in a dark, 

closed room ate temperature of 15 to 1600 . The column-shaPed container had 

been filled with filtered Schoch Lake water several days prior to the start 

of the experiment. At intervals of one to two hours, we withdrew samples for 

microscopic counts fram the middle of the water column eight centimeters above 

the bottom of the experimental vessel. The counts were carried out in a re-

versed microscope. We found that the individual diatan cells and colonies 

were uniformly distributed over the bottom of the chamber, i.e. no agglomer-

ation of cells or colonies had taken place during centrifugation. The drop 

in the water level due to sample taking (25 ml. per sample) amounted only to 

one centimter and could be neglected. The settling distance amounted to 90 

cm. The results obtained in the experiments using Sinedra ulna, Asterionella  

formosa  and Stephanodiscus hantzschii  are presented in Figure 59. In the case 

of all three species, the settling density MRXIUUM passed the sampling site 

in a surprisingly corresponding manner, i.e. nine to eleven hours after the 

start of the experiment. That velocity corresponds to a settling rate of 2.0 

to 2.4 meters per 24 hours. 
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The correspondence of the settling velocities found in the three species 

investigated by us is in contradiction of the results reported by UteJ:Itoehl 

(1925), Grim (1939), and Fritz (1.c.), since these authors had found, in part, 

very different settling velocities in different diatam species. It would be 

desirable that future experiments dealing with this particular aspect be carried 

out using sedimentation columns as tall as possible (best suited are plexi-glass 

tubes having a minimal diameter of 20 cm) in order to elucidate the problems 

still unsolved. 

The settling velocities of 2.0 and 2.4 m/24 hrs. found in our experi-

ments are strikingly low compared to the values calculated by Grim (1939) for 

Lake Constance. The reason for this discrepancy would be found in the fact 

that our experiments were carried out using living cells undergoing exponential 

growth, while the diatoms observed by Grim in the hypolimnion of Lake Constance .5 7. 

were already dead. Grim, too, has observed significantly greater settling ve-

locities in dead diatoms than in living ones, and he attributed that finding, 

above all, to the absence of a gelatine sheat, which in living cells greatly 

reduces the average specific gravity of the cell or the colony, respectively. 

Fritz (1.c.), too, has found significantly greater settling velocities in fixed 

diatoms than in living ones, and he assumed that  the buoyancy of phytoplankton 

is increased to an extraordinary degree during life due to physiological pro-

cesses (assimilation, respiration), and that these effects are abolished by 

fixation." 

It then appears that the settling velocity of a diatomic cell increases 

with increasing lake depth (1) due to the decrease in water movement, and (2) 

due to progressing decomposition of the cell. However, this increase in the 

• 
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settling velocity may be counterbalanced, in part, by the lower temperatures

prevailing at the greater lake depths. In cases where the w3,nda•induced water

currents reach down to the bottom of the water body, we will find that the

numbeano:I: both dead and living cells decrease uniformly in all layers-a fact

already stressed by Utermoehl (1925).

b The rate of dissolution -- The pronounced dependence of the rate of

dissolution of silica on the pH value-which has been established by both

Joergensen (1955a) and Goltermann (1960) in diatom suspensions, and which is

also made evident by the data presented in Figure 73-according to both Stoeber

(1957) and Budd (1961) is due to the asymmetry of the Si-O-Si bonds, which

leads to positive excess charges on the Si atom. These excess charges exhibit

great affinity for anions and; in part:icular; for Oh ions. I-Pollowing the

nucleophilie reaction of the OH ions with the Si atoms of the hydrolytically

active boundary groups, there takes place the electrophilic reaction of the

le ions with the 0 atoms, leading to "complete hydrolysis of monosilicie acid"

(Kautsky et al., 1962) No low- or high-molecular-weight intermediates are

formed in the course of this process: According to Stoeber (l.c.) other anions

-apart from the Oif' ions-and in particular those of the halogens bring about

an increase of the rate of hydrolysis; this, at least, at low pH values. The

corrosive action of fluoride ions on glass is well kown. However, the Cl

ions are also able to exert a catalytic effect on the rate of dissolution of

silica, as has been demonstrated by Lewin (1961) in dissolution experiments

using diatoms in freshwater, seawater, and NaCl solutions. Dissolution ea.-peri-

ments using precipitated silica in Schoeh Lake water, to which we had added

increasing amounts of NaC1, have confirmed the pronounced catalytic action of
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CI: ions. At a DE value of 7.5 and a temperature of 2000, we found that the 

rate of dissolution of silica was increased--on comparison with salt-free water 

--by 20 to 40 per cent on addition of 1.e Nel, and by 50 to 60 per cent on 

addition of 3.5% NaCl. That fact must absolutely be taken into consideration 

in comparisons of Si balances under limnic and marine conditions, respectively. 

A factor hitherto hardly taken into consideration in connection with 	.58. 

pelagic Si feedback is found in the zooplankton; it was Lewin (1961), above 

all, who has drawn attention to this particular aspect. 

According to the investigations carried out by Hart (1934; 1942) and by 

Marshall and Orr (1962), diatoms frequently represent the main food base for 

the zooplankton in the sea. That is the case, above all, in the antarctic 

waters, where the diatoms  are the main primary producers and represent the 

basis of the entire food chain up to the fishes and the whales. Hart (1934) 

has described the redissolution of diatomic silica in seawater as a "steady 

process," and he indicated that the sediments, bird guano and the stomach 

contents of zooplankton always contain only the more strongly silicified diatoms, 

while the thin-walled diatoms--which represent the main share of the oceanic 

diatom plankton--are hardly found. Many fragments--in particular, of the bulky 

forms--have also been found in the stomachs of calanids, euphansiids and pteropods. 

In the freshwater of moderate latitudes, we find that the diatoms play 

only a subordinate role in the nutrition of the zooplankton, since in that 

water the more strongly silicified forms are subject to more rapid sedimen-

tation. Furthermore, the main development of the freshwater diatoms takes place 

during a period (i.e. March and April), during which the crustacean plankton 

is only•sparsely developed. According to Apstein (1892) and to Zacharias (1911) 

diaptomids and cyclopids prefer to feed on diatoms, and "diatom fragments" 

have also been found in the intestinal tract of water fleas. 
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• 	On the ba is  of examinations of intestinal contents of different 

crustaceans (Daphnia, Diaptomus, Bosmina, Sida, and Alona)  inhabiting the 

Schlein Lake ?  Vetter (1937) has stated "that shell residues of various phyto-

plankters were fond in the intestinal tract of all zooplanktonic forms in-

vestigated. These phytoplankters are represented chiefly by diatoms (i.e. 

gyclotella, Asterionella) . 	. . During January and February, the intesti- 

nal contents contained almost exclusively Cyclotella  species and other diatoms." 

In order to determine the extent of disintegration of diatomic frustules 

by zooplankton and the corresponding acceleration of the rate of dissolution 

of diatomic silica, we have carried out a number of different feeding experi-

ments using diatoms. 

Experiment No. 1: Asterionella  formosa and Daphnia Engna - Methods: 

The asterion(lies grown in nutrient solution were centrifuged and then sus- 

pended in a certain quantity of Schoeh Lake water resulting in a concentration 

of suspended diatomic silica of 5 mg Si/l. (corresponding to 75 to 80 x 10P 

cells per liter). Two one-liter polyethylene bottles were filled with that 

suspension. One bottle served as control sample (A), and ten adult females 

of 	hnia Emn_nwere put into the other bottle (13). The suspensions were 

continuously agitated with the aid of a rotatory mixer (number of revolutions: 

6 per minute). An air bubble was permitted to be present in the bottles, which 

bubble increased continuously in size in the course of the experiment due to 

the withdrawing of samples. That bubble ensured an adequate supply of oxygen 

for the daphniae and promoted mixing of the bottle contents. The experiment 

was carried out at a temperature of 20 ± 200. In the course of the experiment, 

we determined dissolved silica, total silica and pH, and carried out micros-

copic examinations. For the microphotographs, we withdrew at certain intervals 
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10 ml of the suspension, diluted that sample to give 25 na., and transferred 

the diluted suspension into a 25-ml. plankton chamber. 

Observations: The daphniae multiplied very vigorously during the first _ 	_ _ 

two weeks of the experiment, and they eXhibited good growth. Toward the end 

of the experiment, the population density, however, decreased to a marked 

extent, since the food reserves had finally been eXhausted by that time. 

Microscopic examinations: In captured daphniae we were able to observe 

that the filtered asterionelles were compressed into a food "sausage" located 

median in front of the oral appendages; the completely crushed particles were 

pushed into the foregut through the esophagus by means of the constantly work-

ing mandibles. The Asterionella  colonies were ground to an amorphous mass by 

the mandibles. The microphotographs (Figures 40 and 41, on Plate 1) reveal 

a surprisingly rapid advance of mechanical disintegration. Already after eight 

days, we were unable to find any intact cells at all. In the control bottle, 

on the other hand, we were unable to observe any marked disintegraticin even 

after prolonged continuation of the experiment. 

Chemical investigations: The initial concentration of dissolved silica _ _ 	_ _ 	. 

amounted to 0.18 mg Si/l. As is demonstrated in Figure 42, the mechanical 

disintegration in Bottle B led to a significantly more rapid dissolution of 

the diatomic silica than in Control Bottle A. The acceleration of dissolution 

brought about by the activity of Daphnia magna  is given by the proportionality 

factors mg Si/l. B/ 	Si/l. A; these factors are plotted in Figure 42. 

The question whether this two- to three-fold acceleration of the rate of 

dissolution is due only to the enlargement of the active surface, or whether 

chemical degradation or exposure of the membranous silica to substances in 
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the intestinal tract of Daphnia plays a role in this connection must be elu-

cidated with the ai d of future experiments. According to Von Dehn (1931), the

pH in the intestinal tract of Dznhnia lies between 5.5 and 6. Pectin reportedly

is not attacked.

The initial pH value of the suspension of 7.8 decreased in the course

of the experiment to 7.0 and 6.8, respectively. During the entire course of

the experiment, we found that the pH value of Suspension B--due to the increased

rate of degration (respiration)-was about 0.2 lower than that of Suspension A.

On Day 9 of the experiment, we filtered a portion of the suspensions throtigh

Blue Tape ('Blauband') or membrane filter, in order to compare the behavior

of the particles of the main (B) culture and of the control (A) culture. I'ollow-

ing filtration using a Blue Tape filter, we found in the filtrate of Suspen-

sion A 0.3 mg Si/l., but in that of Suspension B 1.5 mg Si/l. of suspended

silica. However, when the respective suspensions were filtered through membrane

filters (mesh size: 0.5 ^a), we found that complete separation of the suspended

silica -book place in both suspensions. No colloidal intermediates appeared

during the process of dissolution despite the rapid mechanical and chemical

degradation of the material. However, absorption of colloids possibly occurrxng

by the detritus particles cannot be excluded. On the other hand, if the dis-

solution of suspended silica is to be regarded as complete hydrolysis of mono-

silicic acid (Iîauts?,y et al., 1962), then we cannot expect appearance of low-

molecular-weight intermediate products.

I
Translator's note: Despite an intensive search in various German handbooks
on chemistry, biochemistry, and marine biology, I have been unable to establish
what a"Blauband:filter" is. It would seem to me that it is a special filter
identified by a blue tape or ribbon.
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.The-enlargement of the active surface of the diatom shells by means 	.60. 

edisintegration is of importance for the pelagic feedback of Si not only 

because it increases the rate of dissolution, but also because it signifi-

cantly reduces the settling velocity. The fecal balls produced by the zoo-

plankton dissolve relatively rapidly into loose detritus flakes, so that the 

diatomic fragments are liberated or float in the form of detritus for a long 

period of time in the water. 

Experiment No ,  2:  Disintegration of a diatam gyttja from the Large Ploen 

Lake by Daphnia  ma - In order to determine whether other, i.e. larger 

diatoms are also mechanically disintegrated by Daphnia  magna, we have sus-

pended, in Schoeh Lake water, a dia-ternie gyttja obtained in the Large Ploen 

Lake at a depth of 34 meters, which gyttja consisted chiefly of Stephanodiscus 

astraea  and Melosira islandica;  the suspensions again contained 5 mg/l. of 

suspended silica. The experiment was carried out in the same manner as Ex-

periment No. 1. 

As is demonstrated by Figures 43 and 44 (on Plate 2), rapid disintegration 

of the empty, relatively strong diatom shells took place. Many shells had been 

broken already after two days, and only small splinter-like fragments could 

be found after five days. 

Since Daphnia  magna  does not occur as planktonic form in deep lakes, 

but plays a relatively large role only in nutrient-rich e  shallow waters 

(as e  for instance, in the Heiden Lake), it follows that our results cannot 

be generalized directly with regard to the conditions existing in other 

inland lakes. The results obtained in the experiments described above may be 

regarded only as an indication for the importance of the zooplankton for the 
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dynamics of silica in bodies of water. Future work must deal with the extent 

to which the pelagic crustaceans of the larger lakes utilize the large supply 

of diatoms and, thus, may influence Si feedback. In this connection we would 

have to think in particular of the small cyclotelles and the stephanodisces. 

..(9)  Observations in eastern Holsteinian lakes - The silica precipitated 

during the spring bloom of the various diatoms, which silica usually amounts 

to more than 90 per cent of the total Si supply present in the lake, is al-

most completely incorporated in the sediments, i.e. following sedimentation 

almost the entire silica present in the lake water is incorporated in the sedi-

ments. 

In the northern basin of the Large Ploen Lake, the total Si content 

(i.e. the dissolved silica plus the suspended one) decreased during the spring 

of 1962 from 3.2 to 0.2 mg Si/l. (Figure 15). Since the sedimentation of dia-

tomic silica and the release of dissolved silica from the sediment, respecti-

vely, overlap already to some extent toward the end of the period of sedimen-

tation, it follows that the true share of sedimented silica that year was 

in fact somewhat greater than 3.0 mg Si/l. The course of sedimentation of 

suspended silica and the losses suffered by . the individual water layers in 

total silica are shown in Figures 21 and 22. The concentration of dissolved 

silica, which had dropped during the period of depletion to 0.02 mg Si/l. in 

the entire lake water volume, remained at that low level during the period 	.61. 

of sedimentation lasting one month (Figure 20).* Thus, we can by no means speak 

of any marked dissolution, although there occurred a transitory, pronounced 

accumulation of diatomic silica in the hypolimnion (Figure 21). Similar ob-

servations were  made in  both the Pluss Lake and the Vierer Lake. 

• 
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In the case of the summer diatomic plankton, we must count on a rela-

tively intensive dissolution in the water, first, since that plankton con-

sists chiefly of thin-walled forms (Stephanodiscus hantzschii, St. binderana, 

Asterionella formosa, Fragillaria crotonensis,  and Synedra amis  among other 

ones); secondly, since the zooplankton is more strongly developed during 

that time; and, thirdly, since the water possesses a more marked power to 

dissolve amorphous silica due to both the higher temperature and the higher 

pH values prevailing. During the summer, we are frequently able to observe 

large quantities of fragments showing marked evidence of dissolution into 

hardly identifiable splinters, like diatomic chips. This is the case, in 

particular, in the more shallow lakes, viz. the Heiden Lake, the Vierer Lake 

and the Bornhoeveder Lake, in which mass development of diatoms (i.e. bloom) 

occurs also during the simmer months. Counting of the identifiable diatomic 

Shells and conversion to Si weight in these cases frequently led to determi-

nation of only a fraction of the silica actually suspended in the water. The 

rest was contained in the detritus, which, no doubt, represented in part 

the excretory products (fecal balls) of the zooplakton. As a rule, the values 

for suspended silica determined by chemical and mathematical means, respecti-

vely, coincide only during the peak of rapidly developing diatoric blooms. 

In the case of the deeper lakes, we must assume that the dissolution 

of the diatomic residues--to the extent that dissolution takes place at all 

prior to sedimentation--takes place above all in the epilimnion, since the 

more favorable dissolution conditions prevail there. 

With regard to the annual overall Si balance, it would appear that the 

Si dissolution in the free water—perhaps, with the exception of shallow, 
7-4> 
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pond-like bodies of water-plays a subordinate role in the inland lakes under

consideration, since the main period of diatom development occurs during the

early spring, and the summer and fall populations attain only low densities.

3. Silica liberation from the sediments

(a) Exper.imental studies on mud-water exchanges

W Sil.ica release from mud as an exchan^;e process - The exchange ex-

periments using mud-water systems discussed in Section III have already de-

monstrated that the final values of Si concentration in the overlaying via-ter

(above the mud) correspond to the equilibrium concentration prevailing in the

mud, and that the influences exerted on the overlaying water by the mud are

based on an exch^ulge between the interstitial water and the overlaying wa'ter. .62.

Since frequently considerable quantities of silica are released by the mud

into the water, while the diatomic silica in the mud, on the other hand, exhi-

bits a relatively low rate of dissolution, we are forced to assume that dis-

solution is not restricted to the layer of contact (the interface) between

mud and water, but takes place also in the mud. lhat-q however, is possible

only if the interstitial water in the upper mud layers is undersaturated with

respect to silica, since? according to the Laws of Dissolution, the rate of

dissolution is directly proportional to the degree of undersaturation:

dei ==
k0 (cs - c;)

dt
(3)

where ei is the concentration of monosilicic acid in the interstitial water;

t is the time; 0 is the surface of the suspended silica; cs is the saturation

concentration; and k is the proportionality factor.
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nedegreeofundersaturationintheinterstitialwater(c s -c ), thus, 

may be used as a measure of the relative rate of dissolution in the mud. 

In order to determine the depth to which formation of dissolved si-

lica takes place in the mud, we have carried out several exchange experiments 

using layers of mud of varying thickness. Four plastic containers were filled 

with different quantities of mud (taken fram the Large Ploen Lake at a depth 

of 17 meters), with the individual layers measuring 1, 3, 5 1  and 8 cm in thick-

ness. We then added certain quantities of lake water with the result being 

that 10 ml  of water were present per square centimeter of mud surface. That 

surface amounted to 200 square centimeters. In order to prevent development 

of micro-stratification, we lightly aerated the overlaying water in a. continu-

ous manner, and a part of the water was replaced once a. day by fresh lake 

water in order to maintain a constant concentration level. The experimental 

temperature was between 18 and 20007 . 

The Si concentration of the water portion withdrawn once a day initially 

was relatively high, but it then dropped rapidly to a constant level, which 

was different in the individual experimental containers. The average values 

of Si release determined in the course of two months and the Si concentrations 

measured right after the discontinuation of the experiment in the intersti-

tial water of the mud columns measuring 1 and 8 cm, respectively, in thick-

ness are presented in Figure 45. The experimental vessel containing the 5-cm 

layer of mud was left untouched at first following conclusion of the experi- 	.63. 

ment, and this until the concentration in the overlaying water had increased 

7 
All experiments dealing with mud-water exchanges undertaken within the frame-
work of the present study were carried out with exclusion of light. 
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within fifty days to :L8.5 mg Si/l. As in the muds of the la-cm mud layer and

the 8--cm mud layer experiments, we determined only the stratification of

dissolved silica in the nnzd (Figure 45).

Results of the experiment: The exchange between mud and water led to a

gradient of concentration of dissolved silica in the mud due to a partial

leaching from the upper mud layers. However, the release of Si was based only

to a small extent on this leachingS  as is indicated by the date presented in

Table 19.

Table 19 -- Key: 1, mud layer thic1mess (in cm); 2t average Si con-
centration in the mud at the beginning; 3' average Si concentration
in the mud at the end; 4.9 absolute Si concentration decrease in the
mud; 5, absolute Si removal from the mud. _

10 2. 3.
Sc:hl alnu,r Cp Si-1Conz. ira Schlanml

hühe Anfang Ende

cni nig Si/1 nig Si/1

Â

8
26 6

28 22

4. 5.
absolute absolute

Si-Abnalime Si-Abgabeaus

im Schlamm ilem Schlamm

mg Si . mg Si

4 60

110

In both the experimental containers under considerationt the Si quanti-

ties leached from the mùd amountedg at the point in time where the experiment

was discontinued, to only 6 to 7 per cent of the quantity of Si released.

Since leaching of the upper layers of mud represents a non-recurring event

due to the experimental design employed, it becomes apparent that the vary-

ing releases of Si-at adequate duration of the experiment-are based solely

on varying degrees of re-dissolution of silica. In all the experiments carried

out, we obtained in the end a constant rate of Si release after initially

high values of Si release (cf. Figures 49, 50 and 51).

In the case of the mud layers isolated following discontinuation of the

experiment using the 8-cin mud layerg we repeated after one month our
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determination of the silica dissolved in the mud water: In the mud of the 

upper-most layer measuring 1 cm in thickness, the concentration had increased 

from 12.7 to 24.5 mg Si/1., i.e. by 11.8 mg Si/1., while that concentration 

had increased by only 1.3 mg Si/l, in the samples representing the 3-to-4-cm 

layer and the 5-4o-6-cm one respectively #  In correspondence with Equation (3), 

the rate of dissolution depends on the degree of undersaturation. The data 

on Si release at varying mud thicknesses—Which data were presented in Fi-

gure 45--indicate that the more pronounced dissolution takes place in the 

uppermost (i.e. most strongly undersaturated) layer of the mud. 

In cases where the concentration of Si increases in the overlaying water 

(as in the 5-cm mud layer experiumnt with no replacement of water), we find 

that the concentration in the mud also increases gradually, but this not to 

the same extent as in the water (decreases in dissolution due to approximation 

to the saturation value), so that the gradient of concentration between the 	.64. 

mud and the water becomes less and less steep (Figure 45: 5), and the release 

of Si from the mud decreases. 

The dependence of Si liberation from the mud on the degree . of under-

saturation of silica dissolved in the mud water can be particularly well de-

monstrated on the basis e experiments using varying degrees of colonization 
of the mud with chironomide larvae. According to Tessenow (1964) the concen-

tration of dissolved siliaa in the mud is kept nt a steady low level by the 

respiratory and nutritive pumping movements of the chironomide larvae dwelling 

in the mud, so that the dissolution of Si in the mud takes place at an accele-

rated rate. Apart from the experiments described in the afore-mentioned paper, 

we have carried  out a number  of  additional experiments with chironomide larvae, 

among which one experiment, supplementing the afore-described mud-layer ex-

periment, is particularly illustrative in nature: 
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A sample of chironomide-free n id  smelling strongly of hydrogen sulfide 

obtained in the Large Ploen Lake at a depth of 34 meters was distributed over 

six plastic containers (5-liter HostalenM, i.e. polyethylene;  Transi.]  pails), 

so that the thickness of the mud layer amounted in ail containers to 10 cm, 

and the mud surface amounted to 260 square centimeters. Two liters of Schloeh 

Lake water were given into the containers, which were lightly aerated during 

the course Of the experiment. The experimental temperature was 15 - 16 00. 

Twice a day at the same hour, i.e. in the morning and in the evsning, one 

liter of the overlaying water was removed and replaced by fresh lake water 

having a low Si content (0.2 mg Si/1 0 ). After about one week, we observed in 

all vessels a constant and well corresponding release of Si from the mud. In 

order to determine the range of error, the experiment was carried out first 

without chirononide larvae, but otherwise in the same manner as during the 

subsequent course. The deviations determined between the six experimental 

containers are shown in Figure 46 in the form of the heavy black line. In all 

containers the Si release amounted to 95 :t 5 Si/2/24 hours. 

Following this preliminary study, we placed different numbers of adult 

Chironomus  niumosus larvae (obtained in the Heiden Lake) into the containers, 

viz. 0, 0, 5, 15, and 20 individuals, respectively. In the Figures, we have 

converted the numbers of larvae to correspond to one square meter of surface 

in order to facilitate comparisons with known population densities. 

Figure 46 shows that addition of the larvae was reflected in immediate 

increase of Si liberation. Following that rapid increase of the initial 

Si release values, we finally reached the dynamic equilibrium or the steady 

state in all our containers; the level of that equilibrium W8S determined 

ti77i 
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by the different numbers of chironomide larvae present. Comparison of Figur-

es 46 and 47 reveals the direct relationship between the release of Si from 

the mud and the degree of undersaturation in the mud water of dissolved silica, 

which degree is determined by the exChange intensity. 

As already done in the case of the mud-layer experiments, we have cal- 	.65 e 

culated the quantities of Si released during the course of the experiment, 

and have then compared these values with the individual deficits in the mud 

(Table 20) in order to determine the extent of Si dissolution. Our calcula-

tions of the deficits were based on the equilibrium concentration in the mud 

water (c s ) of 38 mg Si/l. 

Table 20 - Key: 1, vessel; 2, larve added; 3, quantity of Si liberated 
from  the  mud; 4,  total; 5, from the deficit; 6, from the redissolution. 

Geffif3 	Larven- 	3  aus  dom  Seblamm abgegebenes Si - 
I.. 	zt2q,tz 	ge4at 	ans dirykllefizit 	ans dce,,Nachlbsung 

	

mg 	mg 	°/o 	mg 

1 + 2 	0 	55 	12 	23 	43 	77 
3 	5 	73 	18 	25 	55 	75 
4 	10 	90 	23 	26 	67 	74 
5 	15 	115 	27 	23 	88 	77 
6 	20 	120 	29 	24 	91 	76 

1-6 	 .24  . 	— 	76 

These values confirm the direct proportionality between Si release and 

Si re-dissolution already found to exist in the mud-layer experiments: At the 

time when the experiment was discontinued, the share of re-dissolution of Si 

amounted in all experimental containers to 76 i 1% of Si release. 

Silica regeneration in the isolated mud layers proceeded in accordance 

with the same pattern detected in our mud-layer experiments (Figure 48). In 

correspondence with Equation (3), accelerated Si dissolution took place in 

the layers eXhibiting pronounced undersaturation, so that the final state (c s ) 

wasattained in all samples at about the same time. 
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Our experimental results (cf. also the additional experiments des-

cribed on the following pages) lead to the following view of the liberation 

of Si from the mud: 

The increase in the concentration of dissolved silica in the overlaying 

water of a . given mud-water system (or in the water layer close to the bottom 

of a given lake, respectively) is based an an exchange between the Si-rich 

interstitial water of the mud and the mud-contacting water, which, under 

natural conditions, is always less rich in Si (perhaps, with the exception 

of bodies of water drying out in arid regions). This exchange leads first 

to a decrease of the concentration in the interstitial water, and, thus, in 

accordance with Equation (3) to a re-dissolution Of silica in the mud, the 

source of which is found in the amorphous silica of the diatomic shells. In 

closed systems this re-dissolution is arrested once the saturation concen-

tration of the mud (c s ) has been reached in the 
entire system. If the mud 

layers used are too thin, we will find that the mud-to-water volume relation 	.66. 

is of no importance for the equilibrium level of dissolved silica; that re- 

lation influences only the rate of attainment of equilibrium. 

The waters, however, should be regarded as open systems, which systons 

tend in a continuous manner toward the chemical equilibrium (i.e. the maxi-

mum of entropy), but never attain it due to the activities of organisms (in 

our case represented by silicic organisms, i.e., above all, diatoms). Due to 

either continuous or periodical (seasonal) biogenic desilicification, we find 

that the initial conditions are constantly being re-established, so that the 

Si concentrations are continuously kept at a relatively low level, which con-

centration.levels are different in individual bodies of waters. These con- 
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ditions can be imitated in the experiment by replacing the overlaying water

by fresh water in either a periodic or a continuous manner. Under such con-

ditions-conditions corresponding to a"dynamic equilibrium" or a steady state

(Von Berta].anfiy, 1942, page 26)--awe find in the mud a characteristic con-

centration gradient for dissolved silica, which corresponds to a dynamic

equilibrium between Si release and Si re-dissolution (cf. Figures 47 and 52).

The gradient of concentration of dissolved silica in the mud will-at equal

exchange intensity in different muds--increase, first, with increasing satura-

tion concentration of the mud; secondly, with decreasing concentration in the

overlaying i:rater; and, thirdly9 with increasing rate of dissolution of silica

in the mud. The latter, in turn, is determined-apart from the quantity of

precipitated silica and the specific surface properties of that silica-by

the degree of undersaturation of the mud, which, in turn again, is a function

of the exchange intensity.

On the basis o^.° the constancy of the concentration gradient in the mud

under the conditions of a dynamic equilibrium or steady state (where supply

equals removal), we then find that the Si release per unit time and per unit

mud surface is equal to the rate of dissolution per unit mud surface. In the

initial phase of an exchange experiment, when the gradient has as yet not

reached the equilibrium state, there occurs a partial leaching from the upper

sediment zones, so that the release of Si from the sediment is greater than

the rate of dissolution. As is indicated by the high release values at the

start of the respective experiments (cf. Figures 49, 50 and 51), this leach-

ing initially is very marked, but then rapidly decreases in order to finally

tend toward the value of zero. The time-independent dynamic equilibrium or
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steady state has been reached at that point. In calculations dealing with 

the absolute release value in the experiment, the deficit of dissolved 

silica arising initially in the mud is contained as a constant in the 

continuously increasing absolute quantiLy released (cf. Tables 19 and 20). 

Since the formation of dissolved silica in the mud takes place not at 

a defined interface, which would simultaneously represent the starting point 	.67. 

of the gradient, but in the layer of the gradient itself, ws find that the 

Laws of Diffusion and Exchange, respectively, cannot be applied in this in-

stance. 

Undersaturation is most pronounced in the surface layer of the mud, so 

that there also takes place the most pronounced dissolution of silica. Down 

in the depth of the mud, where  c 	equal to c, dissolution equals zero. 

Prom the point of view of the Si metabolism, the permanent sediment begins 

right below that boundary layer. The depth of that boundary is greater with 

decreasing rates of dissolution of Si particles in the mud, and with the 

increasing exchange between mud and water. Chironomide larvae are able to 

shift that boundary layer toward considerably deeper levels in the mud due 

to the greatly promoted exdâange due to their activities (cf. Figure 47). 

(n) Effects of temperature on silica release  from mud - The intensity 
of release of Si from the mud into the overlaying water depends to a large 

degree on the experimental temperature. That fact is illustrated in Table 21 

as well as in Figures 49, 50, 51 and 52. The release data presented in Table 21 

were obtained in various chironomide-free muds. The different temperatures 

reported for the higher temperature level used (i.e. 15 to 20 00) unfortuna-

tely could not be prevented; since a temperature-controlled room was not 
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available to us. The values presented  show  that the influence of temperature 

on Si release differs to a rather large extent in the different muds; however, 

in all cases that influence was significantly greater than the temperature-

induced modification of the equilibrium concentration's (c s ). 

Table 21 
le 

Herkuntt cl. Sehl. 
2. See 	3. Tiefe 

Tabelle 21 
4. 

Versuuls- 
• 
temperatur mg Si/m2  • 24 h 

t° C  

6, 	7. 
Verhâltnis 	Verhâltnis 
der Si-Abg. 
15-20°/5° 	es  20°/5' 

5 	0,5-1 
20 

5 	 10 	4,5-5 
15-16 	45-50 

5 	 15 	3,3-3,7 
50-55 

5 	 9 	 2,4 	1,3 
no 

5 	14 	 2,4 	1,2 
20 	 34 

5 	 40 	 2,5 	1,3 
100 

3-4 	1,8 

Gr. Pli.iner See 34 

Heidensee 	9,5 

Ken. 1, Origin of 
5, Si release; 6 e  

5 	25—GO 	3-4 	1,5 
15 	100-200 

md; 2, lake; 3, depth; 4, experimental temp.; 
ratio of Si release; 7, ratio. 

The extraordinarily rapid response of Si liberation to changes in the 	.68. 

temperature represents a finding worthy of note. The new release values cor-

responding to the changed temperatures are attained in this case at the same 

rate observed on modification of the chirononide larval population density 

(cf. Figures 46, 49, 50 and 60). This rapid response as well as the--in relation 

to the equilibrium concentration (c 8 )--significantly more markedly changed 

release of Si indicate that both the diffusion and exchange coefficients are 

greatly influenced apart from any decrease or increase, respectively, of the 

concentration gradient. 
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(y)  Effects of redox conditions prevailinc,  at the mud-water interface - 

On the basis of the fact that the diatomic shells frequently represent a con- - 

siderable component of the sediments, Gessner (1959, page 579) drew the con-

clusion, first, that these particular shells are dissolved only to a very 

minor extent and, secondly, that the pronounced accumulations of Si in the 

water layers close to the bottom of eutrophie lakes during the periods of 

stagnation could by no means be explained by a re-dissolution of the silica 

derived from the settled diatomic shells. The latter author saw the main 

cause of these accumulations of dissolved silica in the reductive disinte-

gration of ferri-silicium-humate complexes of the type assumed by Mortimer 

(1941 - 1942) to exist on the basis of both his investigations in British 

lakes and his experimental studies using mud-water systems. However, Morti-

mer's exchange experiments were carried out in exactly the same manner as 

those described by us in Section III, page 23 f., viz0 using rather thin mud 

layers measuring only 3 to 4 cm in thickness. As indicated by the results 

presented in Mortimer's Figure 18, there occurred, in aerobic experiments, 

a gradual oxidation of the mud dovin to the bottom of the experimental vessel 

--a finding also obtained in our own experiments. The gradients from the depth 

of the mud to the oxidized surface of the different properties of the mud 

observed under natural conditions—including, among others, the concentration 

of dissolved silica--were not present in that experiment; the dynamic equi-

librium (steady state) between oxidation and reduction, which, in the case 

of relatively thick layers of mud, leads to the formation of an oxide layer, 

which is distinctly demarcated in the downward direction and, as a rule, rarely 

measures more than one centimeter in thickness, was also missing. The experi-

mental findings obtained by Mortimer, in our view, cannot be applied to the 
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conditions existing in nature (and this, in particular, since the experi-

ments in question were carried out in the presence of light, so that there 

existed different conditions of depletion in aerobic and anaerobic vessels). 

Our view is based on the following experimental results: We filled two 

plexi glass containers with about six liters of Schoeh Lake mud obtained at . 

a depth of 21 meters; the respective layers of mud measured 20 centimeters 

in thickness. We used Schoeh Lake mud because the strohgly absorptive pro-

perties of that mud were known to us on the basis of earlier experimental 

results (cf. Section III, page 23 f.). In these particular experiments we 

used only the upper 10 cm of mud brought to the surface by the sampler. The 

mud in the containers was covered with Schoeh Lake water, and the water in 

one of the two containers (i.e., the one used in the anaerobic experiment), 

in turn, was covered with a layer of liquid paraffin. A continuous, but very 

weak stream of either air or nitrogen gas was bubbled through in order to 

prevent the development of stratification in the overlaying water, and the 

daily replacement of water using either oxygenated or oxygen-free Schoeh Lake 

water, respectively, ensured that the Si concentration of the water in the 

experimental containers was at a low level at all times (1.5 to 2.0 mg Si/1.). 

The aerobic experiment as well as the anaerobic one were initially carried 

out at a temperature of 2000; later  on  we lowered the temperature temporarily 

to 5°C. 

In the aerobic experiment we found already after five days that the 

mud was covered with a rusty brown oxide layer, measuring 3 to 5 mm in thick-

ness; after 15 days that layer had attained its final thickness of about 10 mm. 

This rapid oxidation was supported by the activities of tubificides; chiro-

nomide larvae were not present. In the anaerobic experiment, we found, on the 
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other hand, that the surface of the mud remained black;  • hat the water was 

free of oxygen; and that there appeared a smell of hydrogen sulfide, which 

increased with time. 

As is demonstrated by the data presented in Figure 50, there existed 

no differences either at 2000 or at 500 in the release of Si from the re-

duced mud and the surface-oxidized mud, i.e. the oxide layer measuring 1 cm 

in thickness is unable to block the continuous equalization of Si concen-

tration. A continuous supply of dissolved silica takes place from the deep, 

reduced mud layers, which supply is greater than the absorptive capacity of 

the upper layer of oxidized mud. 

Figure 52 shows the gradient of the concentration of dissolved silica 

in the mud determined upon discontinuation of the aerobic experiment using 

Schoeh Lake mud (obtained at a depth of 13 meters); the experiment itself 

is illustrate in Figure 51. The oxidized upper mud layer exhibits no pronounced 

decrease in concentration in comparison to the lower, reduced mud layers, al-

though precipitation of silica has taken place. The latter aspect is illus-

trated in Figure 53. The separated mud layers used in the 5°0-experiment were 

treated with hydrogen sulfide in order to determine the quantity of silica 

that may be liberated by reducing the absorption complex (cf. page 6). The 

layers of reduced mud exhibited only a parallel shift (probably due to the 

liberation of Si from silicates or due to sorptive complexes present also 

in the reduced state), while the oxidized surface layer showed a strikingly 

pronounced liberation of silica. The amount of 28 mg Si/l. liberated in ex-

cess (compared to the reduced mud) must have been precipitated during the 

course of the  experiment; that excess amount, however, would be adequate for 

increasing the Si concentration of a column of water measuring one meter in 
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height by only 0.3 mg Si/1. But since the Si liberation from the mud takes

place not only from the 1-cm thick upper layer, and since, furthermore, this

liberation is based on a process involving dissolution (the intensity of .70.

which is determined by the degree of undersaturation of the mud water), it

follows -Èhat any reductive liberation of silica in the upper layer must lead

to a decrease of the rate of dissolution of amorphous silica. The silica

released into the overlaying water, then, is due either not at all or only

in part to processes involving dissolutionp but above all to the liberation

of silica bound by absorptive means. For that reason we are hardly permitted

to expect that the Si release from the mud will be significantly higher during

the gradual (:) disintegration of the complexes than during the period pre-

ceding that disintegration. That fact is indicated already by the finding

showing that tiIaat release is also not influenced by the formation of these

complexes (cf. Figure 50). The continuous "flux" of dissolved silica-which

follows the gradient of concentration between the reduced mud and the over-

laying water-passes across any oxidized upper layers possibly present' once

the latter have become saturated. This saturation probably takes place at the

expenses of a more pronounced re-dissolution in the adjacent 1.ower reduced

mud layers.

Processes of absorption and desorption dependent upon the redox potential

do take place in the upper layer of the mud, but they do not determine in any

significant degree the Si release from the mud. The Si accumula.tion5observed

in the hypolimnion of lakes during the periods of stagnation represent not

the consequence of the simultaneously increased reductive processes, but a

parallel phenomenon of the latter: Due to the decreased exchange, we find
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that the silica released by the mud is not distributed over the entire lake

water volume, so that there occurs a rapid increase of the Si concentration

in the usually relatively small hypolimnion of eutrophic lakes. The quantity

of silica rleased per unit surface and per unit time, thus, does not have to

be greater during these particular periods than during the time of complete

circulation (Figures 14, 16, 26 and 2'7).

(b) In-situ observations in the bodies of water tiunder consideration

cx 1The large Pl.oen Lake - Since the short-term stratification investi-

gations were carried out only in the northern basin ( i. e. the Ploen Basin),

Nye are able to present more detailed data on the intensity of Si liberation

only in the case of that part of the Lake. In the Sub-Sections following further

below we will then, for the purpose of comparison, present the correUpcrding

data obtained in the other Lakes under consideration.

The autoehthonous release of Si in the Large Ploen Lake is characterized

by a distinct pattern: The Si present is almost completely utilized during

the course of the spring, and that depletion is reversed by an increase in

the concentration -ta'ng place during the entire year; in contrast to the

intensities of depletion, that increase in concentration is subject only to

minor seasonal variations (Figures 14 and 16).

During the periods of stagnation the increases in the concentrations

of dissolved silica proceed in the different depth regions at different in-

tensities, so that there develop heterograde Si stratifications with a meta.-

].imnic maximum (Figures 54 and 55). During the year 1962, this stratification

became evident already during the second half of May about ten days after the

appearance of stable stratification conditions (Figure 20) and remained
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intact until the onset of fall circulation (Figure 24).Whether the partial 

fall circulation during November is associated with the 5a type or the 5b 

type of Si tratification depends--as demonstrated on comparison of Figures 

54 and 55--on the hypolimnic residual concentrations, since these  concentra-

tions are intact during the entire summer stagnation period; they influence 

the relation between the epilimnic and the hypolimnic concentrations to a 

very large extent. 

Following a period of complete circulation leading to homogeneous Si 

distribution, there exists the possibility that the stratification known 

from the summer .months may appear again under a closed blanket of ice (cf. 

Figures 24 and 58). 

In the Large Ploen Lake-with the exception of the Ascheberg region of 

that Lake--it appears that the metalimnic Si maximum represents an apparent-

ly annual, pattern-like Dhenomenon; similar maxima have been observed also 

in certain other lakes, like the Vierer Lake (Figure 70) and the Grebiner 

Lake, for instance. 

Figures 20 to 25 and Figure 54 as well as the considerations outlined 

in Section IV.2. together indicate that dissolution of suspended silica in 

the free water must be excluded in connection with any explanation of the 

metalimnic Si maxima as well as in connection with the explanation of the 

Si stratification in the Large Ploen Lake in general. That dissolution may 

be involved to some degree in the development of stratification, but it does 

not represent the determining event. The dissolved silica of the pelagial 

is derived from the neighboring mud areas and is distributed from there over 

the pelagial by the horizontal currents. The fact that we are justified to 
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assume the existence of a metabolic exchange of that type, i.e. one pre-

dominantly horizontal in character,  in the metalimnion as well as in the 

hypolimnion is indicated by the results obtained, above all, by Alsterberg 

(1927), Hutchinson (1938) and Elster (1955b) in their numerous investigations. 

The section through the northern basin of the Large Ploen Lake shown in Figu-

re 56 reveals this horizontal pattern within the saine  basin (I). That pattern 

was found also in the case of the Si stratification of the Pluss Lake, which 

is protected from the wind. 

As is revealed by a comparison of Figures 55, 57 and 61, the silica 

stratification--in contrast to the hydrogen carbonate stratification (cf. 

Hutchinson 1938 and 1941)--does not reflect the current relation between 

mud area and layer volume ("bottom factor" after Elster and SchmolinSky, 1954). 

The dissolution of silica in the sediment is subject to patterns, which 

differ from those to which the dissolution of carbonate is subject. That 

dissolution must take place at a significantly greater intensity in the 

sediments of the littoral to the upper profundal than in those of the.lower 

profundal. 

In the case of the summer  stagnations of 1961 and 1962, we observed 

different time intervals, during which neither depletion nor pronounced ver-

tical exchange processes were taking place; during these particular intervals 

we have calculated the increasesof dissolved silica in the different layers 

and then related these values to the corresponding areas (Table 22). 

Apart from the latter calculations we have carried out a separate cal-

culation in the case of the 30-to-40-meter region, since that water volume 

appeared to be well isolated from the overlaying maximum by a layer of low 
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Table 22 - Si liberation in the Large Ploen Lake, north 

	

Tabelle 22. Si-litickführung Cr. Meer See, Nordbeeken 	basin 
Tage 	 mg Si/m2  • 24 h 
Days 0-15 15-25 0-25 25-40 0-40 

zeibitum 
Interval 

	

17. 5,-29. 6. 61 	 . 43 	410 	280 	350 	100 	270 

	

29. 7,-24. 9. 61 	 57 	530 	160 	360 	64 	260 

	

11.6.-27.  7.62 	 46 	430 	370 	400 	85 	300 

	

27. 7,-19.  8.69 	 28 	530 	105 	340 	124 	270 

169 	470 	240 	370 	87 	275 

Si concentration located at the 30-meter level. Since pronounced exchange 

processes reach only rarely down to these dapths, we are able to carry out 

a considerably greater number of calculations (Table 23). 

Table 23 - Si liberation in the Large Ploàa Lake, horth basin, 
171le 23. Si-flückführtmg Cr. Miner See, Nordbeeken, 30-40 m 	30-40 m 

D Year Period of observation 	ays 
Jahr 	Beobachtungszeitraum 	 Tage. 	mg Si/m2  • 24 h 

1961 	17. 5,-29. 6. 	 43 	 84 
29. 6.-29. 7. ' 	 80. 	 84 
29. 7.--24. 9. 	 57 	. 	62 

1962 	7. 5.-25. 5. 	 ' 	18 	' 	64 	 - 	• 

- 	25. 5,-11. 6. 	 17 . 	56 	. 
11. 6.-27. 7. 	 46 	› 	67 	. 
27. 7,-19. 8. 	 23 	 72 
19. 8,-11. .9. 	 23 	 31 Aueausch! (Exchange « ) 
11. 9,-17.10. 	 36 	 58 
17. 10.-- 8. 11. 	 22 	 65 

Average for Durehschnitt für 315 Tage 315 days: 	66 

The Si release from the low level sedlments amcunted to between 60 and 

80 mg Si/2/24 hours below the 30-meter level, and to between 80 and 120 mg 

Si/2/24 hours below the 25-meter level; that release is considerably greater 

from the sediments of the sublittoral and of the upper profundal. The values 

for the 0-to-15-meter and the 15-to-25-meter layers cannot be given separate 

consideration, since relatively extensive exchange processes take place in 
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these layers, so that--due to the fact that the bottom factor decreases 

with decreasing depth—the values calculated for the lower.  region are too 

low, and those calculated for the upper region are too high. The release of 

Si from the intermediate sediment zones probably amounts to about 400 mg 

Si/2/24 hours; in this instance we must count also on a more pronounced 

return of Si from the littoral. It is probable that both the littoral off-

spring diatoms, which show very marked development during the spring, and 

the macrophyte residues undergo rapid dissolution in the littoral due to the 

relatively high temperature, the high pH value, and the continuous  nove-

ment of the water masses. Einsele and Vetter (1938), too, have attributed 

the marked epilimnic increase of Si in the Schlein Lake to the release of 

Si from both the littoral and the sublittoral. On the basis of the Si values 

reported by Meloche et al. (1938) for Lake Mendota, Hutchinson (1957) arrived 

at a similar conclusion. 

Taking into consideration experimental results, we find that the vary- .73. 

ing release of Si from the sediments of different depth- regions must'be at-

tributed to the following causes: 

1. Currents and the exchanges brought about by these currents in the 

water close to the lake bottom; 

2. The temperature prevailing at the mud-water interface and the tem-

perature in the mud; and 

3. The extent of chironomide colonization of the mud. 

Re. 1  - The dissolution of diatomic silica in the mud is greatly pro-

moted by low Si concentrations in the water in contact with the mud. These 

favorable conditions of low Si concentration at that interface, however, are 
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present only ,at sites, where strong currents and vigorous exchange pro-

cesses prevent the formation of micro--stratificationsy which are foundq in

particular, in the sublittoral and in the upper profundal. Turbulent water

movements predominate in the epiliiuniony bringing nbout a uniform distri-

bution of the silica present over a water volume, which is very large in

relations to the corresponding bottom area; in the metalimnion^ on the other

hand, there •takes place only a horizontal shifting of the water in contact

with the mud, due to the predominance of the horizontal current component.

In both these cases we find, however, that the concentrations in the water

close to the bottom are kept at a constant, low level. Despite the. presence

of stable stratification' we find that the Si concentrations over the mud

surface are hardly higher than in the center part of the pelagial at the

same depth level (cf. Figure 56). The same is valid also in the case of the

upper hypolimnion (cf. Asterberg9 1927; Elster, 1955b). In the deeper lake

regions, we find that partial circulations in the hypolimnion (Pinsele and

Vetter9 1939), "eddy currents" (vortices) induced by internal seiches

(Olszewski9 1963) or gass bubbles escaping from the sediments ("methane con-

vection" after Ohle, 1958b) bring about equalization of concentration, which,

howeveri is not as pronounced as that taking place in the upper regions.

While the increase in the concentration of dissolved silica, is reversed .74.

evexy year in the hypolimnion of holomictic lakes, we find in the monimolim-

nion of meromictic lakes, according to Findenberg (1935), that an extensive

saturation takes place. The latter author observed that the f"i concentrations

in the monimolimnic layers of meromictic lakes were hardly higher than those

in the hypolimnion of holomi.ctic lakes, and he attributed that finding to
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precipitation of gels or an arrest of dissolution in the former. We must 

assume that the Si concentrations in this instance approximate the saturation 

value of the mud water already so closely that only weak dissolution is tak-

ing place. We probably must assume in this instance that there exists an 

equilibrium state between that weak dissolution and the exchange with the 

upper water layers (an exchange present also in lakes of that type, so that 

the concentrations remain constant. In the case of lakes of that type, it is 

probable that the dissolution of silica deposited in the deepest lake re-

gions is particularly low. 

In connection with the concentration conditions in the water layer close 

to the bottom, we must also take into consideration the thermal and chemical 

equalization currents (density currents) assumed to exist by Br8nsted and 

Wesenberg-ilund (1911 - 1912) and described by both Alsterberg (1928 and 1929) 

and Hutchinson (1941). The latter currents are effective in particular dur-

ing the period of winter stagnation, and they lead to marked accumulations 

of silica in the water layer close to the lake bottom at the maximal depths 

or in isolated basins while they prevent accumulation along slopes. In this 

manner these currents promote the release of Si from the sediments of the 

more shallow lake regions, and inhibits that release from the sediments of 

the deeper lake regions. We must assume that the silica, which accumulated 

during the period of winter stagnation of 1963 between January 10th and 

March 10th in the basins of the Large Ploen Lake (cf. Figures 58 and 59), 

to a large extent were not derived from:the corresponding depths, but had 

"flowed down" from the sediment regions located at higher levels. The de-

velopment of the Si maximum at the 25-meter level must be attributed either 
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to the after-eff ects of wind-induced' currents following formation of the

ice blanket (on January 5th) or to the development of stratification due to

chemical and thermal density currents.

Re. 2 - The experimental investigations using mud-water systems have

demonstrated that the hydrolysis of amorphous silica in the mud follows

Van t'Hoff's (reation rate/temperature) law. The Si release at 500 amounted

at best to 40 per cent of the release observed at l50 C (Table 21; Figures

49 to 51).

During the year 1962, the temperature jump layer (metalimnion) was lo-

cated at first at the end of June between 12 and 20m; at the end of July9

between 18 and 22 m; and between early August and the middle of October,

between 20 and 23 m(cf. Figure 23). The exchange processes extended down

to the lower water layers only during the second half of October and the

first half of November; in consequence, there occurred in these layers .75.

a transitory warming of the lake water, which lasted until the middle of

December. During the periods of summer stagnation of 1961 and 1962, respec-

tively, we measured temperatures > 100C only above the depth level of 20 to

22 meters. Below the 25-meter level, we found that the summer temperatures

amoun-ted to 5 and 6°C. In addition to the other factors already mentioned,

that particular temperature gradient must lead to a more pronounced release

of silica, from the sediments at the lower lake depths. The metalimnic maxi-

mum of dissolved silica must be attributed^ above all9 to the fact that

there still prevail horizontal currents despite the higher temperatures in

the metalimnion. The decrease in temperature during the winter exerts effects,

above all, on the release of Si from the sediments of the more shallow lake



regions, since the temperatures in these regions are 15 to 2000 lower than 

Curing the summer, 'while those in the hypolimnion are only 2 to 300 lower. 

During the winter of 1962-1963, we were able to follow the gradual decrease 

in Si release (calculated for the entire water volume of the northern basin) 

in a particularly distinct manner, since utilization of Si by diatoms started 

only toward the end of March following break-up of the ice (Table 24). 

Table 24 	Tabelle 24 

Zeitraum 	 Si-Rückführung Si liberation 
Interval 	 mg Stine • 24 h 

. 	8. 11.-24. 11. 62 	 250 
2 4 . 1 1.-40. 11 62 	 190 
10. 12,-10. 1.  63 	 80 	• ' 	• 
10.  1.-2. 2.63 	 701 46 

(EisdeckeD (Ice - 
2. 2.-- 9. 3 Ji3 	 30 	 coverl) 

Re. 3 - Both Lundbeck (1926) and Berg (1938) have demonstrated that 

chironomide larvae exist in nutrient-rich lakes, above all, in the upper 

profundal and in the lower sublittoral, since favorable nutritive conditions 

and tolerable oxygen conditions coincide in these zones. In the Large Ploen 

Lake, the main area of distribution, according to Lundbeck, is located in 

the mud regions at depths between 15 and 25 meters. Since Mundbeck carried 

out his investigations, this distribution pattern probably has shifted slightly 

in the upward direction, due to the increasing oxygen utilization in the 

suer hypolimnion (Ohio, 1953a; 1953b); however, even at the present time, 

extensive population densities--above all, represented by Chironomus 

anthracinus--are  present down to the lower edge of the metalimuion. This 

statement is applicable in particular during the spring and the early summer. 

During the summer of 1962 the oxygen content of the water layer close to 
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the bottom had dropped by August 19th:to 0.6 - 0.7 mg 02/1. at the 20-meter 

level, and to 0.2 mg 02 /1. at the 25-meter level, so that the chironomide 

larvae in the metalimnion probably had not yet died. Hydrogen sulfide could 

be detected only below the 35-meter level. 

In a mud-water exchange experiment--the results of which are presented 

in Figure 60---we have compared the release of Si from a chironomide-free 

mud sample obtained at a lake depth of 34 meters kept at 5°C under anaerobic 

conditions with the release of Si from a chironomide-populated mud sample 

obtained at a lake depth of 21 meters kept at 15 °C under aerobic conditions. 

In this way we tried to imitate the conditions prevailing in the lake during 

the period of summer stagnation. The experiments were carried out in plexi-

glass containers measuring 50 cm in height and 20 cm in diameter; the water 

in these containers was continuously bubbled at a low rate using either air 

or nitrogen gas. The water was replaced once a day in a manner ensuring that 

the Si concentration of the overlaying water amounted, on average, to 1.5 mg 

Si/l. In the anaerobic experiment, the almospheric air was excluded with 

the aid of a layer of liquid paraffin. The mud layers measured 20 cm in thick-

ness. The chironomide larvae present in the mud obtained at a depth of 21 

meters were first removed; however, about ten individuals remained in the 

mud sample. At intervals of about one week, we added ten juvenile Chironomus 

 larvae (corresponding to 350 larvae/square meter), which had been obtained 

during February at the same  laite  depth level. Due to this continuous increase 

of the population density, we found that the release of Si, at 15°C, from 

the mud sample obtained at the 21-meter depth level and populated by larvae 

amounted finally to the ten-fold value determined in the deep mud (i.e. the 

sample obtained at the 34-meter level, and kept at 5°C), although the 
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respective Si contents of these mud samples yielded an approximate ratio of 

1 to 5 (i.e. at the 21-meter level the content was 3% Si/dry substance, and 

at the 34-meter level, 15% Sil/dry substance; cf. Figure 62). Since the 

numbers of larvae used in the experiment were not abnormally high, we must 

count on finding similar values in this Lake under natural conditions. 

On Day 46 of the experiment, we added a small amount of potassium cyanide 

to the overlaying water, so that the KCN concentration in that water amounted 

to 50 mg/l. A part of the larvae (20 individuals) were driven out of the mud 

by the poison and could then be removed from the surface of the mud with the 

aid of suction; the rest of the animals probably died inside the mud. As is 

illustrated in Figure 60, the consequence of the addition of cyanide was a 

sudden decrease of the rate of Si release from 440 to 100 mg Si/2/24 hours. 

The KON treatment probably had also resulted in the death of a part of the 

other animal and plant life normally present in the upper layer of mud, so 

that the rate of release of Si from the chironomide-free, but otherwise un-

dieurbed mud sample probably would be somewhat above 100 mg Si/2/24 hours. 

The tubificides, however, were injured hardly at all on addition of potassium 

cyanide, and this even after relatively high KM-  concentrations had been 

applied for several days. 

Figure 61 shows the temperature and Si stratifications prevailing on 

July 27, 1962, the mud-water relations ("bottom factor") prevailing in the 

northern basin, and the Onironomus bathophilus (= anthracinus)  population 

densities reported by Lundbeck (1.0.) for July 31, 1924. We are unable to go 

as far as to state that there exists a direct correlation between the depth 

distribution of chironomide larvae and Si stratification, since these two 

5 
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phenomena, in part, are parallel in character. However, taking into consi- 

deration our experimental results, we must assume that the chironamide larvae .77. 

participate to a significant extent in the pronounced release of Si from the 

sediments at lake depths between 10 and 25 meters. The marked accumulation 

of Si in the epilimnion during the summer as well as the development of the 

metalimnic maximum must be attributed--apart from the higher tamperatures 
also 

and the prevailing current conditions--p the exchange-promoting pumping 

movements carried out by the numerous chironomide larvae present. 

The varying release of Si fram the sediments of different depth regions 

is reflected in the contents of diatomic silica in the sediments: 

During August and September of 1963 we l  using a mud sampler, obtained 

a total of 40 sediment samples at different sites in the northern basin of 

the Large Ploen Lake; the upper 10-cm portion of these samples was examined 

with respect to its content of soda-soluble silica (i.e. amorphous silica, 

tl Si
a
"). We determined the average values for the mud columns measuring 10 

cm in length as well as the Si contents of the different sediment layers, and, 

furthermore, the residues obtained on ignition. 

The results obtained in these particular investigations are presented 

in Figures 62 to 64. The sampling sites are shown on the bathymetric map of . 

the northern basin (Figure 2). The large differences in the average Si con-

tents of the 12-to-24-meter sediments, on the one hand, and the 28-4o-41- 

meter sediments, on the other one, can in na way be explained solely by 

differences in the sedimentation of diatomic-plankton. The plots shown in 

Figure 62 (% Si/dry substance) can be readily fitted to give a curve, which, 

in general e  represents the mirror image of the temperature and oxygen curves, 
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respectively, of summer stagnation e  while the data obtained on examination 

of the ignition residues show pronounced scattering in Figure 63. The dis-

tribution curve shown in Figure 62 reflects--at least, in part--the varying 

release of Si from the different sediments. The relative distribution of the 

Si contents in the sediment columns (Figure 64) also leads to the same con- 

clusion. In the deep sediments we initially find even a relative accumulation 

of amorphous silica amounting to up to 120 per cent; however, the relative 

Si content decreases with increasing sediment depth at decreasing water depth. 

The lower sediment layers (8-10 cm) of the samples obtained at a lake depth 

between 15 and 22 meters finally exhibited only 40 per cent of the surface 

layer (o-1 cm) content. It must be kept in mind that corresponding sediment 

layers obtained at different water depths cannot be compared directly, since 

they are of different ages and, thus, reflect different developmental phases 

of the lake in question (and, perhaps, also of the silica metabolism of that 

lake). However, the differences found, which are apparent in particular in 

the upper six centimeters, are too large to be explained solely on the basis 

of age factors. 

The varying release of diatomic silica from sediments of different lake 

depths is reflected also in the microscopic findings obtained by us (Figur- 	.78. 

es 65 to 67, on Plate 3). The diatom shells present in the deep sediments 

appear to be entirely intact; the sediment samples obtained at relatively 

low lake depths e  on the other hand, eXhibited predominance of diatomic frag-

ments and strongly corroded residues. At the latter depths we must count also 

on a more marked mechanical disintegration of the diatom shells by the mud-

dwelling fauna. 
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In summary, we are then in a position to state that the autochthonous

Si metabolism of the Large Ploen Lake is based, above all, on the pronounced

release of silica from the sediment zones above the 25-meter level. The dia-

tomic residues sedimented above the latter depth level are returned relati-

vely rapidly into the metabolic cycle, While the water depths below the 25-

meter level represent storage basins. The fact that diatom shells belong to

the most important guide fossils does not exclude marked re-dissolution of

these shells in the sediments, since the extent of dissolution differs very

greatly in the different regions of a given body of water. In addition, we

must take into consideration the fact that diatom gyttjas are formed only

in cases where a continuous allochthonous supply of dissolved silica is pre-

sent (cf. Section VII).

The extensive degradation of diatomic silica in the sediments of both

the sublittoral and the upper profundal is made possible, above all, because

the equilibrium concentrations of dissolved silica in the interstitial water

are influenced only to a minor extent by the decrease of the Si content of

the mud (cf. Table 4, page 20), and because these equilibrium concentrations

are not reached by far in the upper sediment layers due to the intensive ex-

change processes taking place in the mud as well as in the water layer close

to the bottom. Because of that situation we find that more dissolved silica

is released from the silica-poor muds of the more shallow regions of lakes

than from the deep muds very rich in silica (cf. Figure 60).

As is demonstrated by Figure 68, the stratification situations prevail-

ing in the southern part of the Large Ploen Lake were rather similar to those

found in the northern basin. The concentrayions found in these two parts



during the same seasons also deviated only to a small extent. In the central

basin, which measures 56 meters in depth and is located east of the lange

Glarder, we were also able to detennine on September 11, 1962, the existence

of a metalimnic Si maximum, which, however, was located there at a depth of

30 meters. The deviating stratification situation observed in the south-western

part of the northern basin (cf. Figures 2 and 56) must be attributed to the

connection existing between that part and the central basin. That fact is

indicated also by the tempera.-Lx^^e stratification observed.

On the other hand, we have observed an entirely different situation in

the Ascheberg part of the Lake, clue to the entirely different morphometry

of.that part (Figure 69) : The Ascheberg part of the Dake represents a wide,

relatively shallow basin, in which stratifications appear only during the

mi.dsummer under calm weathe.r conditions or during the winter under a blanket

of ice. In this part, we find that favorable dissolution conditions prevail

at the mud interface at all depth levels-conditions which in the rest of

the :bake are given only down to the lower edge of the metalimnion. On Sep- .79.

tember 11, 1962, we carried out measurements directly above the mud at a

depth of 25 meters and a temperature of 150 0. Due to the intensive release

of Si, we found that the Si values frequently were considerably higher than

those determined in the northern basin (cf. July 2'7th, September 11th, and

November 8th, 1962, in Figures 55 and 69). However, since relatively inten^-

sive processes of depletion take place there also during both the summer

and the fall due to the continuous supply of nutrients by the mud, we find

that the quantities of A available to the diatoms during the spring differ

hardly at all from those .:vailable in the northern basin. Due to the low mean

depthq we -then find that the Si metabolism in that part is significantly

,
more intensive than in the deeper basin.
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On the basis of both the increases in concentrations in the different 

parts of the Large Ploen Lake and the morphometric data presented by Thiene-

mann (1928), we have computed the release values for the entire Lake for the 

interval between May 4, 1962, and March 10, 1963 (= 310 days), and compared 

them in Table 25 with the values determined in the northern basin. 

Table 25 	 Tabelle 25 
North basin Whole lake 

Zeitraum 	 Tage 	mg Si/m- • 24  h 
Interval 	DayS Nordbeeken 	ges. See 

	

4.5-27.  7. 62 	83 	210 	 140 Zehrung! Depletion!, 

	

27.7.-11.  9. 62 	46 	240 	 300 	(0-80m  == 310) 

	

11. 9.-10. 3. 63 	181 	140 	 80 

	

4.5.-11.  9. 62 	130 	220 	 200 

	

4. 5. 62--10. 3. 63 	310 	170 	 130 

The release values for the northern basin related to unit area, on 

average, were silghtly higher than the values computed for the entire lake. 

That difference is due to the fact that the Si concentrations in the epilim-

nion of the central basin usually are slightly higher than those of the nor-

thern basin (approximately 0.2 mg Si/1.); due to that situation', there takes 

place--and this, in particular, when south-westerly winds prevail--a trans-

portation of Si into the northern basin* The low Si concentrations in the 

northern basin must be attributed to both the grec-ber  mean depth of that 

basin and the lower allochthonous supply. The epilimnic release values pre-

sented in Table 25 for the northern basin, thus, would be a little too high. 

(
3,) Vierer Lake - As is demonstrated by Figures 28 and 29, the release 

processes taking place in the Vierer Lake correspond  with regard to the 

fundamental aspects to those observed in the Large Ploen Lake. For that reason, 
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it will be sufficient to present only a summary of our more significant 

findings: In the case of the Vierer Lake we also found that almost the 

entire silica of the laite  was present following completion of diatom develop-

ment (bloom) in the spring in the form of amorphous silica in the diatam 

shells settled in the sediment. During the spring of 1962, the total Si 

content of the lake water (i.e. dissolved plus suspended silica) dropped 

from 7.7 - 7.8 mg Si/l. to 0.4 - 0.6 mg Si/l. 

During the depletion-free intervals of the summer season (May to Sep- 	.80. 

-bomber of 1961, and September to October of 1962), the mean Si release 

amounted to 300 - 330 mg Si/2/24 hours or 45 mg Si/U3 /24 hours, respecti-

vely. During the winter months, that release decreased to 100 to 200 mg Si/ 

2/24 hours, and finally changed into the spring depletion. 

Since the mean depth of this Lake amaunts to only approximately 7 meters, 

we find on comparison with the Large Ploen Lake that significantly higher 

Si concentrations are attained  ai  liberation (release) values that are only 

a little higher. 

In the southern part of this Lake, eXhibiting a maximal depth of 17 me-

ters, we observed siuilar stratifications as in the north-south part of the 

Large Ploen Lake. In the case of this Lake, too, we found that a distinct 

Si maximum develops in the intermediate depths, which maximum gradually dis-

appears with the increasingly more profound circulation (Figure 70). This 

particular Si stratification appearing during the course of the summer must 

be attributed to the same causes establiShed already in the case of the 

Large Ploen Lake. 

The Si stratifications in the northern part of this Lake (Figure 71) 

correspond to those observed in the Ascheberg part of the Large Ploen Lake, 
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with these two parts eXhibiting similar morphometric properties (shallow, 

wide basins). In this northern part there occur marked accumulations of Si 

above the mud at a depth of 10 meters during the periods of stagnation, 

which periods, however, are only short with the exception of winter stagna-

tion. (During the midsummer, we may in that part of the Lake occasionally 

observe also occurrence of oxygen depletion as well  as of sulfate reduction.) 

(y)  Heiden  Lake  - In the Heiden Lake we have determined release values 

of between 160 and 220 mg Si/2/24 hours (Figure 31). Taking into consi-

deration the quantity of Si transported into the Lake by the Muehlen Brook, 

we obtain values between 80 and 140 mg Si/12/24 hours for the autochthonous 

component of the Si release..These values are surprisingly low, and the 

following reasons suggest that these values are already greatly lowered due 

to  the. occurrence of depletion processes: 

During December and January, we determined an autochthonous release 

value of 130 mg Si/2/24 hours under the ice blanket at a water temperature 

of 2 to 3oC and a Si concentration of 9 to 11 mg si/i. We must deduct about 

ten per cent from that . value, which percentage must be attributed to the 

formation of the ice cover. Biogenic utilization was impossible during that 

period due to the presence of the thick ice and snow blanket. Even during 

the summer at water temperatures above 2000 and significantly lower Si con-

centrations in the water, we found that that winter release was exceeded 

only once with a value of 140 mg Si/l. However, in experiments using Heiden 

Lake mud, a Q1 0 value of 3 to 4 Was determined for the release of Si (Tessen-

ow, 1964, and Table 21). The actual release during the summer, thus, must be 

considerably higher than the va lue of 130 - 140 mg Si/2/24 hours. 
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Examination of sediment samples, obtained at sites distributed over 

the entire lake bottom, has shown that--mith the exception of a narrow 

shore belt measuring a few meters in width--similar Si concentrations pre- 

vailed in the interstitial water at all sites sampled. At the end of December 

of 1962, we determined in the upper 5-cm of the mud a content of 20 to 25 mg 

Si/10 at a Si concentration of 11 mg Si/l. in the lake water. The sediments 

of the shallow lake basin measuring, on average, two meters in depth are 

very uniform also with respect to the Si content of their dry substance (2 to 

3% Sia/dry substance), so that the release values found in the experiment 

may be generalized to a large extent. 

The periods of depletion, with one following right after the first one 

(cf. Pigures 30 and 31), permit us to conclude that the increases in con-

centration determined between . the main depletion periods represent only the 

excess of release over utilization, i.e. that a continuous biogenic utili-

zation is taking place, which is reflected in a decrease of Si concentration 

only during periods where utilization intensity is great. On the basis of 

both our observations made during the winter munths and the results obtained 

in uur experimental investigations using Heiden Lake mud, we Must count on 

a release of Si from the sediment during the summer amounting to a minimum 

of 300 mg Si/2/24 hours. 

The determination of the actual autochthonaus release of Si taking place 

in a shallow, pond-like body of water, like the Heiden Lake, is not possible 

solely on the basis of data on the Si concentrations in the lake water and 

consideration of Si transported into the body by inflowing waters. The in-

crease in concentration corresponds to the actual release only nnder extreme 

conditions of the type encountered during the cold winter of 1962-1963. 



- 139 -

^S) Schoeh Lake - The Schoeh Lake is relatively deficient in silica.

During the years 1961 to 1963, the average Si concentration of the entire

water volume amounted maximally to 0.4 rng Si./l. The maximal Si concentration

determined above the mud at the maximal Lake depth of 29 meters amounted to

1.2 mg Si/1.

The increases of the Si concentrations in the different layers of the

Lake during the summer of 1962 are presented in Figure 72 with the aid of

stratification curves. The increases in concentration related to the cor- .82.

responding area. surface-which increases may, NFrith certain restrictions, be

regarded as representing the actual release from the sediment-are given in

Table 26.

T.,b].e 26 - Si liberation in the Schoeh Lake, Sunmer 1962
Key: A = exchange; Z = depletion.

Tabelle 26. Si-Rüc•kfühtvng im Sehiihsee, Sommer 1962

(A! = Austausdi, Z! = Zehrung)

Zeitraurn Tage mg Si/m"- • 24 h
Interval Days 0-10 m 10-20 ni 0-20 nm 20-25 m 0-2981n

20. 4.-w5. 7. 96 13 27 20 13 19
25.7.- 1. 9. '37 30 8 Al 20 12 19
1. 9.-15.10. 45 3 Z! 2 Z! 2,5 Z! 14 4 Z!

In order to enable us to make a better comparison between the release

data determined in the Lake and our ea.-perimental results, we are presenting

the corresponding temperatures in Table 27. These particular datat further-

more, enable us to assess the exchange processes.

Figure 72 and Table 27 indicate that a good separation of the indivi-

dual layers was givén during the first interval of observation; howeverg
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Table  27  - Temperature stratification in the Schoeh Lake 
Tabelle 27. Temperaturschiditung  1m Sditillsee, Sommer 1962 Sumer 1962 

in 	20.4. 	25.7. 	1.9. 	15.10. 

	

1 	 18,1 	15,6 	13,6 

	

5 	 — 	15,3 	13,6 
1. eVoll- 

	

10 	 13,9 	15,2 	13,4 
ziAii- 

	

15 	 7,6 	7,8 	12,9 
lation 

	

20 	 6,6 	6,7 	7,1 

	

25 	 6,4 	6,7 	6,8 

	

28 	 6,3 	6,5 	6,6 
Key: l e  Full circulation 

during the period of time between July 25th and October 15th, we were able 

to observe separately only the 0-to-20-m and the 20-to-28-m layers. 

The release values determined by experimental means for Schoch Lake 

mud from lake depths of 13 and 21 meters, respectively, at 5 °0 and 15 to 20°C 

are presented in Figures 50 and 51 and in Table 21. 

The following conclusions may be drawn with regard to the Si release 

taking place in the Schoeh Lake.  

1. A strikingly uniform release of silica takes place from the sediments 

of the hypolimnion, which release with 12 to 14 mg Si/2/24 hours corresponds 

to the release values obtained at 5 00 using experimental means. 

2. The release of Si from the sediment is not influenced by the redox 

conditions prevailing at the mud-water interface--conditions which differ 

during the summer and the winter (in the hypolimnion, there prevail aerobic 

conditions up to the middle of August, but after that point in time, anae-

robic conditions). That observations corresponds to the results obtained in 

our experimental  investigations (cf. page 68). 

5. As is indicated by the release values obtained during the first inter-

val of observation, we must also in the case of the Schoeh Lake count on a 

• 
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more intensive release of Si from the sediments of intermediate water depth. 

The actual extent of that release cannot be determined because of the con-

tinuous occurrence of exchange processes. 

The low release of Si in the Schoeh Lake,  compared to the Lakes discussed .8 

in the preceding Sub-Sections, is due to the relatively low rate of dis- 

solution of silica in the mud and the low Si concentration in the interstitial 

water of the mud assoeiated with that low rate of dissolution. Both these 

findings are due to the low content of amorphous (i.e. diatomic) silic a  and 

the high clay content. The content of sodium carbonate-soluble  silica amounted 

even in deep sediments to only 1.4 to  1.5%/dry  substance. That silica con-

sists to a large degree of diatomic silica; however, sodium carbonate treat-

ment results also in the determination of a part of the silica bound in the 

clay of the nud. The low equilibrium values of silica dissolved in the inter-

stitial water of Schoeh Lake mud, amounting to 10 to 15 mg Si/1., cannot be 

explained solely on the basis of the low content of sodium carbonate-soluble 

silica. One mud sample obtained in the Large Ploen Lake at a depth of.  15 

meters also contained only 1.5% Sia/dry substance, but the Si concentration 

of its interstilialwater amounted to 26 mg•Si/l. The relatively low concen-

trations of dissolved silica in the Schoeh Lake mud  must  be attributed rather 

to absorptive processes and ion exchange processes involving the iron-rich 

clay sediments. 

(e) Pluss Lake  - As is demonstrated . in  Figure 27, the Fluas  Lake exhi-

bits a strikingly constant release of Si during the entire year, which is 

disturbed only during the spring by a brief period of depletion. The aver- 

age release of Si related to the lake area amounted to 10 to 18 mg Si/2/24 hrs. 



Tn contrast to the Large Ploen Lake, we did not detect any decrease of Si

liberation during the winter. Since the epilimn.ion of this particular Lake

exhibits during summer stagnation only a thiclzness of about five meters,

while the mud starts only at a level below the 5-meter one, we find that

constant temperatures between 4 and 6o0 prevail in all mud regions. The summer

and winter temperatures differ only by 2 to 300.

For the period between April 7th and October 15th of 1961 (180 days),

we have computed the release of Si for the different layers and related the

values obtained to the corresponding areas. These data are presented in Table 28.

Table 28 - Si liberation in the Pless Lake
'Tabelle 28. Si-llücl:fühning im Pluf3see, 7. 4.-5.10.1961

Layer Tiefenstufe mô Si/m" • 24 h

ni

0- 5 11 1
10

5-10 9

10 - 15 1 14

15 - 20 `?5

20 - 27 15 ` 15

0 - 27 j 12,4 1 12,4

11

20

12,4

Once we take into consideration the exchange processes between the indi-

vidual layers to be expected also in the well layered Pluss Lake--processes,

which in this Lake are, in part, associated with "methane convection" (cf.

page 73)-it becomes clear that the most pronounced release of Si takes place

from the deep sediments below the 15-meter depth level. The Si release from

the intermediate depth regions does not play a predominating role in the fluas

Lake. The conditions prevailing at the mud interface are very uniform due to

the high location of the me-talimnion, and this with respect to both the

18
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temperature and the oxygen situation. During the period of summer stagnation, 

anaerobic conditions prevail in the entire hypolimnion, so that a higher mud-

dwelling fauna (tubificides, chironomides) is absent. 

The relatively marked accumulation of Si in the surface water (which 

accumulation leads to the development of a metalimnic minimum; cf. Figure 26) 

would be attributable to a release of silica from the leaves deposited in the 

littoral or from coarse detritus of macrophytes. 

In a mud-water exchange experiment—ehich was carried out using mud layers 

measuring 20 cm in thickness and, in correspondence with the natural condi-

tions prevailing in this Lake, under anaerobic conditions--we were able to 

obtain release values very similar to those observed in the Lake (Table 21; 

Figure 49). The mud samples had been obtained with the aid of a sampler. The 

experiment was carried out in the usual manner with daily replacement of 

water. The release of Si from the deep mud (23 meters) amounted to the 1.6- 

to 1.7-fold of that from mud obtained at a depth of 13 meters. This higher 

release of Si from the deep mud is due, above  ail,  to the higher saturation 

concentrations in the interstitial water (Table 29). However, we must 'ce 

 dealing also, with a higher rate of dissolution at equal degrees of under-

saturation, if we assume equal exchange parameters to be in force. The deep 

mud was richer in sodium carbonate-soluble silica (3 to 4% Si/dry substance) 

than the mud obtained at higher depth levels (1 to 2% Si/dry substance). 

Table 29 
Tabelle 29 

Depth 	. Siff = mud water 
Seetide 	cs  (mg Si/1 SW) 

In 	 20' 	• 

13 	 15 	 19 
23 	 22 	 25 
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The release values of 15 to 20 mg Si/2/24 hoyrs, determined on the 

basis of the increase of Si in the hypolimnion, are slightly higher than 

the experimental values obtained at 5oC. That finding may be attributed to 

a more pronounced fermentation in the upper mud layers of this Lake. Apart 

from the latter possibility, we must take into consideration a further 

increase of Si release with increasing lake depth: The 23-meter mud had been 

removed from a level still six meters above the maximal depth of the Lake; 

that mud came from the boundary zone between the humus mud of the more 

shallow lake regions and the digested sludge of the more deeper ones. 

Ihl Lake - The maximal average concentration for the entire lake 

volume amounted to 0.08 mg Si/1.; that concentration was found on January 23, 

1963, following prolonged presence of a blanket of ice. The maximal concen-

tration Immediately above the sediment amounted to 0.13 mg Si/l. on October 23, 

1963, at a depth of 20 meters. The increase of the total Si content of the Lake 

related to the lake area amounted to 2.2 mg Si/M2 /24 hours during the period 

between June 8th and September 6th, 1961; to 1.0 mg Si/2/24 hours, between 

September 6th and October 23rd, 1961; and to 1.8 mg Si/M2 /24 hours over the 

entire interval. Since no diatoms were observed in the lake water during that 

interval of time and since the Lake has no inflows, we must regard that re-

lease value as the average rate of release from the sediment. This is an 

extremely low rate of release, which amounts to only about 10 per cent of the 

release observed in both the Plass Lake and the Schoeh Lake, and to less than 

one per cent of the release observed in the :Large Ploen Lake. 

Similar values - have been obtained in an exchange experiment using Ihl 

Lake mud (Table 21, page 67). 

.85. 
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The low rate of release of Si from the Ihl Lake mud is due to both . 

the low concentration of Si in the interstitial mud water and the low rates 

of dissolution of Si compounds contained in the mud (compounds like quartz, 

silicate minerals, but hardly any diatom remains at  ail). The Si concentra-

tions in the interstitial water—determined immediately after taking the mud 

samples—are summarized in Table 30. 

Table 30 - Si concentrations in the pore waters of the Ihl 
Tabelle 30. Si-Konzentrationen im Interstitialwasser des IhIsee-Sehlamrnes lake mud 

1. Datum der 	2 Seetiefe 	3•Sedimenttiefe 	4. mg Si/I SW 
Sehlamm-Entnalune 	m 	 ern 	 (ci) 

9. 6. 61 	 5 	 0- 10 	 2,4 

	

0-5 	 2,9 

	

5-10 	 4,7 

0-- 5 	 2,4 

5-10 	 4,9 

9 

23. 1. 63 	 21 	 0— 5 	 2,4 

	

5-10 	 3,5 

	

10-20 	 5,4 

IC..2,Y1, 1, Date of mud withdrawal; 2, lake depth; 3, sedinent 
depth, 4, SW = 'mud water. 

Due  to the low rate of dissolution of Si in the mud of this Lake, we find 

that the gradient reaches very deep down into the mud; the Si concentrations 	.86. 

in the upper mud layer (o-1 cm) would in the entire lake water be only a little 

higher than those in the water close to the bottom. 

The low rate of dissolution of Si in the Ihl Lake mud is due to the 

deficiency of that mud in amorphous silica. The dry substance of the deep mud 

consists to 60 to 80 per cent of 5i02 . That mud, however, contains about three 

per cent of sodium carbonate-soluble silica, which amount represents about 

one per cent Si of the dry substance. This sodium carbonate-soluble silica 



- 146 -

contains a high percentage of Si liberated from the silicate minerals as

a consequence of sodium carbonate treatment. These silicate minerals can

be attacked and broken down only with difficulty under the dissolution

conditions prevailing in the mud. The composition of the Ihl Lake mud is

reflected also in its rate of dissolution in dependence on the pH value,

which-on plotting-represents the mirror image of the curve of dissolution.

of amorphous silica (Figure 73). We have suspended 1 g of dried Ihl Lake mud

finely disintegrated with the aid of a pestle or 1 g of dried amorphous silica,

respectively, in 200 ml. of distilled water. The suspensions were adjusted

to different pH values with the aid of hydrochloric acid, sodium hydrogen

carbonate and sodium carbonate, respectively. Thèse suspensions were kept in

polyethylene bottles and continuously agitated in the dark using a rotary mixer.

lifter 24 hours (or after 4 days, respectively), the suspensions were filtered

and the silica gone into solution was determined by photometric means. The

smallest quantity of silica, gone into solution in a given pH series was es-

tablished as unity (1), and the values obtained at the other pH steps were

related to that unit. The numbers appearing on the ordinate [in the Figures],

thus, represent multiples of the minimum value. Amorphous silica exhibited a

steep rise of the rate of dissolution above pH 4, while that rate decreased

in the case of the Ihl Lake mud up to pH 8.6, reaching a minimum at that

value (0.13 mg si/l. in 24 hours, or 0.16 mg Si/1. in four days), in order

to rise again above pli 9. (The minimum of the rate of dissolution of amorphous

silica at pH 4 amounted to 0.6 mg Si/l.) The high rate of dissolution of the

Ihl Lake mud in the acidic region, and the extremely low rate in the weakly

alkaline region indicate that the Si gone into solution was present in the
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mud not in the form of amorphous silica, but in that of either silicates or, 

sorptive complexes. The rise in dissolution at pH 9—which showed a course 

exactly as steep at pH 10 as in the acidic region at pH 3.6--must also be 

attributed to disintegration of silicates. This particular steep rise in the 

rate of dissolution above pH 10 was also observed in the case of the clay-

rich Schoeh Lake mud and in that of the mud taken from the Buelt Lake (a 

 sand lake). 

The absence of allochthonous supply of dissolved silica must be regarded 

as the primary cause of the low liberation of Si in the case of the Ihl  Lake; 

that absence prevents the biogenic accumulation of amorphous silica in the 

sediments. The high quartz and silicate contents are  unable to provide the 

setting for any pronounced release of silica from the sediment. 

VII. Factors causing different silica concentrations in different  lakes  

1. Basis for corApprison  

The average concentration of dissolved silica prevailing at a certain 

moment in time in a given lake (determined for the entire water volume) is 

the result of two reverse processes: 

1. The continuous increase of the concentration due to both the auto-

chthonous liberation of silica and the allochthonous inflow or supply of 

silica; and 

2. The biogenic precipitation of silica, which shows great seasonel 

variations; in inland lakes, that precipitation is due, above all, to the 

activities of diatoms. 

The annual variations in concentration in a given body of water may be 

just as large as the differences between two different bodies of water eDdli- 
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biting extremely different Si balances. The silica-rich Heiden Lake, in which 

the Si concentration may rise as high as 12 mg Si/1. 1  eXhibits, following 

mnrked diatom development (bloom), the same minimal concentration of 0.02 mg 

Si/lt as the extremely silica-deficient ihl Lake, in which the maximal values 

never exceed 0.13 mg Si/l. even above the mud at the maximal lake depth. The 

same is valid in the case of other silica-rich lakes, like the Large Ploen 

Lake (Figure 14) and the Vierer Lake (Figure 28) among other ones (Table 9). 

The Si concentration determined at a given moment during the course of 

the year, thus, reflects always only the current state within a dynamic pro-

cess; that concentration value cannot be used as a basis for comparative 

investigations, and this, above all, not in cases where the respective values 

to be compared have been obtained during different seasons. 

In view of the great seasonal variations, we may use as basis for com-

parison only the maxima attained in each instance prior to the onset of the 

main period of depletion, i.e. we may use only the peaks of the concentration 

curves. The differences in the maximal concentrations observed during indivi-

dual years are significantly smaller than the variations within a given year 

(cf. Figures 14, 26, 28 and 30). Other concentration values determined in a 

random manner may be considered only as minimal values. 

On the other hand we find that sediment samples can at any time of the 

year provide valuable information on the Si balance (metabolism) of a given 

lake. Sediment samples should be taken in all excursion-type investigations, 

since they at least reveal whether the low Si concentration found in the lake 

at the time of sampling is characteristic for that lake or has been brought 

about by an instance of marked diatom development (bloom). Plankton studies 
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do not reveal that aspect due to the frequently rapid occurrence of sedimen-

tation of diatoms. The sediment represents the sole constant factor in the 

Si metabolism of a given lake, i.e  the sediment represents the storagespace 

for the autochthonous release of Si, and it is formed on the basis of allo-

chthonous in-flow of silica and biogenic desilicification (Precipitation of 

silica). 

2. Silica concentrations in lakes without inflowinc waters 

The calcium-deficient sand lakes without either inlets or outlets of 

Sleswig-Holstein and Jutland eXhibited--as long as they did not receive large 

quantities of leaves--without exception extremelY low Si concentrations. The 

values obtained in these lakes are summarized in Table 31. In the case of 

these lakes we usually are dealing with small depression lakes (dead-ice lakes) 

located within saney surroundings outside of the drainage valleys. The Jut-

land  laites  were investigated during September of 1962; the Buelt Lake, during 

September and December of 1961; and the Ihl Lake, repeatedly during the years 

1961 to 1963. In several of these investigations, we have reported the highest 

ones of the concentrations determined. The first value given refers in each 

case to the surface water, and the second one, to the mater close to the 

bottom of the lake at its maximal depth. In addition to the Si concentrations 

of the water, we have also presented the Si values determined in the sediments. 

The sediment samples were obtained either at the maximal lake depth  (ml Lake 

and Buelt Lake) or at the deepest sites found by us (the Danish lakes). The 

values refer to the upper 5-= layer of the sediment columns removed. All the 

lakes listed in Table 31 measure less than 100 hectares, and are deficient 
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in calcium, with the exception of the Buelt Lake9 which exhibits an in^er-

mediate calcium content. These lakes contain the plant characteristic for

calcium-deficient lakes^ viz'. I,obelia dorti-winna [the 1`later T,obelia or the Water-

Glad_i.ole].'lhe Thl Lake possesses a small outletq which, however, carries a

little water only during the winter.

Table ^j:l. Tabelle 31. Zufluf3lose Sandseen Sai1d,12ks with-
out zzz.le ^s

1. See 2,Tiefe 3,Seewasser 4 - Sedimente
m SBV Mg Si/1 0/o Sia/Tr.S. mg Si/I SW

1 lhlsee 22 0,3 0,08-0,13 1,0 2,5
2 Bültsee 13 0,0 0,07-0,14 1,5 1
3 Crane Langsii 12 0 0,05-0,05 1,5 6
4);pges6 4 0 0,05-0,05 1,7 5
5 ^•IürkesS 7,5 0 0,05-0,17 .1,8 6

6 Skaans5 - 0 0,05
7 Skürsb - 0 0,08
8 liolgards6 - 0,06 0,12
9 GjecldesS - 0 0,15

Uferprobe Shore
11

sample

Key: It Lake; 29 depth; 3t lake water; 4, sediments; SI3V =
acid-binding capacity; MV = mud water.

None of the listed lakes exhibited a Si concentration exceeding 0.2 mg

Si/l.^ although both the Ihl Lake and the Buelt Lake were investigated a number

of times and this during different seasons, and also despite the fact that

the wind-protected irl6rkes^ exhibited stable stratification with a hydrogen

sulfide-containing hypolimnion. These uniformly low Si concentrations cannot

have been caused solely by preceding periods of depletion, since no diatoms

were found in the plankton and 11ardly any diatoms were found in the sediment.

Examination of the sediments showed these.lakes to be extremely deficient in Si.

The low Si concentrations found in the water of the above-listed lakes

must be attributed to a low release of Si from their sediments. The low re-

lease of Si, in turn, is due to the deficiency of the sediments in amorphous



silica, which, in -turn again, is due to the absence of allochthonous Si

inflow. The hydrolysis of silicates in both the littoral sandbanks and the

sand-rich sediments is so low that it is of no s:ig-ns-ficance for the Si meta-

bolism of even these small lakes. In the same way it appears that the ex-

change between the lake water and the groundwater must be minimal, since

the groundwaters in Sleswig Holstein as well as those in Jutland contain

high Si concentrations, which usually exceed 10 mg Si/1. Apart from that,

we are able to locate silica-rich waters in the immediate proa-imity of these

lakes. In the ditches draining a swamp forest, we determined during June of

1961 Si concentrations between 4 and 5 mg Si/l. There is hardly any reason

to assume that the weakly humous and sand-rich sediments prevent accumulation

of silica by means of absorption, but we must rather conclude that the quantity

of groundwater penetrating into these lakes is minimal.

In cases where lakes without inflows are surrounded not by heath or coni-

rerous forests, but by either high deciduous forests or mixed forest, we may

find "inflows" of amorphous silica by means of aeolian transport of leaves

and, to a lesser extent, other plant parts (woody particles, bud scales,

fruits, etc.). Leaves of all kinds contain larger or lesser quantities of

silica (Handbuch der Pflanzenphysiologie [Handbook of plant physiology]i

Volume 4, pages 129 - 130, 1958). We have determined in leaves of beech trees

growing along the shore of the Pluss Lake concentrations of 1.0 to 1.5% Si/

dry substance. That silica was readily soluble and could, exactly like di-

atomic silica, be dissolved within one hour in a 0.25°i; sodium carbonate sol-

ution heated in a water-bath. Dissolution experiments using lake water samples

(from either the Pluss Lake or the Large Ploen Lake) showed that the silica

deposited in leaves vient relatively readily into solution: One gram of dried
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leaves was coarsely disintegrated and suspended in one liter of filtered 

[lake] water. The suspensions were stored in polyethylene bottles at either 

room temperature or 500 and agitated once a day. The analytical data obtained 

in the experiment using Pluss Lake water are summarized in Table 32. 

Table 32 - Dissolution experiments with beech leaves 
Tabelle 32. Ltistingsversuch mit Buchenlaub 

Tage 	,t<Sn 	1 .:SI3V 	2 411 u f a 	mg sin 	ok, Si in Ltisg.3 
Day S 	5 	20' 	5' 20' 	5' 20' 	5' 20' 	5' 20' 

0 	225 	1,65 	8 	0,02 	0 

	

5 	212 213 	1,25 1,80 	35 	45 	0,4 	1,2 	3 	9 

	

16 	 0,5 4,0 	4 	80 

	

83 	212 286 	1,40 1,70 	40 	60 	1,7 7,0 ' 	13 	52 

	

56 	 2,7 9,9 	20 	78 

	

97 	 7,0 13,8 	52 	99 

	

115 	220 256 	1,40 2,05 	60 	60 	8.,0 13,5 	59 	100 	. 

Key:  1, acid-binding capacity; 2, cf. Table 1; 3, in 
- solution. 

The bicarbonate content (i.e. the acid-binding capacity) and, thus, also .90 

the electrolytic conductivity decreased in a transitory manner due to ab- 

sorption of the dissolved calcium; however, the Si content of the lake water 

sample increased greatly right from the start of the experiment. At room 

temperature that increase of Si continued until complete dissolution of Si had 

taken place; at 5 °0, however, the dissolution of Si had not yet been completed 

when the experiment was discontinued. The experiment carried out using Large 

Ploen Lake water revealed the same course of events, so that there is no need 

to describe these results. On the basis of the relatively rapid dissolution 

of the silica deposited in the leaves, we are forced to assume that silica is 

released into lake water from leaf masses dropping into forest lakes, which 

masses there are initially deposited in the littoral. In addition, there occurs 
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in these lakes also an accumulation of amorphous silica in the deep sediments, 

so that we must count on an increased autochthonous liberation of Si. 

The Si contents found in both the lake water and the sediments of the 

forest lakes under consideration are presented in Table 33 (cf. the explana-

tions offered in connection with Table 31 on page 88). These lakes are de-

ficient in calcium; their surface measures less than five hectares; they are 

surrounded by forests; and they possess neither inflows nor outflows. Lakes 

No. 1 and No. 2 are surrounded by mixed forests; Lakes No. 3 and No. 4, by 

beech forests. The influence exerted by the factor forest appears to be in 

evidence in particular in the case of Lakes No. 3 and No. 4 surrounded by 

beech forests; the Si concentrations in the water of these Lakes are higher, 

in part, by more than the ten-fold than those of the heath lakes without inflows. 

Table 33 - Si contents of forest lakes without inlets. Key: 1, Lake; 
2, depth; 3, lake water; 4, (wiederholt) = (repeated); 5, forest lake • 
near . . .; 6, Tr.S. = dey substance; 7, ges. Si. = total Si; 8,-SW = 
mud water. 

1 • Name des Sees 2. Tiefe 	 3 .s eewasser 
in 	SBV 	mg sin 

1 KLUkleisee 3.7.63 	 11 	0,1-0,2 	0,1-0,7 
42 .  Pirmsee(wicderholt) 	 9 • 	0 
4, 3 Kolksee/Eutin (wiederholt) 	 5,5 	 OA 	0,9-8,0 

' 
 

5, 4 Waldsee  bel Silkeborg 	 2 	 0,15 	- 2,0 
(Jii dam% Sept. 62)  

Lake See 	 SedimentS (0-5 / 5-10 cm) 
6 • °/o Si a/Tr.S. 	7 ,  Vo Sia/ges. Si 	8. mg Si/1 SW 

1 	 0,1-0,05 	 3-5 	 8-11 
2 	 1A-1,6 	 16-16 	 9-13 
3 	 1,6-4M 	 26-44 	. 	19-27 
4 	 1,7 	 37 	 13 

- 

• The relations between humus content and silica content found by both 

Gessner (1934) and Ohio  (1940) in the calcium-deficient lakes in southern Sweden, 

perhaps, could also be attributed to the varying allochthonous influence. High 
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humus contents are due to marked introduction of plant remains into the lake; 

these remains, however, contain as a rule amorphous silica as structural con- 

stituent. In cases where humus substances reach a given lake by way of in- 	.91 

flowing waters, that event, of course, simultaneously represents an inflow 

of dissolved silica. However, it remains to be investigated whether humus con-

tent and Si concentration parallel each other also in flowing waters, since it 

appears well probable that hydrolysis of silicates is influenced by humic acids. 

3. Silica concentrations in lakes with  inflows and continuous outflows  

Discharging lakes (i.e. lakes having both inflows and outflows) differ 

in principle from lakes without inflows (and outflows, respectively) with 

regard to their Si metabolism, and this also in cases where the direct increase 

in concentration due to the inflow of dissolved silica (import surplus) plays 

a subordinate role in the annual course of the Si concentrations. It should 

be noted in this connection that lakes extremely deficient in silica may be 

located in the immediate proximity of lakes extremely rich in silica. Of de-

cisive importance in this regard is the silica introduced into the lake per 

unit volume over a relatively long period of time. Notwithstanding the fact 

that the accumulation of silica takes place in the sediment and that this 

accumulation depends on the quantity of silica introduced per unit surface 

(or area) and precipitated by biogenic means, we find that it is suitable 

to proceed on the basis of the unit volume in comparisons of silica concen-

trations in lake water. The volume of the lake enters into considerations 

dealing with direct increases of concentration due to inflows as well as into 

those dealing with increases of concentration taking place on the basis of 

release of Si from the mud..This release of Si 'rom the mud is influenced 

indirectly by the inflow of Si per unit area. 
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Table 34 - Dependence of autochthonous Si removal from the mud on the 
allochthonous Si supuly of the lakes. Key: 1 5  allochthonaus Si supply 
for 24 hours; 2 e  summer Si removal, average for 24 hours; 3,.maximum 
Si concentration in the lake (average); 4, mud taken at a depth of; 

e  d. Ti'.  S. = of the dry substance; 6 5  Si liberation in the experiment; 
° Si  liberation after KM treatment; 9

Si 
 liberation at approximately 

natural colonization of the mud with chironomid larvae. 

See 	 allochthone 	2 .  sommerliche 3. max. 
Lake 	 Si-Zufuhr f. 24 h 	Si-Rückfg. 0 	Si-Konz. • 

f. 24 h 	-im See q5 
• mg Si/m2 	mg Si/m3 	mg Si/m2 	mg Si/I 

IhIsee 	 , 0 	 0 	 1-2 	 0,08 
PluBsee 	 ca. 5 	ca. 0,5 	10-18 	0,45 
Schnsee 	 ca. 5 	ca. 0,5 	ca. 20 	 0,40 
Cr. Miner See 	15-30 	1-2 	200-300 	3,2 
Vierersee 	 35-50 	5-7 	300-330. 	7,8 
IIeidensee 	 120-160 	(30-80 	(400) 	12,0 

See 	4. Schl.-Entn. 5. 0/osia. 
Lake 	m Seetiefe 	d. Tr.S. 

6. Si-Abgabe im Experiment. 
mg Si/m2  • 24 h 	• 

5° 	 15-20' 

IhIsjr 	21 	 1 	 0,5-1 	 1,5-2,5 

Pluf3see 	13 	 1,5 	 9 
23 	 3 	 14 	 34 

Schasee 	13 	 10 	 45-50 
21 	1-2 	 15 	 50-55 

	

Cr. Pl6ner See 21 	 2,6 	 1008)-4009) 

	

34 	15 	 40 	 100 — 

Vierersee 	11 	 6 
17 	12 

Heidensee 	3 	 2,5 	25s)-60-2002 ) 	1000)-200-6002) 

The partiaular interrelationship existing between allochthonous intro-

duction of Si into the lake water, autochthonaas return (liberation) of Si, 

and the average maximal concentration of the lake water is illustrated in 

Table 34. 

The values determined in the experiment for Si released from the mud 

as well as the values for re-introduction (liberation) of Si in the lake 
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and the maximal Si concentrations observed in the lake water during complete 

winter circulation show courses which parallel the values for Si introduced 

into the lake. In this connection we find that the direct increase of con-

centration always amounts only to a fraction of the total release, and it fre-

quently is significantly lower than is indicated'by the values given in 

Columns 1 and 2 [of Figure 54], since the concentration of the lake water is 

not taken into consideration in these computations. The allochthonous supply 

reaching the lake is determined by repeated measurements of the Si loads of 

all inflowing waters. 

Stangenberg (1961), too, has found that the Si values found in drainage 

lakes usually are higher than those found in seepage lakes. 

Loeffler (1960) found in Chilian lakes a distinct correlation between the 

size of the catchment area and the Si concentrations of the respective lakes. 

However, neither Stangenberg nor Loeffler has reported on studies of the waters 

flowing into the lakes or of the sediments. 

The importance of allochthonous introduction of Si for the autochthonous 

Si metabolism is particularly clearly in evidence in the case of the Jutland 

sand lakes. These lakes have been studied during the summers of 1909 and 1910 

by Broensted and Wesenberg-Lund (1911-1912), who found in several lakes (Al-

minds.d, Slaansei and Sundsei among other ones) Si concentrations between 11 and 

17 mg Si/l. These authors associated these high Si concentrations directly with 

the sandy character of the lake shores and the "geological structure of the 

region." On page 482, they stated in this connection: "It is rather inter-

esting to find that the typical heath lakes having bottoms consisting entirely 

of gravel eXhibit silica contents exceeding the calcium contens." 

1.!) 
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Our re-investigations carried out during September of 1962 showed that

all the silica-rich lakes investigated by Broensted and WesenbergZu.nd .93•

receive inflowing waters or, at least (Slaansb) possess an outlet with

10
continuous outflow . We were able to find significantly higher Si con-

centrations in all lakes exhibiting (apparently) continuous, even if fre-

quently weak, outflows than in lakes without (inflows and) outflows (cf.,

Tables 31 and 35). iIowever, the difference between these lakes is parti-

cularly impressive when we consider their sediments and, in particular,

the silica contents of the interstitial water of these sediments.

Table 35 - Jutland sand lakes with inflows. LCe.y: l, Lake; 2, ouflow;
3, depth; 4, lake water; SBV - acid-binding capacity (or bicarbonate
content; `1'r.;3. = dry substance; ges. = total; SW = mud water.

].. Sec 2 ,Ausfluf3 361'icfe 4. Seewasser Sedimenta 0-5 cm

1/sec in SBV mg Si/1 a b c

Sübysb 20-30

SURCIsii 750

:llmindsü 60

shlanss so
TorSs .200

5,5 0,4 1,0 12 40 40

2,5 0,55 4,0 6 35 50

15 0,56 1,7-4,8 14 54 50

10 1,2-1,3 5,5-8,4 10 46 50

5 0,9 1,8 16 58 50

Salten Langsti ) - 1,2 5,1 a=°/o Si,/Tr.S.

Oms5 0,9 6,4
ca. 1000

-
b=°!o Si1/ges. Si

Stubbergdso - 1,3 8,3

Fl}•ndersü ^ - 1,5 3,5 c= rng Si/1 SW

Hellesii - , - 1,8 7,4

Torupsü 20 - 0,95 5,0

The Si concentrations of lake waters as well as the neculiar qualities

of the sediments of the heath lakes having no inflows, on the one hand, and

the heath lakes having both inflows and outflows, on the other one, demon-

strate that the high silica contents of the lakes investigated by Broen-

sted and Wesenberg-Lund must be attributed not -to the gravel present at the

10
The Slaansô contains sublimnic springs.
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lake bottom, but to the introduction of dissolved silica from the surroundings. 

The disintegration and degradation of silicates takes place not in the lake, 

but in the soils of the surrounding region. Only the connection of a given 

lake with these sites of silicate degradation be means of flowing waters 

creates the precondition required for accumulation of silica in a given lake. 

Degradation of silicates is promoted in sandy soils, in particular, by the 

low pH values of the subsurface waters (cf. Section III). The chemical data 

obtained in the waters flowing into the lakes considered are presented in 

Table 16, on page 47. 

The extremely high Si concentrations of between 11 and 17 mg Si/l. reported 

by Broensted and Wesenberg-Lund in the case of the Slaansii, Alminds .c; and Sunds3 

could not be confirmed by us during our investigation carried out in September 

of 1962. The maximal concentration in these three lakes found by us amounted 

to 8.4 mg 31/1.; that value was found in the Slaans.d at a depth of 10 meters 

(above the sediment) (cf. Table 35). 

It is well possible that the Si concentrations found in the lakes in 

question during the summer or the la -te  summer, respectively, may be signifi- 

cantly lower at the present time due to increased depletive activities than 	.94. 

at the beginning of this century. 

However, we found during September of 1962 also that all Si concentrations 

determined in both the waters flowing into these lakes and other flowing waters 

in Jutland were below 10 mg Si/l. Since there exists no reason to assume that 

the Si concentrations in the flowing waters have chnnged since the beginning 

of the century to sUch a great extent, there arises the question whether, for 

instance, the SundsU could attain a Si concentration of 17 mg g Si/1., when the 
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Si concentrations of the inflowing waters amount only to 6 to 7 mg Si/l. In

view of both the uncommonly high Si concentrations in the interstitial water

of 50 mg Si/l. and the low average depth of this lake of about three meters'

there certainly exists the possibility of a transitory rise of the Si con-

centration in the lake by way of its inflowing waters. At a Si release from

the mud Of 300 to 400 mg Si/m /24 hours-a release observed by us in the sedi-

ments of other lakes (i.e. the Heidcn Lake and the Large Ploen Lake) in the

experiment as well as in the lake waters in situ-vie would be faced in the

case of a lake measuring three meters in depth with a rise in concentration

amounting to 9 to 12 mg Si/1. already within three months.

Although continuous allochthonous in-flow (supply) of Si and biogenic

accumulation of silica in the sediments both represent the most important

requirements for any marked autochthonous release of silica from the sediments

and determine to a large degree the level (intensity) of the Si metabolism,

we find that absorptive and ion-exchanging processes may influence greatly

both the solubility (cs) and the rate of dissolution of silica deposited in

the sediment (cf. Sections III and IV). These processes play a role, above

all, in those lakes, which receive either no or only insignificant inflows

and, thus, exhibit sediments deficient in diatomic silica, but rich in ab-

sorptive substances (cf. the Schoeh Lake, page 83). Allochthonous inflow of

suspended inorganic substances ('clay-induced turbidity') would-above all,

in the case of calcium-rich lakes-make difficult the release of diatomic si-

lica accumulated in the sediment as a consequence of the autochthonous meta-

bolic activity.
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In cases where allochthonous inflow of dissolved silica and biogenic pre-

sipitation of silica in the lake are intensive to an extent that autochthonous, 

silica-rich muds are formed--as in the Large Ploen Lake, the Vierer Lake, the 

Heiden Lake and the Danish lakes listed in Table 35--we find that the in-

organic binding of Si in the sediments decreases more and more. AU  sediments 

listed in Table 4 (on page 20) having a Si content exceeding 5% Sin/dry sub-

stance also were found to contain more than 25 mg Si/l. in their. interstitial 

water. However, the fact that we may encounter also in these muds large 

differences in the Si concentrations of the interstitial waters and, thus e  

also of the release of Si from the muds is demonstrated by a comparison of 

the respective lakes in Sleswig-Holstein and Jutland. This particular difference, 

which amounts to 100 per cent in the case of the interstitial waters, must be 

attributed to the different calcium contents of the sediments. High calcium 	.95. 

contents represent in sediments as well as in soils the precondition for the 

increased efficiencies of absorptive and exchanger substances. 

This particular view, which has been reached on the basis of both experi-

mental and limnological investigations, appears to contradict the parallelity 

between calcium and silica deficiencies occasionally observed. However, that 

parallelity exists only in lakes without inflows--lakes receiving no supplies 

of either calcium or silica; it is not of autochthonous origin. 



-  161 - 

Or. PliMer See 

Heidensee 

PlulJsee 

0,0 	g 

0 	 1 	 2 3 4 Std. 

Schnitt NO-SW 

Sedimentoroberr 

Boolshaus 

Olsborg 

VGrenze  Nord.  

Gr.Plôner. 	See : Nordb. 

— g 500m  1. • 

Untersuchungen iiber den Kieselsâurehaushalt der Binnengewâsser 	105 

.t von Kie- 

der Kiesel- 

durch Koh- 
asser sowie 
ak und Bi- 

rackftihrung 
c). — Arch. 

Ica Sec. — 

• — Jb. k. 

n Stoffhaus-

. Hydrobiol. 

lankton und 
hleinsee bel 

; der 
–663. 

Annuoniak 

im Lunzer 
ler Ybbs. — 

Viss., Math.- 

on? — Areh. 

col.  Landes

ure und die 

atents of the 
ation in the 

awâssers. 

1 

C411 

Figure 1 - Solution of silica from sessile diatoms (Cymbella and Gom-
phonema, among other ones) and different muds in n Na2CO3 . ' Free silican 
determined after Zuellig e  1956 	Trs. = dry substance;  Std. = hours; 
See = lake; Diatomeen = diatoms. 

glere 2 - Bathymetric map of the Large Ploen Lake, north basin, drawn 
after a preliminary sounding map (after Dr. Utermoehl). Depth3above 50 m 
are indicated by dotted lines. The black dots indicated the sediment 
sampling sites (Figures 62 to 67). NE-SW plane, cf. Figure 56. 
Sedimentproben = sediment sampling sites; Bootshaus - boat-house; Grenze = 
border; Bhf. = railway station; Nordb. = north basin. 
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PA, 

Figure5 - Second percolation experiment: Experimental design. A.d. = 
distilled water; Al  and A29 upper soil layer; P.A 1  and P.A2, their per-
colates; 131  and Ib e  lower sal layer; Pal  and P.B2, their percolates. 
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Figure 6 - Second percolation experiment: Silica concentrations (circles) 
and electrolytic conductivity (triangles) of Percolate P.A I  (open gymbols) 
and Percolate P.P2  (black symbols) on percolation in open and closed 
systems. Key:  offenes = open; geschl. = closed; Tage = days. 
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(up to day 22) and a closed system. B1 , distilled water percolation; B2e 
continuous percolation: distilled water -) A2 -$  B. My: Aqua dest. = 
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Sample, circles),  and (b) was isolated fram the mud (Parallel Sample, 
squares). Open symbols: dissolved silica; black symbols: total silica (i.e. 
dissolved _plus colloidal). Key . Hauptprobe = Main Sample;lbrallelprobe = 
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Fiere 12 - Mud-water system: Large Ploen Lake; cf. Figure 11 for legend. 
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Abb.16. Cr. Pl6ner See, Nordbeeken, November 1960 bis Mârz 1963: 

. .Fieure 16 - Large Ploen Lake, north basin, November 1960 to March 1963: 
Modifications in the total content of dissolved silica related to area 
units. 1 •", liberation; "-", depletion. 
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Figure 17 - Large Lake Ploen, north basin, March 1961 to March 1962: Con-
centrations of dissolved silica over the point of maximal  depth (Figures 
18 to 25 deal with the Sg1110 sampling site; cf. Figure 2, Site F). Arrows: 
Stratification studies; 0: surface samples. 
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Figure 18 - Large Ploen Lake, north basin, spring of 1961: Course of Si 
depletion (upper part) in relation to the development of temperature 
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minimum 

Ploen Lake, north basin, the same interval as shown in 
Course of total Si loss to the sediment. Isopleths: 

Concentrations of dissolved and suspended silica. Cf. Figures 17 and 19 
(for Key). 
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Abb. 28. Vierersee, Mai 1961 bis \4iirz 1963:
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1962 1963

: t-

I+' i^_axe 28 - Vierer Lake, May 1961 to h4arch 1963: Course of average con-
centration of dissolved si1ica, calculated for the entire lake volume.
Triangles, north basin; circles, south basin.
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JÎ ....<._
FiLure 30 - Heiden Lakeg November 1960 to rebruary 1963: Course of the
concentrations of dissolved and suspended silica. Upper part: Predc,-nii-
nating diatom iorms. IC gel6st = dissolved.

TI^^^xr L -- Heiden. Lake9 November 1960 to February 1963: Depletion and
liberation of silica. Continuous lines: Modification of the total content
of dissolved silica related to. area units. Broken J.xn.es: Deple•tion9 taking
into consideration the depleted allochthonous supply fraction. Ke,y: Riick-
führung (+) = 1.yb eration ; Z ehriulg (-) = depletion.
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Figure 32 - Heiden Lake inflow, at the mouth: Relation of Si concentration 
to inflowing water masses (cf. Table 12 for data). Numbers inside circles: 
1961 and winter 1963; the remaining numbers (Nos. 15 to 20): Spring and 
summer of 1962. Key:  Wasserführung = inflowing water masses, 10/sec. 
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Figure 33  - Heiden  Lake  inflow, at the mnuth: As in Figure 32, but extended 
to an inflow of 250 1./sec (continuation of the continuous curve of Fi-
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Fip,pre 34 - Heiden Lake inflow, spring inlets, October 1961 to September 
1962: Concentrations of dissolved and suspended silica ,  and water masses 
inflow. Key: gel. = dissolved; Wfg. = water-mass inflow. 
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on the basis of the allochthonous inflow of dissolved silica (cf. Table 17). 
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.1.qmre 37 - Heiden Lake: Allochthonous Si inflow (Curve A of Figure 36) 
and increases of concentrations measured. Key:  Rückfahrung = liberation; 
Tage = days. 
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Lai-e): Continuous curve: Increase in concentration expected on the basis of 
average allochthonous Si inflow. Key: RackfUhrung = liberation; Tage = days. 
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zume 42 - DisGolutionof diatonic silica in an Asterionella suspension 
In the presence (B) and in the absence (A) of Daphnia  ma.  Lower series 
of numerical values: Ratios of the respective increases of the concen-
tration of dissolved silica, (B):(A). Iey:  ohne = without; Tage = days. 
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Fipure 56 - Large Ploen  Lake: Horizontal stratification of dissolved 
silica during the summer (August 19, 1962). Numerical values: mg Si/l. 
NE-Sw plane ( •f. Figure 2). Key: Grenze Nordb. = north basin border; NO m NE. 
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summer 1962 stagnation period. 
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Figure 73 - Relative dissolution 
rates of Ihl Lake mud and of 
amorphous silica in dependence on 
the pH. Key: 1, relative dis-
solutionTate;  2, Ihl Lake mud; 
3, amorphous . silica; Tage = days; 
Std. = hours. 
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. 	 Si - Konz. 

FiL__mr.9_:_-74 - Schematic representation of the types of stratification of dis-
solved silica observed in eastern Holstein lakes. Key:  Seetiefe = lake . depth; 
Konz. = concentration. 
(1)Orthograde Si stratification (homogeneous distribution) following mnrkèd 

depletion during the spring; cf. Figures 20, 55, 68 to 72. 
(2)Klinograde stratification curve (running toward the mud surface) obtained 

in lakes with weakly developed thermokline; of. Figures 69 and 71. 
(3)Elino  

Ça)
ade stratification found in lakes with well developed thermokline: 
Pluss Lake (Figure 26), Large Ploen Lake, April 20, 1961 (Fig. 54); 

b Schoeh Lake (Figure 72); (c) Grebin Lake, weakly developed meta-
limnic maximum. 

(4)Heterograde stratification with metalimnic maximum (summer stratification): 
(a) Figures 54, 68, 70; (b) Figures 55, 61, 68. 

(5)Heterograde stratification of late summer or fall: (a) developing from (4a) 
igures 54 and 70); (b) developing from (4b) (Figures 55 and 70). 

(6)Orthograde stratification of complete fall and winter circulation with 	- 
high Si content. Figures 17, 24, 26, 54, 55, 69 and 71. 
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Abb. 67 
!- 

Figures 65 to 67 - Microphotographs of mud suspensions (0.5 g of wet mud in 
• one liter of water), using mud samples taken at lake dept,h of 41, 26, and 23 

meters 9 resp. (sedimented  in 25-ml plankton chambers). 
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