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Introduction 

Severa l lakes in Cent ra l F in land have 
deposits of i ron- and manganese -bea r ing con-
cret ions wi th u p to 23 °/o manganese or 46 °/o 
iron (Aarnio 1915). These f r e s h w a t e r f e r -
romanganese nodules occur in the in te r face of 
sediment and bot tom w a t e r or in the uppe r 
cm of the lake sediments . The smal ler 
nodules a re l ike l i t t le pellets or f la t pastils. 
The l a t t e r a re the so-called penny ores. T h e 
la rger ones a re p lane incrus ta t ions like pan -
cakes, which can be as much as 12 cm thick, 
bu t which average be tween 4 and 6 cm. 

These lake deposits have no in teres t for 
economic exploi ta t ion of i ron or manganese 
(Vaasjoki 1956). Bu t since deep-sea m a n -

1 Publication of a lecture at the Geological 
Society of Finland on the 4th of April 1974. 
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ganese nodules in the Pacif ic and Ind ian 
Oceans are considered as ve ry impor t an t 
f u t u r e me ta l resources, a b u n d a n t mine ra -
logical and geochemical invest igat ions are 
being m a d e to solve the problem of the i r 
origin. The lake ore concret ions a re similar 
in several ways to m a r i n e manganese nodules. 
In fact, f r e s h w a t e r nodules and sha l low-wate r 
mar ine f e r romanganese nodules ha rd ly d i f fe r 
in shape, composit ion and accumula t ion rate . 
T h e main d i f fe rences be tween t h e m and the 
deep-sea nodules a re the fas te r r a t e of f o r m a -
tion and the lower t race e lement content of 
f r e s h w a t e r (Halbach 1974) and sha l low-wate r 
mar ine concretions. Most of the fac tors in-
f luencing the origin of the concret ions in a 
lacus t r ine env i ronmen t can be observed or 
measured . There fo re it is impor t an t to s tudy 
the mineralogy, geochemis t ry and origin of 
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f r e s h w a t e r ores in comparison wi th mar ine 
nodules. 

Hydrox ides and oxyhydra t e s of i ron and 
manganese in a sed imenta ry env i ronmen t 
genera l ly occur as concret ions wi th more or 
less concentr ic zonal s t ruc tures . The solu-
tion, mobi l i ty and prec ip i ta t ion of these ele-
men t s a re control led by oxidat ion — reduc-
tion potent ia l (Eh), concentra t ion of hydrogen 
ions (pH) and o ther dissolved components , 
and by t e m p e r a t u r e and pressure . Unde r 
sur face condit ions and at a constant t e m p e r a -
tu re (25°C) the s tabi l i ty of the var ious phases 
in aqueous solution can be calculated by the 
Nerns t equat ion (Berner 1971). An im-
por t an t character is t ic of both e lements is 
the i r abi l i ty to f o r m colloidal solutions a f t e r 
precipi ta t ion. These pseudosolut ions are al-
t e rna te ly s table and uns tab le as a resul t of 
in terac t ion wi th the env i ronment . The in-
crus ta t ion phases were fo rmed by sol-gel 
t r ans fo rmat ion , dehydra t ion and ageing and 
have a f ina l composit ion of crys ta l l ine ma t t e r . 
The re fo re both m a r i n e and f r e s h w a t e r nodu-
les a re character is t ica l ly lamina ted . 

Mobilization and migration conditions 

In n o r t h e r n la t i tudes large-scale dissolu-
tion and migra t ion processes of iron and 
manganese in a t e r res t r ia l env i ronmen t have 
led to the fo rma t ion of lake ore deposits 
s t imula ted by high humid i ty and wel l -
developed bogs. The condit ions for the fo r -
mat ion of lake ores w e r e provided by the 
te r res t r ia l deve lopment of swamps a f t e r the 
grea t ice age, which is w h y the i r occurrence 
in Nor th Europe is l imited to the Holocene 
period. 

Bogs or bog wa te r a re physico-chemical ly 
charac ter ized by the fol lowing fea tu res : 

1. A very low content of electrolytes. Raised 
bogs tend to have less than 0.3 °/o Ca in 
t h e dr ied organic ma t t e r . 

2. The decomposit ion of p lan t ma te r i a l leads 

to over -product ion of carbon dioxide and 
a decrease of pH, hence at a depth of 
60 cm in m a r s h y soils we f ind 1.0 to 3.7 °/o 
C0 2 . The pH-va lues in low bogs a re 
be tween 5 and 6, and in raised bogs be-
tween 3.5 and 5.0. 

3. Reducing organic substances released in 
the bog wa te r s cause low or nega t ive 
redox potentials , which implies a con-
sumpt ion of oxygen. The redox potent ia ls 
can be as high as -100 mV. 

4. S w a m p wa te r s have a high content of 
humus , which gives the w a t e r b rown 
to ye l lowish-brown colour. 

Al though iron and manganese are genera l ly 
included in the weak ly migra t ing e lements 
of the wea the r ing circle, the fo rement ioned 
condit ions provide the best possibilit ies for 
the mobil izat ion of both elements . The 
reducing and acid env i ronment , the lack of 
oxygen and dissolved carbon dioxide con ten t 
enables the w a t e r s to dissolve iron and 
manganese out of the rock minera l s and to 
move the divalent ions in b ica rbona te solu-
tions (Borcher t 1952). T h e iron (II)- and 
manganese (I l )-compounds a re s table in 
aqueous solution as long as the oxygen con-
tent r emains 50 °/o below sa tura t ion , the 
redox-potent ia l is low and the pH-va lue does 
not exceed 7.5. Bu t M n 2 + - ions in aqueous 
solution are more s table because the oxida-
tion of F e 2 + t o F e 3 + occurs at lower redox-
potent ia ls t han tha t of M n 2 + t o M n 4 + . This 
leads to the separa t ion of manganese f r o m 
iron (Krauskopf 1957), t ha t can be observed 
in the a l t e rna t ing chemical composition of 
the concentr ic layers. Electron microprobe 
analyses show tha t the banding consists of 
a l t e rna te zones of Fe-r ich, Mn-poor ma te r i a l 
and Fe-poor , Mn-r ich mate r i a l (Halbach 
1972). 

Another reason w h y iron and manganese 
are mobile in s w a m p wa te r s is tha t both 
e lements are able to mig ra t e in organic bond 
and in colloidal pseudosolutions. The a b u n -
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Fig. 1. Map of the western shore of the lake Kirr injärvi with lake ore distribution 

dant humic and fu lv ic acids en te r into com-
plex compounds wi th heavy meta l ions l ike 
iron or manganese and p reven t the i r p re -
cipi tat ion (Vasari et al. 1972). F u r t h e r m o r e , 
iron and manganese can be adsorbed by 
par t ic les of humic ma t t e r . Such bound meta l 
ions can be del ivered only a f t e r the sed imen-
ta t ion of organic ma t t e r . They can pass into 
the in ters t i t ia l w a t e r of the bot tom sediments 
in a dissolved ionic s ta te u n d e r reducing 
conditions. 

Occurrence and shapes of lake ore nodules 

The lakes invest igated are all located in 
Cent ra l F in land, in regions whe re the cover 
of bogs is at least 40 °/o. The lakes are: Sa -
l ahmi jä rv i and Rot imojä rv i (nor th-wes t of 

Iisalmi), Pa lo is jä rv i (near Iisalmi) and K i r -
r i n j ä r v i (west of Jyväskylä) . 

In some cases the bog areas border im-
media te ly on lakes, bu t usual ly the colloidal 
and det r i ta l par t ic les or the dissolved ions 
en te r the lakes by brooks or wi th the g round -
wate r . In a d ra inage brook nea r the lake 
K i r r i n j ä r v i a b u n d a n t r edd i sh -b rown precipi-
ta tes of i ron hydrox ide as p roduc ts of micro-
biological act ivi ty w e r e visible. The iron 
oxidizing bac te r ium leptothrix ochracea1 is 
known to exist here, b u t this species was not 
observed in the lake ore concretions. In some 
samples of manganese- r ich nodules we could 
observe microbial s t ruc tu res resembl ing me-

1 The bacteria species were determined by Dr. 
H. Hanert, Botanisches Institut, Techn. Universität 
Braunschweig (BRD). 
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Fig. 2. Placer sample of pisolithic lake ores f rom 
Rotimojärvi (scale in cm-mm). 

Fig. 3. Penny ores (scale in cm-mm). 

tallogenium1 as described by C.A. Dubina 
(1970). It is to be assumed that this bacterium 
has a par t to play in the precipitation and 
settling of manganese. 

Most of the lake ore fields investigated 
were in depths of water between 1 and 3 m. 
They tend to form i r regular patches or lon-
gish areas lying approximately parallel to the 
shoreline. The ore content ranges f rom 
several kg to a max imum of about 35 kg/m2 . 

Figure 1 is a map of the western shore of 
Ki r r in jä rv i showing the lake ore distribution 
at the bottom of this area. The bottom sedi-
ments in the ore field are greenish-brown in 
colour (similar to fine detr i tus gytt ja) , rich in 
organic mat ter and wi th a content of some 
diatoms. The sediments between the ore 

field and the shore are more sandy and coarse 
grained. 

The ore field consists of three facies areas 
with d i f ferent ore types: 

1. pisolithic lake ores in the deepest par t of 
the region, 

2. penny ores in the middle par t and 
3. crust ores in the upper par t of the ore 

field. 

This classification into three ore types is 
valid not only for Ki r r in jä rv i but also for 
most of the other lake ore deposits observed. 

The pisolithic ores are spherical or pear 
shaped (Fig. 2) and vary in diameter f rom 
several mm to 1.6 cm. Sometimes the big 
ore grains exhibit small f la t tened shapes 
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Fig. 5. Fla t tened crust ore (scale in cm-mm) 4. Discoid nodules of crust ore (scale in 
cm-mm). 

transit ional to the penny ores. This ore type 
is found on the lake bottom and within the 
upper 10 cm of the sediments, whereas the 
other f reshwate r ore types are only found 
on the sediments. Therefore the pisolithic 
ores can be observed in the areas of the other 
ore types, too, but only in the underlying 
muddy sediments. 

In some lakes, e.g. in Sailahmi- and Roti-
mojärvi , ore concentrations have been ob-
served in the shore area. These ore grains 
(Fig. 2) are on a placer deposit and represent 
pisolithic ores t ransported by the action of 
moving water . 

The penny ores consist of f la t tened discoid 
forms (Fig. 3). In many samples the mar-
gin of the single ore pieces tilts upwards 

forming a basin-shaped figure. The surface 
is granulous and often includes a nucleus of 
detri tal grains or rock f ragments . Concentric 
ridges on the f lat sides of the discs indicate 
periodic or seasonal agglomeration growth. 
The thickness of the penny ores is 0.4 to 
1.5 cm and the diameters are about 1.5 to 
6.0 cm. 

The crust ores sometimes consist of larger, 
saucershaped nodules (Fig. 4), but the ma-
jori ty are f la t tened and usually in tergrown 
incrustations several cm thick (Fig. 5). The 
significant features of concretions that grew 
as a result of the agglomeration of colloidal 
hydra ted particles are part icularly marked in 
these nodules. 

The accumulation fabrics of the lake ores 
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indicate an u p w a r d migra t ion of the dissolved 
substances in the sed imen t -wa te r in ter face . 
Likewise the occurrence of pisolithic ores in 
the bo t tom muds is caused by the d i f f e r en t 
solution and oxidat ion behav iour of iron and 
manganese . The f r e s h w a t e r ores also display 
s t ra t i f ica t ions of i ron-r ich and manganese -
rich l ayers due to the changing of redox-
potent ia l s in the bo t tom zone. 

There a re two processes t ha t may be re -
sponsible for the t r anspor t of the chemical 
compounds: 

1. An active u p w a r d movemen t of in ters t i t ia l 
w a t e r caused by the diagenet ic compact ing 
of the bot tom sediment or by the hyd-
rostat ic p ressure of the local g r o u n d w a t e r 
level. 

2. A s t rong concent ra t ion g rad ien t of the 
dissolved ions in the in te r face be tween 
the in ters t i t ia l w a t e r and the bot tom wa te r 
resul t ing in an u p w a r d d i f fus ion- t r anspor t 
of ions. 

Physico-chemical measurements 

Some m e a s u r e m e n t s were m a d e in the ore 
env i ronmen t in K i r r i n j ä r v i du r ing the sum-
mer s tagnat ion per iod (July). The shal low 
lake w a t e r was oxygen sa tu ra t ed (8 ppm Oy, 
450 to 500 mV) d o w n to dep ths of 2.0 to 2.4 m 
and showed pH-va lues be tween 6.4 and 6.7; 
the electr ical conduct iv i ty was about 50 juS. 
At g rea te r depths a s t r ik ing decrease in 
oxygen content was apparen t , which means 
tha t the oxygen b o u n d a r y sur face lies at a 
depth of about 2.4 m. No Fe concentra t ion 
could be measu red in the shal low w a t e r 
( < 0 . 5 p p m Fe+ + ). Because the ore f ields in 
K i r r i n j ä r v i are not deeper t h a n 2 m, the 
same condit ions prevai l in the bot tom w a t e r 
in these areas. 

The lake w a t e r at depths be tween 4.0 and 
4.5 m had only 0.2 p p m Oä and Eh about 300 

mV; the electr ical conduct ivi ty was about 
55 juS. A low Fe concentra t ion of 2 to 3 p p m 
was measu red in the bot tom wate r . 

The concent ra t ion of Fe in the pore w a t e r 
of the sur face sed iment (0 to 12 cm) at depths 
of 4 m was be tween 120 and 200 ppm; Eh-
values were 80 to 100 mV, pH about 6.9 and 
the electrical conduct ivi ty about 120 ,«S. Also 
the pore w a t e r of su r face sed iment samples 
of sha l lower lake areas l ike the nodule f ields 
had Fe concentra t ions be tween 50 and 100 
ppm. The measured Mn-conten t in these 
pore w a t e r s ranges only f r o m 1 to 2 ppm. 

The w a t e r of this dys t rophic lake is ve ry 
poor in electrolytes and hence conduct ivi ty 
is low. But the electr ical conduct iv i ty in-
dicates connect ions wi th the concentra t ions 
of dissolved meta l ions. The pore wa te r s of 
the sed iments in the ore areas, especially at 
depths below the oxygen sur face boundary , 
a re potent ia l ly the most impor t an t source 
of the meta l ions r equ i red for the fo rma t ion 
of f r e s h w a t e r nodules. In the Oo-rich en-
v i ronmen t in the sed imen t -wa te r in te r face 
of the lake ore a rea the dissolved ions are 
oxidized and prec ip i ta ted as less soluble 
oxides and hydrox ides of iron and manga -
nese. The HCO s"-ions are the most im-
por t an t r eagen t for the aqueous solution of 
meta l ions in the lake sediments . The meas-
ured values in the pore w a t e r r ange f r o m 
20 to 50 ppm n e o s " . 

Chemical and mineral composition 

Chemical analyses of the d i f f e r en t lake ore 
types conf i rm the classification based on 
shape (Table 1). The most dist inct ive f e a t u r e 
is the manganese - i ron rat io. The crust ores 
have the grea tes t content of manganese and 
a Mn/Fe- ra t io f r o m 0.5 to 0.8; the rat ios of 
the penny ores a re 0.3 to 0.5 and of the piso-
lithic ores less t han 0.02. A compar ison of 
these values wi th the contents of deep-sea 
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manganese nodules indicates the h igher man-
ganese abundances of the la t te r and a Mn/Fe-
rat io f r o m 2 to 3. The amoun t s of Si, Al, 
Ca, Na, K and Mg oxides a re largely the 
resul t of de t r i tus in the f r e s h w a t e r ores. 

A very s t r ik ing d i f fe rence be tween the 
t e r res t r i a l concret ions and the m a r i n e nodu-
les is displayed by the meta l contents of Ni 
and Co. Whereas the lake ores have only 
t race contents , the deep-sea nodules possess 
these meta l s in such amoun t s as to m a k e 
them an impor t an t source of metal l ic r a w 
mater ia ls . The main reason for these d i f -
ferences is the divers i ty of the accumula t ion 
rates . 

Whereas the lake ores, e.g. in K i r r i n j ä rv i , 
g r ew an average of 3 to 4 mm/1000 years — 
measured by the carbon- iso tope-method (Hal-
bach 1972), the g rowth of m a r i n e nodules was 
m a r k e d l y s lower at ra tes be tween 2 and 
15 mm/10 6 years (Heye and Beiersdorf 1973). 
The re fo re an act ive hyd ra t ed oxide sur face 
was avai lable for the adsorpt ion of me ta l 
ions in the deep-sea env i ronmen t for a ve ry 
long time. 

The lacus t r ine sedimenta t ion ra tes in F inn -
ish lakes r ange f r o m 80 and 180 mm/10 3 

years (Alhonen 1970). In K i r r i n j ä r v i the r a t e 
is about 100 mm/10 3 years . In the deep-sea 
env i ronmen t manganese nodules a re most 
a b u n d a n t in a reas of slow pelagic sed imenta -
tion (Seibold 1973). Bu t even so in both 
cases the d i lemma remains t ha t the nodule 
accumula t ion ra tes a re much slower than 
the ra tes of lacus t r ine or mar ine sed imenta-
tion. 

Another ma rked f e a t u r e of Table 1 is the 
def in i te connect ion be tween iron and phos-
pha te in the lake ores. With the aid of an 
e lec t ronmicroprobe analysis an almost pa ra l -
lel l ine-scanning of these two e lements was 
obtained (Halbach 1972). These f ind ings in-
dicate tha t phosphorus is bound at the i ron-
mat r ix , and hence, the pisolithic lake ores 

have the grea tes t phospha te content . The 
behav iour of Fe and P is reciprocal to Mn. 

By analyzing d iva lent and t e t r ava len t m a n -
ganese it is possible to de te rmine the oxida-
tion g rade of the samples. The oxidat ion 
grade is def ined as the propor t ion of oxygen 
to manganese . 

According to analyses of 4 samples the 
average oxidat ion grade was shown to be 
1.64 ± 0.04 (op. cit.). 

Deep-sea manganese nodules have in-
d isputably h igher oxygen-manganese- ra t ios 
t han the la t te r . These values va ry be tween 
1.92 and 1.98 (Price 1967), which means tha t 
the lake ores g rew in an env i ronmen t wi th 
lower redox-potent ia l s t han the deep-sea 
nodules. Likewise the lower manganese- i ron 
rat ios of the lacus t r ine samples might provide 
f u r t h e r suppor t for this assumption. With 
the aid of x - r a y analysis a manganese (II)-
m a n g a n a t e (IV)-phase was ident i f ied as the 
main Mn-mine ra l in the crust ores; th is phase 
was f i rs t r epor ted by Gio\ianoli et al. (1970) 
as Mn 7 0 1 2 • 5 H äO, in which the oxidat ion 
grade is about 1.7. The main l ine of this 
Mn-minera l is at 7Å, which could also be 
a t t r ibu ted to the mine ra l birnessi te . F u r -
thermore , the lake ores inves t igated contain 
a -FeOOH (goethite), and the pisolithic ores 
small quant i t i es of F e P 0 4 • 2 H , 0 (strengite). 
Besides these minera l s fo rmed dur ing the 
ageing of the ore ma t t e r , the concre-
tions also exhibi t s t r ik ing por t ions of amor-
phous phases. Quar tz , fe ldspar , micas and 
minu te quant i t i es of akt inol i te have been 
ident i f ied as the main de t r i ta l phases. 

Transport of the ions and ore formation 

The lakes can be suppl ied wi th iron and 
manganese by r ivers and brooks as well as by 
g round wate r . The migra t ion process may 
have t aken place in four possible ways : 
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Fig. 6. Theoretical precipitation fields of lake ore phases in relation to Eh. 

1. in real ionic solutions, 
2. in colloidal pseudo-solutions, 

3. bound in organic metal complex com-
pounds, as chelates and humates, 

4. bound in solid suspended mat ter . 
For open flowing waters movement in ionic 

solution at a long range is impossible because 
of the up take of oxygen out of the atmos-
phere; the redox-potentials will increase and 
cause oxidation and precipitation of the metal 
ions. 

For both elements t ranspor t in brooks by 
colloidal suspensions and in organic complex 
bond is not impossible. Such t ransported 
metals are not flocculated immediately af ter 
their entrance into the lake, but they are 
deposited wi th the finest particles in the 
deeper bottom muds. There they are t rans-
mitted into ionic solutions owing to the 
reducing conditions in the pore water , and 
hence iron and manganese are concentrated 
in the deeper bottom muds of the lakes. 

Another important source may be the 
ground waters of the swamp areas, which 
are able to move iron and manganese in ionic 
solutions. But also such dissolved metals 
can reach the accumulation area of the lake 
ores only with the aid of the limnic circula-
tion. The location of the ore formation is not 
controlled by the direct emergence of ground 
water . 

Figure 6 demonstrates schematically the 
theoretical precipitation fields of iron-, phos-
phorus- and manganese-phases in relation to 
the redox-potentials (pH is about 6.7, Hal-
bach 1972). 

In zone I all compounds are dissolved. In 
range II (Eh 200 to 400 mV) iron phosphate 
and iron hydroxide are precipitated together 
as a colloidal mixed phase; this is the favour-
ed area for the formation of pisolithic lake 
ores. The separation of iron and manganese 
mainly takes place here by a redox-diffusion 
process. In the sediment-water interface the 
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precipi tat ion of manganese begins and the 
penny ores wi th a l t e rna t ing layers of i ron-
and manganese-r ich phases are fo rmed by 
varying redox-potent ia ls . 

With the beginning of zone III ( > 400 mV) 
there is a marked increase in the precipi ta-
tion of mixed manganese oxides. Here is the 
theoret ical fo rmat ion zone of the crust ores. 

The limit of zone IV gives the lowest va lue 
(600 mV) for the oxidat ion to t e t rava len t 
manganese and thus for the format ion of pure 
manganese dioxide phases. Such high oxida-
tion potent ia ls are possible as m a x i m u m 
values in lake ore fields. 

All the accumulat ion products are init ially 
formed as amorphous colloidal phases, there-

fore a m u t u a l inf luence by autocatalyt ic 
effects cer ta inly exists (Jenne 1968). The 
redox conditions in a lake change wi th cli-
matic circulation and s tagnat ion periods 
resul t ing in a change in position of the 
reducing zone in the sediment . This change 
is the reason for the a l te rna t ing layers of 
manganese- and i ron-r ich phases observed 
in the ore concretions. In these in terna l 
s t ruc tures the f ixed results of the changing 
climatic conditions in the l imnic env i ronment 
of a f r e shwa te r lake are visible. 

Acknowledgement — The research programme 
was supported by the »Deutsche Forschungsge-
meinschaft». 

Table 1. Chemical analyses of ferromanganese concretions (%> of dry weight). 

Freshwater concretions 1 
Deep-sea manganese 

nodules (Pacific) 2 
Pisolithic ores Penny ores Crust ores 

Deep-sea manganese 
nodules (Pacific) 2 

aver. max. min. aver. max. min. aver. max. min. aver. max. min. 

Fe 43,3 45,8 41,0 13.8 19,9 8,5 26,2 28,1 24,3 6.86 11,80 3,50 
Mn 0,5 0,8 0,1 6.8 7,4 6,0 16,3 22,6 9,3 24,07 27,25 19,08 
S i0 2 9,3 15,4 4,8 40.8 49,9 29,0 14,5 22,5 6,6 13,46 18,76 11,06 
AI2O3 3,3 5.9 0,4 10,3 10.9 9,4 4.3 5,1 3,2 5,53 6,83 3,78 
CaO 0,1 0,2 0,1 0,7 1,0 0,2 0,1 0,1 0,1 2,16 4,60 1 ,20 
MgO 0,2 0,4 0,1 1,1 1,5 0,8 0,3 0,5 0,1 2,96 5,65 1,51 
NaoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1,55 1,92 0,84 
K.Ö n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,71 1.00 0,52 
TiOä < 0,1 0,1 < 0,1 0,5 0,5 0,5 0,1 0,1 0,1 0,67 1,22 0,31 
Cu n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,75 1,03 0,34 
Ni aver. 0,0072 max. 0,0100 min.: 0,0050 1,14 1,43 0,60 
Co aver. 0,0095 max. 0,0180 min.: < 0,0030 0,20 0,30 0,12 
Zn n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,17 0,28 0,09 
P2O5 1,4 1,8 1,0 0,3 0,3 0,2 0,5 0,7 0,3 n.d. n.d. n.d. 
S < 0,1 < 0,1 < 0,1 < 0,1 < 0,1 < 0,1 < 0,1 < 0,1 < 0,1 n.d. n.d. n.d. 
CO2 < 0,1 0,1 < 0,1 0,3 0,6 0,2 0,8 0,9 0,7 n.d. n.d. n.d. 
H2O b. 16,5 18,2 13,4 11.4 14,8 8,8 14,6 16,0 12,9 n.d. n.d. n.d. 
Org. subst. . 5,8 8,3 3,7 2,4 3,6 0,4 4,7 5,2 4,2 n.d. n.d. n.d. 

1 Samples f rom lakes in Central Finland 
2 Samples of the »Valdivia»-expedition 1972 from the North Pacific (south-east of Hawaii) 

REFERENCES 

Aarnio, B. (1915) Uber die Ausfällung des Eisen-
oxyds und der Tonerde in finnländischen Sand-
und Grusböden. Geotekn. Tied. 16: 1—76. 

Alhonen, P. (1970) The palaeolimnology of four 
lakes in south-western Finland. Ann. Acad. 
Scient. Fenn., Ser. A III. Geol.-Geogr. 105. 39 p. 



Berner, R. A. (1971) Principles of Chemical Sedi-
mentology. McGraw-Hil l Book Company, New 
York. 240 p. 

Borchert, H. (1952) Bildungsbedingungen mar iner 
Eisenerzlagerstät ten. Chem. Erde 16: 49—84. 

Dubina, G. A. (1970) Untersuchungen über die 
Morphologie von Metallogenium und die Be-
ziehungen zu Mycoplasma. Allg. Mikrobiol. 10: 
309—320. 

Giovanoli, R., E. Stähli and W. Feitknecht (1970) 
Über die Oxidhydra te des vierwert igen Mangans 
mit Schichtgit ter. Helv. Chim. Acta 53: 453— 
465. 

Halbach, P. (1972) Vorkommen, Zusammensetzung 
und Genese Fe- und Mn-hal t iger Erze in 
Süßwasserseen Finnlands — ein Beitrag zur 
Geochemie und Ents tehung konkre t ionärer Bo-
denbildungen. Habil i tat ionsschrif t , Clausthal— 
Zellerfeld (Techn. Universität) . 195 p. 

Halbach, P. (1974) Vergleich stoff l icher Eigen-
schaf ten limnischer und mar iner Manganknol-
len. Erzmetal l 27: 161—168. 

Heye, D. and H. Beiersdorf (1973) Radioaktive 
und magnetische Untersuchungen an Mangan-
knollen zur Ermi t t lung der Wachstumsge-

schwindigkeit bzw. zur Altersbest immung. Z. 
Geoph. 39: 703—726. 

Jenne, E. A. (1968) Controls on Mn, Fe, Co, Ni, Cu, 
and Zn Concentrat ions in Soils and Water : The 
Significant Role of Hydrous Mn and Fe Oxides. 
Adv. Chem. 73: 337—387. 

Krauskopf, K. B. (1957) Separat ion of manganese 
f rom iron in sedimentary processes. Geochim. 
Cosmochim. Acta 12: 61—84. 

Price, N. B. (1967) Some geochemical observations 
on manganese- i ron oxide nodules f rom dif-
ferent depth environments . Marine Geol. 5: 
511—538. 

Seibold, E. (1973) Rezente submar ine Metalloge-
nese. Geol. Rdsch. 62: 641—684. 

Vaasjoki, O. C. (1956) On the na tu ra l occurrence of 
Manganese in Finland. Pp. 51—52. Symp. d. 
Manganeso, V. (Europa), XX. Congreso Geolog. 
Internacional , Mexico. 

Vasari, Y., T. Koljonen and K. Laakso (1972) A 
case of manganese precipi tate in the Tav iha r ju 
esker, Kuusamo, North East Finland. Bull. 
Geol. Soc. Finland 44: 133—140. 

Manuscript received, J u n e 26, 1975. 


	MINERALOGICAL AND GEOCHEMICAL INVESTIGATIONSON FINNISH LAKE ORES
	HALBACH, PETER 1975
	Introduction
	Mobilization and migration conditions
	Occurrence and shapes of lake ore nodules
	Physico-chemical measurements
	Chemical and mineral composition
	Transport of the ions and ore formation
	REFERENCES




