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In the study an estimate was made of the chemical denudation caused by ground 
water discharged from surficial deposits, on the basis of the dissolved inorganic 
matter, during the late and postglacial period of approximately 10 000 years. The 
calculations are based on the premise that in only a gently sloping, till-mantled 
tract the infiltration coefficient of the ground water varies between 0.20 and 
0.40, and in level tracts covered with sand and gravel between 0.40 and 0.60. 
Further, the amount of annual precipitation taken into account in the calcula-
tions varies from 450 to 500 mm, and the dry unit weights of the till and the 
stratified drift amount to 1.60 and 1.70 t per cu. m. The assumption was 
made that the postglacial fluctuations in climatic conditions in one and another 
direction cancel each other out to the extent that they do not significantly 
affect the calculations. The appreciable amounts of matter brought down out 
of the atmosphere by the rain have been taken into account. 

The chemical denudation caused by ground water percolating through till 
in areas of silicic bedrock corresponds to the elimination of a soil layer of 
between 2.0 and 4.5 cm in thickness, the corresponding value in areas of 
subsilicic bedrock being 5.5 to 11.0 cm. In silicic bedrock areas the chemical 
denudation is slightly more intensive in stratified drift than in till deposits. 
Not taking into account the composition of the surficial deposits and the 
bedrock, the average rate of chemical denudation in the whole study area was 
found to be from 2.4 to 5.8 cm. This finding is in agreement with the calcula-
tions made on the basis of brook and river waters. 

Pertti Lahermo, Institute of Geology, University of Oulu, Oulu, Finland. 

The formation of ground water and its 
relation to surface waters 

Water falling as rain on the slopes of the 
wooded till-mantled hills of the study area (Fig. 
1) forms ground water, which flows in the direc-
tion of the gradient (Fig. 2). Some of the ground 
water is retained only a short time below the 
surface, being discharged on the lower slopes as 

little springs or as surface seepage. Water of this 
type does not always reach the actual ground-
water table at all but occurs as perched water 
in the more permeable layers of soil close to the 
surface. The discharge of ground water as springs 
at the foot of hills generally takes place in the 
marginal zones of surrounding bogs (Fig. 2, 3, 
Lahermo 1970 a, Fig. 6). 
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FIG. 1. Location of the study area. The water samples 
were collected from the shaded area, with the majority 
of the sampling sites being concentrated in the southern 
part of this area. The numbered sampling sites represent 
monthly observations of river or brook waters (1 = 
Holmberg 1935, 2 = Viro 1953, 3 = Väre 1961, symbols 

111, 112, 114). 

FIG. 2. Schematic drawing to show the formation of ground water and its 
percolation down the slope of a tillmantled hill. Insofar as the till underlain by 
weathered and fissured bedrock is homogeneous, the course of flow of the 
ground water is curved, being directed toward the discharge area, owing to 
the force of gravity. Ground water is discharged into surface waters either 
through springs (S) in the marginal zone of bogs (black) or directly out of 
surficial deposits. Close to the surface, the rate of flow of ground water is 
higher and the course of flow more curved than deeper down, where the 
ground water flows slowly. This is depicted by the sketch in the upper right-
hand corner, in which the rate of flow is indicated by the thickness of the arrow. 
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FIG. 3. Brooks that are fed by ground water discharged 
out of surficial deposits. Springs occur at the foot of 
till-mantled wooded hills in gullies situated between the 
hills. In areas of this type, the surface runoff is slight — 
hence the brooks are effluent. Palolaki, sout hwest side of 

Pokka, Kittilä commune. 

Specific conductance p S 

FIG. 4. The frequency distribution of specific 
conductance values represented as cumulative' 
curves. Triangle (curve 1) = ground or perched 
water retained only a short time in surficial deposits 
and discharged to the surface as small springs or 
as seepage. Open circle (2) = ground water 
discharged as springs from surficial deposits. 
Cross (3) = brook water. Black circle (4) = 
ground water contained in fractures and fissure 
zones of bedrock. The similarity between the 
distributions of the specific conductance values 
(curve 2, 3) indicates that the brook waters are 
mainly ground water discharged from surficial 

deposits. 

% 

Perched water or ground water that is per-
colated only a short time in surficial deposits 
cannot effectively dissolve the mineral matter of 
its environment. For this reason, such water 
contains but few electrolytes (Fig. 4, curve 1). 
Ground water that has remained longer in sur-
ficial deposits, and forms in some instances large 
springs at the foot of a hill, is more electrolytic 
(curve 2). 

In winter as well as during dry spells in sum-
mer, when the surface runoff has completely 
ceased or is at best very slight, the water running 
in brooks is solely ground water being discharged 
out of the surficial deposits. Many brooks origi-

nate in large springs, and the flow of water in 
the brooks increases all along because more and 
more ground water is being fed into them (Fig. 
3). Brooks and rivers naturally flow in depressed 
parts of the terrain, where the percolation of the 
ground water likewise is directed. Not nearly 
always does ground water rise to the surface in 
the form of springs, however, for it frequently 
percolates straight into watercourses through 
surficial strata, which in low-lying places are 
commonly covered with peat (Fig. 2, 3). The 
close connection between the water in brooks 
and the water being discharged out the ground is 
further indicated by their chemical similarity. 

31 8210—71 
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Both ground water and brook water contain 
electrolytes in approximately equal amounts 
(Fig. 4, curves 2 and 3, Lahermo 1970 b, Fig. 4). 

Deep down in fractures and fissure zones of 
bedrock, ground water flows and thus changes 
slowly. Even before it has passed down into the 
bedrock, ground water has in many cases per-
colated through a bed of surficial deposits of 
varying thickness, dissolving the mineral cons-
tituents. Further, water retained in the bedrock 
for a long time tends to have a notable dissolving 
effect on surrounding minerals. Indicative of this 
is the high electrolyte content of ground water 
obtained from bedrock (Fig. 4, curve 4). Hence 
the interchange between ground water deep in 
bedrock and surface waters is slight. 

It has been observed through laboratory 
experiments and theoretical calculations that in 
approximately homogeneous surficial deposits 
the course followed by ground water percolating 
in the direction of the gradient is curved because 
of the force of gravity (see Tolman 1937, Figs. 
66—67, Gustafsson 1968). Close to the ground 
surface, the course of flow of rapidly percolating 
ground waters is the most conspicuously curved. 
By contrast, at a depth the course of slowly 
percolating ground water is only very slightly 
curved. Figure 2 schematically illustrates the 
formation of ground water and the course of its 
percolation down the slope of a hill mantled with 
homogeneous surficial deposits, usually till. 

The curved form of the course followed by 
percolating ground water is partly responsible 
for the circumstance, noted in the foregoing, 
that brook waters consist mostly of ground 
waters that have been discharged from surficial 
deposits. In reality, the paths followed by per-
colating ground waters are regulated to a signi-
ficant extent also by the layered structure of the 
deposits and the differences in the permeability 
of the different layers. In bedrock, again, the 
direction of flow of ground water is determined 
by the fractures and the fissure zones. 

The till-covered hills of central Lapland are 
generally broad and gently sloping. The till is 

rich in fine and medium-coarse sand (Kujansuu 
1967, Fig. 7; Lahermo 1970 a, Fig. 4), in which 
there is some silt, too. Consisting in their sur-
ficial layers of loose material, the till deposits 
commonly contain sorted sand and gravel lenses 
or beds, some of them of considerable extent. 
Accordingly, the till is moderately permeable, 
which means that during the periods when the 
ground has thawed out the surface runoff on the 
gentle slopes is slight. It occurs mainly in the 
spring during the melting of the snow and dur-
ing exceptionally heavy rains. 

In tracts of sand and gravel with nearly flat 
surfaces, like sandur and delta deposits, prac-
tically no surface runoff occurs. All the water 
that does not evaporate directly off the ground 
and plants or by transpiration ends up as gravi-
tational and ground water. In dry summers, 
evaporation is heavy; this means that the re-
sources of ground water receive little or no new 
supplies of water, which is the same situation in 
winter, too ( c f . , Ristola 1968). In the spring, 
when the snows melt, and in the fall, during the 
rainy season, the temperature is low and there 
is less evaporation as well. It is during these 
periods that the ground-water supplies are chiefly 
replenished. The ground water thus formed is 
discharged as springs or flows directly into bodies 
of surface water out of the ground. 

In spring, ground frost, the thickness of which 
is apt to be several meters (see, e.g., Jansson 
1968), prevents melt waters in many places to 
reach the ground-water table. In the end, how-
ever, the melt waters bring about an abrupt rise 
in the ground-water table, after its gradual drop 
during the winter (see Hyyppä 1962; Johansson, 
Soveri 1965). 

In central Lapland the portion of the annual 
precipitation that is infiltrated is dependent on 
many factors. These include, inter alia, the 
amount of precipitation and its distribution 
over the different seasons of the year, varia-
tions of temperature and the closely connected 
evaporation. Also topographic and floral as 
well as, above all, geological factors contribute 
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significantly to the formation of ground water. 
Among the last-mentioned factors, especially 
the density of the woods and plant cover and the 
content of fine-grained material in the surficial 
deposits are influential. In extensive flat bog-
lands, where the ground-water table is high, evap-
oration and surface runoff are dominant phenom-
ena, so ground water is not formed to any 
significant degree. 

Few studies have been made on the amount 
of ground water forming in till deposits. Accord-
ing to Vanhala (1959), only 18 or 19 per cent of 
the annual precipitation forms ground water in 
areas partly covered with till (infiltration coeffi-
cient: 0.18—0.19). The corresponding value re-
ported by Troedsson (1955) from central Sweden 
is as low as 13 per cent; and the infiltration co-
efficient worked out by von Brömssen (1968) is 
0.11—0.18. The figure obtained by Ristola (1968) 
for ground water produced in a sandy till area 
from the annual precipitation is between 20 and 
30 per cent. 

The available information on the formation of 
ground water in tracts covered with sand and 
gravel is likewise rather haphazard. Sederholm 
(1909) reached the conclusion that in depositions 
of sand and gravel like Salpausselkä at most 50 
per cent of the annual precipitation is infiltrated 
to become ground water (infiltration coefficient: 
0.50). According to Vanhala's (1959) calculations, 
which are based on test pumpings, the infiltration 
amounts in areas covered with sand and gravel 
are no more than 29 per cent of the annual pre-
cipitation. According to Ristola's (1968) lysi-
metric studies in the Salpausselkä ranges, the 
amount of infiltration is between 40 and 60 per 
cent. In the esker areas of Sweden, the infiltration 
coefficient obtained by von Brömssen (1968) is 
between 0.34 and 0.80. Best applicable to the 
present study area are Hyyppä's investigations 
(1962) in the northern section of Sodankylä 
dealing with variations in the ground-water table. 
The results reported by Hyyppä are that in a 
level sandy tract, from 42 to 61 per cent of the 
annual precipitation ends up as ground water. 

The basis for estimating the chemical 
denudation caused by ground water 

Ground water discharged into surface waters 
continuously carries with it out of the ground 
inorganic matter, which has naturally been dis-
solved through weathering of mineral substances. 
In the foregoing, the observation has already 
been made that brooks and small rivers are fed 
mainly by ground water discharged out of the 
surficial deposits. The products of chemical de-
nudation caused by percolating ground water are 
eventually emptied, along with the waters of 
brooks and rivers, into the sea. On the basis of 
the amount of matter dissolved in ground water, 
an estimate can be made of the quantity of inor-
ganic matter that has been removed annually or 
during the entire postglacial period from, for 
example, a piece of land a square meter in area. 
That is, the magnitude of the chemical denu-
dation can be worked out. This presupposes, 
however, that the composition of the ground 
water being discharged into surface waters is 
known, together with the changes taking place 
at different seasons of the year as well as the 
quantity of discharged ground water. 

With regard to the quality of the ground water 
fairly numerous observations have been made 
in the study area in both summer and winter 
(see Lahermo 1970 a). Investigations have proved 
that the quality of the ground water discharged 
from large springs remains fairly constant 
throughout the year (Fig. 5). The most difficult 
research problem, then, is estimating the volume 
of ground water being discharged out of the 
surficial deposits. 

Taken as the point of departure for estimating 
the amount of chemical denudation are, accord-
ing to the results presented afore and the 
estimates arrived at in the study area, the follow-
ing infiltration coefficients: on gentle slopes 
covered with till poor in fine-grained matter and, 
in additon, characterized by rather meager vege-
tation, between 0.20 and 0.40; on level tracts of 
sand and gravel, thanks to the better permea-
bility of the sediments, between 0.40 and 0.60. 
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FIG. 5. The variations in the chemical composition of the ground water discharged from surficial 
deposits during a period of three years. The concentrations of the main components remain fairly 
constant throughout the year. On the other hand, the humus content, as represented as K M n 0 4 

consumption values, varies greatly, depending on the amount of the surface runoff infiltrating into 
the ground water. F.1 = average electrolyte content, which has been obtained by multiplying the 
specific conductance value by the coefficient 0.7 5. Large spring at south end of Nuokkioselkä, Kit-

tilä commune. 

The average annual precipitation has been esti-
mated as being between 450 and 500 mm ( c f . , 
HVK 1968, appendix V). It is because of the 
wide range of variation in the infiltration coeffi-
cients and the precipitation that the minimum 
and maximum amounts of denudation obtained 
from the values above deviate considerably from 
each other ( c f . , Table 1). 

A factor leading to inexactness in the calcu-
lations is, of course, the uncertainty of the infil-
tration coefficient. On the other hand, it is 
inconceivable that it might be precisely worked 
out for an extensive study area. Moreover, any 
infiltration coefficient must vary, even consider-
ably, in successive years, owing to meteorolog-
ical conditions. 

Uncertainty into the calculations is further 
introduced by the difficulty of estimating the 
amounts of matter brought down by rain water. 
The substances coming out of the atmosphere 
contribute significantly to the composition of 
ground waters, and they must therefore be taken 
into account in calculating the rate of chemical 

denudation. The amounts of matter contained in 
rain water may have changed somewhat during 
the postglacial period. The sulfate content of the 
atmosphere has apparently increased in modern 
times, owing to industrial activity and the 
increased utilization of fossil fuels. The increased 
presence of other substances in rain water does 
not significantly affect the calculations, owing to 
their small amounts. 

In addition, it is probable that matter falls 
down to earth from the atmosphere not only with 
rain water but also as a continuous deposition 
of very small particles (see, e.g., Eriksson 1955). 
This increases the amount of atmospheric matter 
in Table 1, which has only been calculated accord-
ing to the composition of the rain water (section 
3). The last-mentioned factor in turn decreases 
the amount of chemical denudation presented in 
section 4. We do not, however, have information 
on the amounts of matter carried into ground 
waters in the study area through the deposition 
of small particles or the agency of fog or dew. 

The point of departure in calculating the rate 



On chemical denudation caused by ground water ... 239 

CO o 

o u 0 3 g 
" « &1 -S U-l 4-1 H U « 
0 H-S-S . 

7 " ° S .2 0 ^ 2 •c u 0 • -c CJ G co ° ;3 G, O « ^ -n u "O "O 
-s =3 c n 

.2 « C « -

ÖC-T3 
å « 3 S 
ä j j S g C « a < 

n 
C 

e-S 3 u c w 
C 

'S ä C U U 'S 

C 3 « E .c 
. - • " I S 
E ^ « £ t>0 

6 . = ^ o .tj ^ o LO <u 

c • n « JS 
• 2 " h S O % 
3 "2.2 § 
a c -o c S 
» S S U « " 

o a. § B S 
S U< K u " « K . M S 

«o<« s O 
>• S fr o ™ .i 

" 1 O s g I 
•2 § 

g ü ^ ü ÖD 
M « ; U L s M-S o s 
CO, ^ <-> « =3 

•8 s f i r S l 8 O >£ •n *rj « .2 'u (f) Vi 
3 

o _ u S. « U K* 

2 « 
' a E 

<ä o g 
7. 0 c t» o —' ^ CUD » O 

G M OC VI o o _ c 

o ° 
H W ' 1 £ C « J2 IN « M 3 
u u'O'R S 2 .<5 c c Ü -S E 

•n ca fi a w n 
- - -h 0 -a u 

u c J3 c-5 
st S o - " 

•n 3 c o g _ 
O (J 
60 

CJ C 
«.2 

rt 
rO pj 
-a o-* CJ co ~ 
3 

J O 
sO . S3 u 

rt -s cj ^ 
P to d 

UT3 
O S O u J3 IM 

tn m T; , U UTJo _ G x> C o .H O « 
5 S .s -a u ™ 60 3 -g s» • 3 
C "3 u o U co s T3 r 
_ UTjäo' 
'rt 5 r l 

E § . y S g CJ O o CO E> 
o 3 S U rl 3 O J 

< 
00 T-H T-H ^^THfOrH T-< 
I 1 1 1 V o V i-OTfrH cg 

0 0 0 0 

~s> 
c 0 re -v 

-S su
bs

ili
ci

c r» (N 0 CO r̂  M ^ ro r-
1 1 1 1 V o 1 cs 00 •-» CM to 

CO T-. TH 

•t 

0 0 0 0 

~s> 
c 0 re -v 

S 

sil
ic

ic 

T}- O lO CO CN CO CM T-H T-i 
1 I I 1 V W M 

C 

-a 

E 

su
bs

ili
cic

 -t T-H 0 ON TH cv! CS VO t-i Cv 
I I 1 1 V ® 1 r- cn co cm tj-IO T-H 

M u 

sil
ic

ic 

CM CO rf CM iO CM ' CM 
1 1 1 V V O v 

rH ON CM r-H 

In
or

ga
ni

c 
m

at
te

r 
in

 r
ai

n åM 
JFs 

O 
T-t 

OOO J 
O (N CM rn' CM T-t 10 

In
or

ga
ni

c 
m

at
te

r 
in

 r
ai

n 

"S 
£ 

CM 
•t N in N J 

O Ö Ö Ö Ö Ö T-H 

<5 

00 CO CO ^ CM T-H CO c\ 
M M I " ! 't ri VO N H Tf CM T-i 

rt su
bs

ili
ci

c r- "fr CM r-00 CO CM 10 10 T-H 
I I I I M 1 CM O cO cO CM O IO CM T-H T"H 

CN 
O O O O 

6 

S 

sil
ic

ic 

(N T-H O 
lO CO T-H Tj- Tj- CM T-H 
1 I I I I I I CM CN VO CM CM T—» vo CO TH 

60 

su
bs

ili
cic

 " f r T-H CM T-H CN T-H CM co R^ co T-H 
I I I I M 1 t-«. T-H lO CO T-H OV lO T-H Ĥ 
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of denudation since the Ice Age is that the study 
area became deglaciated roughly 10 000 years 
ago. The eastern parts of the region probably 
emerged out of the ice as long as 11 000 to 12 000 
years ago and the western parts not more than 
about 9 000 years ago (see Kujansuu 1967, Lap-
palainen 1970). From the standpoint of the 
results, such slight differences have no funda-
mental significance, considering the other possi-
bilities of error. 

During the postglacial period, the average 
temperatures have varied greatly (see, e.g., Mag-
nusson, Lundqvist, Regneli 1963, p. 629). This 
circumstance plus the fact of the deviating distri-
bution of land and water at present has brought 
about changes in precipitation and evaporation. 
These in turn have affected the infiltration coef-
fients of ground water. The 1.5 to 2.0°C higher 
mean temperature prevailing during the Litorina 
stage probably produced a slightly higher pre-
cipitation (Aario 1969, p. 10), although this is 
not certain. Nevertheless, the evaporation must 
have been greater, too, on account of the higher 
mean temperature, with the result that despite 
the possible higher precipitation less ground 
water formed than nowadays. For this reason, 
the ground-water table was at a lower level 
during the Litorina. Indicative of the dryness 
of the climate and the lowness of the ground-
water table are the recurrence levels in bogs to 
be met with also in this country in some places 
( c f . , Brandt 1948). On the other hand, the higher 
temperature and the longer frost-free season 
made possible a slightly more effective chemical 
denudation, notwithstanding the smaller volume 
of ground water being discharged to the surface. 
Prior to the Litorina stage, there had been periods 
of a colder climate, during which ground water 
was produced more abundantly. Following the 
Litorina, the mean temperature dropped to the 
present levels, as a consequence of which more 
ground water is formed out of less precipitation 
by virtue of reduced evaporation. The ground-
water table rose and the process of paludification 
evidently gained momentum. To summarize the 
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FIG. 6. The dry unit weights of different types of soil, 
according to water volumeter determinations (after 
unified soil classification system). Ruled column on 
right represents unit weights of surface layer of soil 
(less than '/2 m deep) and black column on left, those 
of deeper layers. Columns represent arithmetic means 
of determinations, the number of which (N) is marked 
on top of each column, t/m3 = tons per cubic meter. 

foregoing, it may be assumed that the conditions 
of chemical denudation have not changed during 
the whole postglacial period to the extent of 
essentially affecting calculations. Fluctuations in 
climatic conditions in one and another direction 
cancel each other. 

The calculations on the amount of chemical 
denudation might be graphically represented as 
the height of the column of soil eliminated. In 
order to undertake such a calculation, one must, 
however, know the dry unit weight of the soils 
in the study area. According to measurements 
made with a water volumeter, the dry unit 
weights of the surficial portion of the soil are 
on the average lower than those of deeper layers 
(Fig. 6). This is but natural, for the deposits at 
the surface are susceptible to weathering and to 
the action of roots and frost. In the calculations, 
the unit weight of the till used was 1.60 t/m3. 
The rather low value was selected because the 
surficial portion, where weathering occurs most 
intensely, is generally loosely deposited till being 
the sort of material found in ablation moraines. 
The unit weight of the sand and gravel as used 
in the present calculations was 1.70 t/m3. 

The ground water discharged out of the sur-
ficial deposits does not contain suspended mate-
rial to any notable degree, which means that 
mechanical denudation need not be taken into 
account. The quantity of organic matter is like-
wise slight. The values for KMn04-consumption 
are on the average only 2—4 mg per liter (Laher-
mo 1970 a, Table 5). The humus content of the 
ground water is at its maximum in spring while 
the snow is melting, when more than the usual 
amounts of humus are washed off the surface 
stratum of soil into ground waters ( c f . Fig. 5). 
From the standpoint of the chemical denudation 
caused by percolating ground water, this circums-
tance is of no fundamental importance inasmuch 
as the content of inorganic material in the water 
remains largely unchanged. 

Chemical denudation caused by ground 
water 

The chemical denudation caused by ground 
water is two to four times as great in areas of 
subsilicic bedrock (mainly greenstones, black 
schists, amphibolites, gabbros) as it is in areas 
of silicic bedrock (mainly granites, quartzites, 
various gneisses and light schists) (Table 1). In 
subsilicic bedrock areas, the height of the column 
representing the amount of eliminated till 
deposits is 7—11 cm, whereas in silicic bedrock 
areas it varies between 2—4.5 cm (Fig. 7). 
Among the cations, calcium and magnesium are 
the most important substances removed through 
denudation. On the other hand, sodium and 
potassium are introduced into ground waters in 
such large quantities with rain water that the 
amounts derived from weathering appear to be 
slight (Lahermo 1970 a, Table 8). The leaching of 
alkali metals in the weathering process thus 
scarcely shows up in the column (Fig. 7). The 
proportions of iron and manganese in the denu-
dation losses are so slight that their removal is 
not seen in the column, either. This is because, 
in the main, the ground waters discharged from 
the surficial deposits are nearly saturated with 



On chemical denudation caused by ground water ... 241 

sil icic bedrock subsil icic bedrock 
till str. drift till str. drift 

hco3 

cm 

hco3 

-

hco3 -hco3 

• i r - - 2 

S i 0 2 

- cm 

S i 0 2 J r 1 Å rfl 1 
Ca 

cm 
Ca 

- J i m • 
Mg -

cm 
1 -

Na -

cm 
1 -

K -
cm 1 -

S0A • 
c m 

n 

total 
in-

organic 

cm 

total 
in-

organic 

• 1 " 
total 

in-
organic 

h 1 I I 

- - 6-

— 4-

- - 2-

FIG. 7. Chemical denudation caused by ground water, 
depicted as a column representing the amount of elimin-
ated soil (calculations are based on data from Table 1). 
In the horizontal rows are represented the most important 
elements and compounds dissolved in ground water 
according to the part played by them in chemical denuda-
tion. In the lowest horizontal row is represented the 
chemical denudation as calculated on the basis of the 
total amount of dissolved inorganic matter. The dry 
unit weights of the till and stratified drift used in the 

calculations are 1.60 and 1. 70 t/m3 ( c f . , Fig. 6). 

oxygen (see Lahermo 1970 a, Table 4) with the 
result that the iron compounds are precipitated 
into the soil. 

Of the anions, bicarbonates are removed by 
far the most (Table 1, Fig. 7). They are pre-
dominantly derived from the weathering of sili-
cate minerals and, to a lesser extent, of carbonate 
minerals (see Stevens 1934, p. 1). The minerogenic 
origin of the bicarbonates is indicated by the fact 
that in weathering they are released into ground 
water three times more effectively in subsilicic 
than in silicic bedrock areas. This circumstance 

also suggests that bicarbonates arc not created, at 
least in any noteworthy amounts, through the 
decomposition of organic humus material, for the 
quantity of vegetation, and therefore humus, is 
not essentially greater in areas of subsilicic bed-
rock. Moreover, the ground waters of silicic bed-
rock areas have been observed to contain slightly 
more humus, as is revealed by the higher values 
of KMn04-consumption (Lahermo 1970 a, Fig. 
31). On the other hand, an essential part in the 
decomposition reactions of silicate and carbo-
nate minerals is also played by carbon dioxide, 
which forms bicarbonates as a reaction product 
(see, e.g., Stevens 1934, Keller 1957, p. 43; Eriks-
son, Khunakasem 1968, p. 108). According to 
this, also organogenic carbon dioxide takes part 
in the formation of bicarbonate, whereupon the 
part played by bicarbonate in chemical denuda-
tion may be somewhat excessive, just as is the 
total amount of chemical denudation, too. Bi-
carbonates do not occur practically at all in rain 
water, owing to its low pH-value. 

In deep layers of surficial deposits, the carbon 
dioxide content is high (e.g., Bear 1955, p. 205). 
As carbon dioxides hydrolyze, carbonic acid 
forms, the quantities being, however, only 
between 0.1 and 0.6 per cent (Hutchinson 1957, 
p. 655). Carbonic acid dissociates only to an 
exceedingly slight degree into bicarbonates 
(Ohle 1934, p. 430). No noteworthy amounts of 
bicarbonates are created this way. This is 
indicated by the fact, too, that the HCOs 

contents of electrolyte-poor ground waters in 
areas of silicic bedrock are lowest, although the 
C0 2 contents are at a maximum (see Lahermo 
1970 a, Table 3, Fig. 11). 

Silica is leached in both silicic and subsilicic 
bedrock areas in equivalent amounts by denu-
dation, the height of the eliminated soil column 
being about 1 cm (Table 1, Fig. 7). Sulfates occur 
in rain water in such abundance that their remo-
val by chemical denudation is felt only in areas 
of subsilicic bedrock. Although the sulfate 
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content of acid rain water as a factor promoting 
weathering or chemical denudation has heavily 
increased in modern times, it has no great signi-
ficance in relation to the amount of chemical 
denudation that has taken place during the entire 
postglacial period. Insofar as too high a sulfate 
content has been used in the calculations for rain 
water, its effect on the height of the column 
presented in Fig, 7 amounts at most to only a 
few additional millimeters. The nitrogen com-
pounds and chlorides are principally derived 
from the atmosphere, meaning that their con-
tents in ground water are not the result of che-
mical denudation. The fluoride and phosphate 
contents are so slight (Lahermo 1970 a, Appendix 
1) that they have no essential significance in cal-
culating the height of the column representing 
the eliminated soil through chemical denudation. 

In subsilicic bedrock areas the chemical denu-
dation caused by ground water is slightly more 
effective in till than in sorted glaciofluvial mate-
rial (Fig. 7), This is due to the higher content of 
finegrained constituents in till, which intensifies 
the leaching of the mineral matter. The lesser per-
meability of the till has an effect of the same 
nature, as there is more time for the process of 
dissolution with its multiplicity of chemical phe-
nomena. However, in more permeable, stratified 
drift, a greater quantity of ground water forms 
and thus also discharges into surface waters. For 
this reason, the rate of chemical denudation 
caused by ground water in silicic bedrock areas 
is slightly higher in sorted glaciofluvial material 
than in till. 

Comparison of the results 

The amount of denudation has previously been 
estimated principally on the basis of the material 
dissolved in river waters and occurring in sus-
pension. Investigations along this line have 
enjoyed good opportunities since data relating 
to the chemical composition, runoff and dis-
charge of river waters have been collected in 
many countries ever since the last century. 

Characteristic of brook and river waters are 
the great variations in their chemical composition 
at different seasons of the year (see, e.g., Holm-
berg 1935). The quality of the waters is most 
even in winter, when surface runoff is at a stand-
still, as well as during long dry spells in summer. 
During the spring flood season and during times 
of heavy rains, the waters contain on the average 
small amounts of dissolved matter. Neverthe-
less, at such times the volume of water flowing 
is manifold, compared to normal (see, e.g., Väre 
1961, Figs. 6—8), indicating the possibility of a 
higher rate of denudation, too. These circum-
stances lead to difficulties in the estimation of 
the rate of denudation on the basis of the con-
tents of material in brook and river waters. This 
is especially true when the observations of dis-
charge are not continuous or — what is more 
common — the sampling frequency has been 
insufficient. A factor adding to inaccuracy in 
results is industrial and agricultural activity along 
the banks of major rivers, activity that augments 
the constituents of the water. 

When the material suspended in ground water 
being discharged to the surface is slight in 
amount, the corresponding contents in river 
waters are significantly higher. The highest con-
tent of suspended material, representing mechni-
cal denudation, occurs during the spring floods. 
At this season, the content of material in sus-
pension in, e.g., the Kemi river is of the magni-
tude of 10 per cent, whereas normally the figure 
is only a few per cent (see Holmberg 1935, Fig. 7, 
Table 3, 32—34). The principal portion of 
the suspended material probably originates from 
the main course of the river, which means that 
mechanical denudation has no fundamental sig-
nificance in the areas of till and stratified drift 
along the upper tributary streams. 

In the following the chemical denudation 
caused by ground water is compared to the 
chemical denudation calculated for the Kemi 
river and some of the smaller rivers or brooks 
in the same drainage area (Fig. 8). In vertical 
section No. 1, the chemical denudation is rep-
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resented as the height of the column of elimi-
nated soil, calculated on the basis of chemical 
analyses of the Kemi river carried out in the 
period 1918—1931 (Holmberg 1935, Table 3, 
32—34). During the years in question, sett-
lement activity and water-construction works 
along the river had not yet affected the composi-
tion of the water to the same degree as at present. 
Section No. 2 represents the chemical denudation 
calculated according to the analytic material 
compiled by Viro (1953, Table 5) during a period 
of one year. The corresponding calculations have 
been made in section No. 3 on the basis of the 
dissolved material contents of three brooks, rep-
resenting two years'statistical data (Väre 1961, 
Table 5, symbols 111, 112, 114). The sampling 
sites are presented in Fig. 1. Section No. 4 
represents the chemical denudation caused by 
ground water discharged from the surficial 
deposits in the study area likewise in the form 
of the column representing the height of 
removed soil. In all these calculations, the pro-
portion of material brought down by the rain 
has been taken into account in accordance with 
Table 1 (section 3). 

The results in Fig. 8 show that the amounts of 
chemical denudation calculated on the basis of 
the dissolved material contents and volume of 
water in the rivers and brooks are of the same 
order of magnitude (sections 1—3). The denuda-
tion represented in section No. 2 is the lowest, 
but the calculation is based only on the material 
collected during a single year. In successive 
years, the amounts of material transported by 
rivers and brooks are likely to vary quite con-
spicuously ( c f . , Väre 1961, Figs. 27—28). 
The chemical denudation caused by ground water 
varies considerably in different areas, and it is 
on the average slightly lower (section 4) than the 
corresponding values registered for river and 
brook waters. 

As a whole, the chemical denudation caused 
by ground water discharged from the surficial 
deposits in the study area corresponds to the 
elimination of between 2.4 and 5.8 cm thick layer 
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FIG. 8. The amount of chemical denudation caused 
by ground water in the study area (vertical section 4), 
compared with the chemical denudation calculated 
on the basis of the composition of river and brook 
waters (sections 1—3). The results are presented 
as a column representing the amount of eliminated 
soil just as in Fig. 7. Section 1 = Kemi river in the 
period 1918—1931, 2 = Kemi river in 1952—1953 
(1 year), and 3 = three brooks in 1959—1960 

( c f . , Fig. 1). 

of the soil (Fig. 8). The corresponding figures cal-
culated for brook and river waters are between 
3.3 and 5.7 cm. If we takes into account that 
the carbon dioxide needed in the formation of 
bicarbonates principally comes from atmosphere 
or decomposition products of organic matter, 
the real chemical denudation is slightly less than 
presented above ( c f . p. 241). Hyyppä (1969, p. 92) 
has reported the value of0.35 cm for the thickness 
of eliminated soil layer removed in the glacio-
fluvial Salpausselkä range through chemical 
denudation during the past 1 000 years (infiltra-
tion coefficient 0.30). The value arrived at in 
Sweden on the basis of the inorganic matter dis-
solved in rivers flowing through till-mantled 
tracts (Eriksson 1929) varies between 5.6 and 
6.0 cm, depending somewhat on the amount of 
material brought down by rainfall. Arrhenius 
(1954) has reported from Sweden that the top-
most meter of the soil has lost about one-fifth of 

31 8 2 1 0 — 7 1 
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its weight by denudation since the Ice Age. He 
arrived at this high result in the light of the large 
quantities of material contained in ground water 
present deep in the surficial deposits and in the 
bedrock. 

In Finland, chemical denudation is slight com-
pared to the amounts reported from other parts 
of the world, which are from ten to thirty times 

greater (see Viro 1953, p. 29). Contributing fac-
tors elsewhere are, in addition to more favorable 
climatic conditions, primarily the composition of 
the surficial deposits and the bedrock. The 
ancient Archean Finnish bedrock, which is built 
of metamorphic and plutonic rocks, consists 
mainly of silicate minerals that are highly resis-
tant to weathering. 
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