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southeastern Norway, the size distribution of minerals in basal lill is dependent on the

processes of glacial grinding and on the influence of meltwater. An experimental crushing gave a size
distribution of minerals corresponding to that in the source rocks and insignificant comminution of
separate mineral grains. An experimental abrasion resulted in a more intensive comminution, and in
particular the feldspars and sheet silicates were significantly reduced in size and became enriched in the
silt fraction. Lodgement till is characterized by a significant silt component formed by glacial abrasion.
The silt fractions are therefore relatively rich in feldspars and sheet silicates and have high contents of
Al203, Fe203, MgO Na20 and K20. Basal mett-out lill from lee-side localities is mainly formed by
crushing and has a low silt content. Compared with lodgement lill, the content of feldspars and sheet
silicates is significantly lower in the silt, resulting in a higher content of Si02• No differences were found
in the bulk sand + silt + elay geochemistry, demonstrating that the variations were on!y due to a different
size distribution of minerals and not to rem oval of fines by water. The distribution of minerals in the till is
a function of the grain sizes. With decreasing particle sizes, the relative quartz content decreases white the
sheet silicate content increases. A corresponding variation is found in the Si02 content relative to the
contents of A1203 Fe203, MgO and K20. If fines are removed by meltwater a significant increase of the
Si02 content and decrease of Al203, Fe203, MgO and K20 results in the remaining till material. The
investigalion shows that mineralogy and geochemistry of tills are clearly dependent on lill-forming
processes and not only on bedrock variations. This is particularly important in geochemical investigations
of tills where only a limited particle-size interval is studied.

S. Haldorsen, Department of Geology, Agricultural University of Norway, N-1432 ÅS-NLH, Norway.

Tills are by far the most abundant sediments in
Norway. The geochemistry and petrography of
tills are of interest for several practical purposes.
Some of the most important areas of cultivated

Classification of basal tills related to
their genesis
Till classification is commonly determined by

land and the most productive forest areas are

where in the glacier the debris was transported

situated on till. In addition, till geochemistry and

and which way it was deposited. Tills formed

mineralogy have been extensively applied in geo

from basally transported debris may be divided
into two main groups related to the process of

chemical prospecting.
The geochemistry of tills, reflecting their min
eralogical composition, is dependent on several
factors. Both factors involved with the origin and

deposition (Dreimanis 1982) (Fig. 2).
A. Lodgement till

( Fig.

2A): Deposited from

the sliding base of a dynamically active glacier,

formation of the tills ( i.e. syngenetical processes,

mainly by pressure melting. Coarse clasts are

Fig.

lodged due to friction against the substratum

l)

and post-depositional processes ( i.e. epi

genetical processes, Fig.

( e.g.

l)

are of importance

Bølviken & Gleeson 1979). The relation

1978) and are gradually buried in the

(Fig.

lodgement until they are completely buried, the

has been more commonly studied than the

clasts are exposed to abrasion from the overlying

between source rocks and the till material

1:1)

(Boulton

finer grained till matrix. From the moment of

relation between till-forming processes and the

sliding ice. Abrasion may take place also during

till

of the present work has

transport. Lodgement till is characterized by an

been to obtain more information about the quan

overall dominance of abraded clasts and usually

(Fig. 1:2).

The

åim

titative influence of till-forming processes upon

by a high content of fine-grained material and high

the mineralogy and geochemistry of tills.

compaction. A til! dominated by angular boulder
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and cobble populations cannot, according to this,

the main valleys Gudbrandsdalen and Østerda

be classified as lodgement till.
B. Basal melt-out til! (Fig. 2B): Deposited by a

len. This area was chosen because the rather
uniform sandstone bedrock (Fig.

3)

and the con

slow release of glacial debris from stagnant basal

tinuous till cover (Holmsen 1971) (Fig. 4) make it

ice by melting, without internal deformation or

suitable for studies of the effects of till-forming

sliding (Fig. 2). The melt-out process is passive

processes (Haldorsen 1981).

regarding the formation and modification of

The Åstadalen valley remained ice-covered

coarse till material. No abrasion occurs during

until

the melt-out process. The melt-out till may thus

movement was first from the north, later from a

Preboreal

(Haldorsen

1982a).

The

ice

contain clasts with a wide spectrum of roundness

westerly direction, parallel to the valley (Fig.

values, depending on the history of the clasts

The latter direction is reflected by numerous gla

before they were picked up by the ice. Compared

cia! striations throughout the Østerdalen region

with a lodgement till, a basal melt-out till is

(Holmsen 1960).

4).

commonly less compact, and contains usually less
fine-grained material (Fig. 2). The melt-out till
often contains lenses and hands of sorted materi
al, due to the influence of water from the melting
of debris-poor ice layers (Shaw 1979, Haldorsen
& Shaw 1982).

Field and laboratory methods
Till samples were taken from l to 5 m depth from
sections and by drilling (Fig.4). No vertical vari
ation was found, indicating that the effects of
postglacial weathering are insignificant at these

Geological setting

depths.

The investigation was carried out in Åstadalen,

sieving and fractionation in sedimentation cylin

an upland area in southeastern Norway between

ders. The grain-size distribution of bedrock sam-

Grain-size analyses of tills were performed by
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Relationsnip between the formation of subglacial basal tills and tneir sediment cnaracteristics.

ples was studied in thin sections, correction fac

corondum balls. Rotation speed was 40 r.p.s.,

tors being applied to render the data comparable

and crushing time 5 min. Abrasion experiments

with til! sample data (Haldorsen 1981).
The mineralogy of bedrock samples (J.-0.

were performed in a ceramic jar without balls.
The material was then tightly packed to prevent

Englund, pers. comm. 1980) and till fractions

crushing. The rotation speed was again 40 r.p.s.

from 2 mm

(-<1>)

to 0.03 mm (5<1>) were studied

in thin section. Fractions finer than 0.06 mm
(4<1>) were analysed by X-ray diffraction accord
ing to the methods described by Roaldset (1972),
Rueslåtten (1976) and Augedal (1978, p. 45).
In order to study the geochemical composition
of til! and bedrock, 5 ml HF and 50 ml H3B03,

Bedrock
The following bedrock description is based on
Englund (1972, 1973a, 1973b, pers. comm. 19761980).

diluted to 100 ml solution, were applied to dis

The bedrock within the studied area is com

salve 200 g mineral material. Na20 and K20

posed of arkosic sandstones with some fine

were analysed by flame photometry, other oxides

grained conglomeratic beds (Figs. 3 & 5), b.e

by atomic absorption spectrophotometry.

longing to the Upper Proterozoic Brøttum For

Sandstone bedrock samples were crushed and
abraded in a centrifugal ball mill, type Retsch

mation. Quartz, microcline, albite and muscovite
account for more than 90

%

of the total bedrock

Grindomat S. Preliminary crushing down to 4

(Fig. 5). Table l gives the average geochemical

mm was done in a 500 ml steel cylinder, with one

composition. The Na20 is dominantly a constitu

50 mm steel ball. Beyond 4 mm the material was

ent of the albite, while the K20 is related to the

crushed in a 500 ml ceramic jar with 5 sintered

presence of both microcline and muscovite. Ca!-

2
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Fig. 3. Bedrock map of the Åstadalen area, showing sampling sites of sandstone samples. Dot on inset map shows the position of
Åstadalen in Norway.

Table l. Geochemical composition of bedrock and the fractions finer than 2 mm of basal tills from Åstadalen (weight percentages).
Bedrock
N=24
x

SD

Si02
Al203
Fez03
MgO
Na20
K20
CaO

81. 5
8. 4
2.1
0. 6
1.8
3.2
0.5

4. 9
2. 0
1. 1
0. 4
0. 4
0. 5
0. 4

Totals

98. 2

Till
Sample l

Till
Sample 2

Lodgement
till N=12
x

SD

Lee-side
melt-out
till N=14
x
SD

2. 7
1.2
1. 8
0. 3
0. 2
0. 2
0. 2

81. 0
8. 5
2. 3
0. 9
2. 1
3. 0
0.5

81.3
8. 5
2.2
0.7
1.9
3.1
0. 7

80. 9
8. 7
2. 1
0. 8
1. 9
3.0
0. 6

80.9
8. 6
2. 3
0. 8
2. 0
2.9
0.6

98.4

98. 0

98. 1

98.3

3. 2
1. 4
1. 6
0. 3
0. 4
0. 3
0. 2

Melt-out till
transverse
moraines N=13
x
SD
83.1
8. 0
1.9
0. 9
1. 7
2. 3
0.6
98. 5

2.9
1. 6
1.4
0. 4
0.2
0.3
0.2
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Phyllosilicates

cite, biotite, chlorite and sericite occur in subor
dinate amounts, the three latter constituting the
sandstone matrix. The amounts are sufficient to
account for the bulk of the CaO, and much of the
Fe203 and MgO. In addition, hydroxides of iron
and manganese form coatings on mineral grains.
Some Fe203 and MgO are also related to the
muscovite.

50

50

Till-forming processes
Glacial comminution (Fig. 1:2A)
A glacier can be regarded as a giant mill. The
comminution processes occurring at its base in
clude mechanical crushing, which is the result of

Feldspar

50

percussion, compression and frost cracking. In

Fig. 5.

addition there may be significant abrasion result-

tion of the sandstone bedrock samples.

Triangular diagram showing the mineralogical composi
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abrasion are so closely rel ated during the glacial
transport that their fine-grained products cannot
be easily distinguished.
To gethetter information on the formation of
the till matrix, crushing and abrasion processes
were studied separately in w
t o ball- mill experi
ments. Samples from the local sandstone bed
rockwere selected for the experiments.

u

�
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Fig. 6. Grain-size distribution of eight sandstone bedrock sam
ples (shaded: one standard deviation), one crushed and one
abraded sandstone sample, one subglacial mett-out til! sample
and one lodgement til! sample. Til! sampling sites: see Fig. 4.
Average composition of lodgement til! and melt-out til! is
shown in Fig. 10.

ing from particles in contact with each other
during glacial transport and deposition. The rela
tionship between crushing and abrasion may
vary , depending on the concentration of debris
and on the mode of glacial transport and sedi
mentation(Boulton1978, Haldorsen 1981). The
degree of abrasion can roughly be estimated by
the proportion of abraded clasts in the till . How
ever, in most cases theprocesses of crushing and

A

Feldspar

Sandstone fragments of size 32-16 mm (-5 to4<1>) were crushed in the ball mill. After 5 repeat
ed crushing cycles the material had reached a
stable grain-size distribution and there was no
significantfurther reduction in particle size even
though the mill treatment was repeated several
times more. The final materialwas mainly mono
mineralic and had a grain- size composition com
parablewith that of the original, uncrushed bed
rock(Fig. 6). The conclusion is therefore that the
crushing mainly resulted in disintegration along
mineral boundaries and that each mineral grain
retained its primary size rather well during the
crushing process (Haldorsen 1981).
Some mineralogical and geochemical param
eters of the crushed samples, related to particle
size, are shown inFigs. 7 & 8. According to the
conclusion above, the variations revealed in
these figures should also be representative for
variations in theprimary sandstone.
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Abrasion

Sandstone fragments of size 32-16 mm (-5 to4«P) were abraded in the ball mill until the grains
reached a subangular to subrounded shape, com
parable to that of the same size fraction in the
till. The rock flour formed during the abrasion
was considerably more fine-grained than the re-

sistant material formed by the crushing (Fig. 6).
The dominant particle sizes formed by the abra
sionwere coarse to medium silt, while the crush
ing gave mainly sand. When the product of abra
sion is compared with the original grain-size
composition of the bedrock, it is obvious that the
abrasion has resulted in a significant cracking
across mineral grains(Fig. 6).
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•

The mineralogy of the abrad ed rock flour is
shown inFig. 7. The abrasive d isintegration has
not affected all mineral types to the same extent.
Feldspars and sheet silicates have been enriched
in the silt, while the sand is composed of nearly
pure quartz. The abrasion thus resulted in a
mineralogical fractionation d ifferent from that
formed by crushing. This is also reflected in the
geochemistry (Fig. 8) . The silt of the abrad ed
material has a higherAl203/Si02 ratio and high
er contents of Na20, K20 and MgO + Fe203

Fig. 9. A. Section in the upper
part of a fissile, silt-rich lodge
ment til! with an abraded boul
der, Hamarseter (Fig. 4).
B. Subglacial melt-out til!, with
characteristic angular clasts,
Kattugletjern (Fig. 4).

than the silt of the crushed material. This is
balanced by a much higher content ofSi02 in the
sand .
·

Lodgement til/ versus lee-side melt-out til/

InÅ stad alen the uniform basal till sheet consists
of both lod gement till and melt- out till (Fig. 9)
(Haldorsen 1981, 1982a, 1982b) . Lodgement till
is found mainly along the southwestern valley
sid e. Here the till is uniform, compact, relatively

NORSK GEOLOGISK TIDSSKR!Ff l (1983)

Till-forming processes

Table 2. Geochemistry of basal tills from Åstadalen, silt

+

23

clay fraction (weight percentages)

Tili
Sample l

Till
Sample 2

Lodgement
lill
N= 138
x
SD

Lee-side
melt-out till
N=57
x
SD

Melt-out till
transverse
moraines N= 13
x
SD

Si02
Al203
Fe203
MgO
Na20
K20
CaO

80. 0
9. 5
2. 5
0. 7
2. 2
2. 5
0. 7

75. 8
10. 6
3. 7
0. 9
2. 6
2. 7
0. 8

74. 6
11. 1
3. 5
0. 9
2. 7
2. 7
0. 9

80.2
9. 4
2. 7
0.7
2. 3
2.3
0. 7

81. 0
9. 0
2. 5
0. 7
2. 5
2. 2
0. 5

Totals

98. 1

97. 1

96. 4

rich in silt (Fig. lO) and contains abraded cobbles
and boulders (Figs. 9A)- Melt-out till is, for in
stance, deposited along the northeastern valley
side at lee-side localities relative to the ice move
ments (Fig. 4).
The melt-out till was probably formed by a
passive melt-out of the last, local debris in rem
nants of basal ice (Haldorsen 1982a). The mate
rial is coarse with very angular clasts (Figs. 9B &
10) excluding a lodgement origin.
Two till samples were chosen for detailed
mineralogical and geochemical investigations
and compared with the results from the ball-mill
experiments. Sample l was taken from a coarse
lee-side melt-out till (Fig_ 9B) with a very angu
lar clast material representing a till formed by a
minimum of glacial abrasion. Sample 2 was taken
from a compact, silt-rich lodgement till, with
abraded and striated boulders (Fig. 9A) repre
senting a till characterized by glacial abrasion.
Both samples were taken from the southern part
of the area (sites: see Fig. 4) and are underlain
by a sandstone which seems to be quite similar to
that studied in the ball-mill experiments.
The mineralogical and geochemical composi
tion related to grain sizes of the two till samples
are shown in Figs. 7 & 8. The total melt-out till is
very similar to the crushed sandstone sample (see
also Figs. 6 & 10), indicating that the melt-out till
matrix is formed mainly by glacial crushing. The
lodgement till sample has a sand fraction which is
rather similar to the sand grades of the crushed
sandstone, indicating that also in this case the
sand is mainly formed by glacial crushing. This is
supposed by the similar position of the mode of
the till matrix and the crushed sandstone sample
(Figs_ 6 & 10) and by the grain-size distribution

3. 0
1. 3
1. 1
0. 2
0. 3
0. 3
0. 2

98.3

4. 8
2. 4
0. 9
0. 2
0. 2
0. 4
0. 2

3. 5
1. 7
1. 2
0. 2
0. 3
0. 3
0. 2

98. 4

of the abraded sample (Fig. 6) which indicates
that little sand was formed by abrasion.
Compared with the melt-out till the silt + clay
of the lodgement till is richer in feldspars and
sheet silicates (Fig_ 7) and thus also in alumina,
sodium and potassium (Fig. 8). The silt of the
lodgement till is rather similar to the product of
the artificial abrasion, indicating that a signifi
cant part of the silt in the lodgement till was
formed by glacial abrasion (see also Haldorsen
1981).
The bulk geochemistry of the sand + silt +
clay of the two till samples does not differ signifi
cantly. Their composition accords well with the
sandstone bedrock composition (Table 1). There
is therefore no reason to relate the differences
described above to removal of fines by water or
to any other epigenetical processes. The conclu
sion is thus that differences in the mineralogy
relate to differences in glacial comminution pro
cesses.
While the mineralogical differences between
lodgement till and melt-out till were not reflected
in the bulk matrix composition, they are clearly
revealed in the silt + clay of the two samples
(Fig. 7 and Table 2). The lodgement till has
significantly higher contents of Al203, Na20,
K20 and Fe203 + MgO than the melt-out till.
This is the result of a higher content of medium
to fine silt in the lodgement till (Figs. 7, 8 & 10)_
The two till samples are believed to be repre
sentative of their respective till populations_ Ta
ble 2 shows the average geochemical composition
of the silt + clay of basal melt-out tills from the
northeastern valley side and of the homogeneous
lodgement till from the southwestern valley side.
The lee-side melt-out till has a lower content of

24 S. Haldorsen
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Fig.

AJ203, Na20, K20 and MgO + Fe203 than the
lodgement till. If the mill experiments and the
composition of till samples A and B are repre
sentative, the geochemical differences between
melt-out till in the northeast and lodgement till in
the southwest are due to different till genesis.

Meltwater influence (Fig. 1:2B)
All basal deposition of till, even by lodgement,
obviously includes a melt-out process which re
sults in the production of water. Each meltwater
component may effect a winnowing of fine
grained till material, even in cases where no
sorting is visible. The meltwater influence is then
a syngenetical process clearly related to the till
deposition. The following section describes how
removal of fines will influence the mineralogical
and geochemical composition of the till.
Figs. 7 & 8 clearly show that the mineralogy
and geochemistry is a function of the grain size.
The content of quartz decreases consistently with
decreasing grain size in the medium silt to clay
fractions, relative to the content of sheet silicates
(Fig. 7). This is reflected in the gradual increase
of the Al20y'Si0rratio, K20 and MgO + Fe203
with decreasing particle sizes (Fig. 7). This trend
is found for all the studied materials. A selective
winnowing of the finest grained components will
therefore cause a removal of the most Al20r,
K20-, MgO- and Fe203-rich constituents. The
change in the bulk geochemical composition is
dependent on how much fine-grained material is
removed. The two till types described in the
previous section have apparently not been ex
posed to significant meltwater activities, as their

bulk geochemical compositions accord so well
with that of the bedrock (Table 1).
An example of the result of winnowing is seen
in a series of moraine ridges oriented transverse
to the direction of the ice movement along the
centre of the Åstadalen valley (Fig. 4). Their
deposition was probably caused by metting out of
material from a thick layer of debris-rich basal
ice (Haldorsen 1982a, Haldorsen & Shaw 1982).
The abrasion of clasts is comparable with that of
the surrounding lodgement till, but the content
of medium to fine silt is considerably lower (Fig.
10). The presence of lenses and bands of sorted
sand is indicative of a significant removal of fines
by meltwater (Fig. 11). The bulk matrix compo
sition shows an expected deviation from the !od
gement till (Tables l & 2), indicating that the
source material may have been of the same type
as the lodgement till.
The grain-size distribution of the melt-out till
from transverse moraine ridges is not very differ
ent from lee-side melt-out tills (Fig. 10). Both till
types would be classified as sandy-gravelly tills.
However, the similarities in granulometric com
position are not related to the same processes of
formation. The lee-side melt-out till owes its
coarseness to a lack of abrasion; the lee-side till
from transverse moraines is coarse due to a re
moval of fine-grained components.
The difference is clearly reflected in the geo
chemistry (Tables l & 2) and shows that a grain
size distribution alone is not sufficient to predict
the process of formation.

Summary of main conclusions

The investigation shows that differences in gla
cia! comminution processes may cause different
mineralogical fractionation. Compared with a
melt-out till, a lodgement till may have a silt rich
in minerals with low resistance to abrasion. The
differences are due to the mineralogical frac
tionation alone and are not visible when the bulk
geochemistry of the finer than 2 mm material is
compared.
The removal of fines by meltwater results in
removal of sheet silica-rich components. Melt
out tills influenced by running water may have a
grain-size composition similar to a melt-out till
formed by glacial crushing where no significant
fines have been removed. The bulk geochemistry
clearly demonstrates the genetical differences be
tween the two till types.
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Il. A section from a trans
verse moraine ridge at Åkerseter
(sile: see Fig. 4), showing a typi- '<:1'h--.=r.,
cal layer of sorted, water-trans
ported material within a basal
melt-out till.
Fig.

The study in Åstadalen indicates that also gen
esis should be considered when weak but signifi
cant geochemical variations are interpreted.
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