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Preface.

This investigation was started, in the autum n of 1947, in the Geological 
Laboratory of Statens Väginstitut (Swedish State Road Institute) in Stock
holm. The essential part of the investigation was carried out at the Institute, 
where I was employed during the years 1947—1949.

The investigation is an attempt to produce a theoretical basis for the 
understanding and control of the variable technical properties of Qua
ternary clays. The results presented in this paper cover only a part of the 
investigations, as originally planned, which were terminated, at least 
temporarily, by my moving back to Finland. Therefore, the second stage of 
the work, dealing with the technical properties of clays, was left unfinished.

In this connection, it is my pleasant duty to extend my sincere grati
tude to Mr. N ils  v . M atern, Director of the Institute, whose cooperation 
made the performing of this investigation possible. I am particularly 
indebted to Professor Gunnar Beskow , Chief of the Geological Division 
of the Institute at that time, for his indefatigable encouragement and help 
during the different stages of my work. My special thanks are directed also 
to Dr. F o lk e  Rengmark, Chief of the Geological Division, for his valuable 
help in organizing the laboratory investigations and for his kind permis
sion to use many important data for statistical calculations and for choosing 
the research material from the collections of the Institute. In addition, I am 
greatly indebted to the staff of the Geological Division of the Institute for 
much valuable help in laboratory investigations.

During my visit to Finland in the winter 1948—1949 I was able to 
complete certain parts of my research in the laboratories of Geologinen 
Tutkimuslaitos (Geological Survey of Finland) in Helsinki. Several 
interesting specimens from the collections of the Survey were also put at my 
disposal. For all these courtesies, I want to express my deep gratitude to 
Professor Aarne Laitakari, Director of the Geological Survey, and to Dr. 
Esa Hyyppä, Chief of the Department of Quaternary Deposits. The 
valuable help of the staff of the Soil Laboratory of the Geological Survey 
in the determination of exchangeable bases and humus content is greatly 
appreciated.

Miss Augusta Unmack, Civil Engineer, of Den Kgl. Veterinaer- og Land- 
bohojskole (Agricultural Highschool) in Copenhagen, carried out a the-



rough X-ray study of a clay specimen and Mr. E rik F orslind, Civil Engi
neer, of Svenska Forskningsinstitutet för Cement och Betong (Swedish 
Cement and Concrete Research Institute) in Stockholm, furnished me with 
five X-ray diffraction diagrams and one electron microgram of clays. I am 
very much indebted to these individuals for their kind cooperation.

It is a great pleasure to extend my sincerest thanks to my esteemed 
teachers, Professor Pentti Eskola and Professor Matti Sauramo of the 
University of Helsinki, for their valuable help and advice and for important 
research material put at my disposal. Dr. Eskola has also been so kind as 
to read this paper as a manuscript and to present numerous valuable 
suggestions and viewpoints concerning it.

Further, I would like to express my gratitude to Professor F rans E. 
W ickman of Naturhistoriska Riksmuseet (Swedish Museum of Natural 
History) at Stockholm for placing a number of mineral specimens at my 
disposal. Drs. Olof Gabrielson and Gösta Lundqvist of Stockholm, Drs. 
Karl Mölder, Mauno Härme, and Pentti Viro, and Messrs. Veikko 
Okko, M. A., and Kalevi Virkkala, M. A., all of Helsinki, were so kind as 
to furnish me with research material and to help me with their advice. Dr. 
Mölder also made diatom determinations on certain clay specimens. For 
all these courtesies, I wish to express m y sincere thanks to all persons 
concerned.

Inasmuch as I had no laboratory facilities available during a certain 
stage of my work, Mr. PaaVo Purokoski, M. A., of Maatalouskoelaitos 
(Agricultural Research Centre) in Helsinki, carried out, according to my 
instructions, the determination of exchangeable bases in ten clay specimens. 
1 want to thank him very much for this important contribution.

Finally, I wish to express my gratitude to Mr. Edward Birse, O. B. E., 
for translating my m anuscript into English and to Dr. Kalervo Rankama 
for checking the translation. My thanks are also directed to Miss Leila 
Ivaska for her generosity in helping me in some translation problems.

Last but not least, I wish to express my sincere thanks to Suomalainen 
Tiedeakatemia (The Finnish Academy of Sciences) for accepting this paper 
for publication in their Annals.

Helsinki, September 1950.
U. Soveri.



Introduction.

1. General remarks.

The classification of clays in Fennoscandia and elsewhere is mainly 
based on the determination of their geological age, particle size, and special 
physical and technical properties. These bases of classification have been 
combined as occasion requires, but it has not been easy, for natural reasons, 
to find any generally applicable, distinct correlation between them. W ith 
the progress in methods of investigation, the study of clays has, however, 
gradually begun to use mineralogy as a foundation. Even though the bases 
of classification still retain their importance, the application of clay m inera
logy has proved useful for the discovery of those links which will be able 
to elucidate the classification of the clays and the significance and correla
tion of their grouping. The application of mineralogy will therefore influ
ence all domains of the study of clays.

Progress in clay mineralogy is the result of the application of X-ray 
diffraction methods, of differential thermal analysis (DTA)1) and electron 
microscopy to the study of clays and of the m utual cooperation of these 
methods with silicate- and colloid-chemical studies. The most important 
advances in this field have been achieved when studying areas of old 
decomposition layers and sediments in which, along with well-known 
conditions of origin, the fairly high degree of crystallinity of the clay m a
terial will often prove to be a factor that considerably facilitates the 
research.

The fact established by numerous scientists, vizv that clays are mainly 
composed of crystalline particles ( H a d d i n g  1923, R in n e  1924, H e n d r i c k s  
and F r e y  1930, K e l l e y ,  D o r e ,  and B r o w n  1931, E n d e l l ,  H o f m a n n ,  and 
W ilm  1933, C o r r e n s  1933, M a r s h a l l  1935, J a k o b  1938, N o l l  1938, 
et al.), may be considered the first important advance in modern clay mine
ralogy. It has been possible to identify most of these crystalline colloidal 
particles. It has been found that, in addition to common rock minerals such 
as quartz and feldspar, the clays contain different hydrous minerals, so-

*) The abbreviation DTA (for D ifferential Therm al Analysis) will be used throughout
this paper.



called clay minerals, which even dominate in the fine fractions. These 
minerals have been classified, and the crystal structures of many of them 
are already known. Their structures, again, serve as a useful basis of 
classification (e.g., N o l l  1938, J a c o b  1938, G rim  1942, Ross and H e n 
d r i c k s  1945, H a u s e r  1945, and B a t e s ,  H i l d e r a n d ,  and S w i n e f o r d  1950). 
Clay minerals may be derived from several stable rock minerals, such as 
talc, pyrophyllite, and kaolinite, and classified on a crystal chemical basis. 
The classification of clay minerals according to their crystal physical pro
perties is, however, still only tentative, because a num ber of factors con
nected with other bases of classification will then be taken into account, and 
the crystal physical classification is expedient from the clay technological 
point of view, even though it may not be as exact as a classification based 
on crystal chemical considerations.

On the basis of the present state of research the components of clays 
may be described as follows:

I Resistant unaltered m ineral fragm ents originating from  rock debris:

A. A nhydrous granular silicates, oxides, etc.
B. H ydrous flake-like minerals

II Minerals originating from  various processes of soil form ation or sedim entation or
those crystallised in sediments (clay minerals) :

A. The kaolinite group of clay minerals:

1. Kaolinite ............................................................... (OH) 8 Al4 Si4 Oio
2. Dickite ....... ........................................................... (OH)8 AI4 Si4 O^o
3. Nacrite ................................................................... (OH)8 Al4 Si4 O10
4. Anauxite ..............................................................  (OH)g Al4 Si4 O10* Si 0 2
5. Endellite .................................................................. (OH)8 Al4 Si4 O i0#4H2O
6. Halloysite ................................................................ (OH) 8 Al4 Si4 O10

B. The group of clay minerals w ith expanding lattice or thé m ontm orillonite group:

1. M ontmorillonite ...................................................  (OH) 4 Al4 Si8 O20#nH 2O
2. B e id e llite .................................................................. (OH) 4 Al4 Al2 Si6 0 18 OH • nH 20
3. N ontronite ..............................................................  (OH) 4 Fejj+ Si8 O20' nH 20
6. H a llo y s ite ........................................................ .. a hydrous Li-bearing Mg

silicate
5. Saponite .................................................................  a hydrous Al-Mg silicate

C. The group of mica-like clay m inerals:

1. Minerals w ith contracted lattice (illites)
2. Minerals w ith expanded lattice (vermiculites and mica intermediates)

D. The group of fibrous clay m inerals:
1, Attapulgife .........................................
2. Sepiolile .............................................

(OH) 2 Mgs Si8 O20 *8 H20  
higher in Mg than attapulgite



E. The group of hydrous oxides:

1. G o e th ite .................................................................... a - Fe O OH
2. D ia sp o re ..................................................................  a  - Al O OH
3. Boehmite ...............................................................  y  - Al O OH
4. Gibbsite .................................................................. -A l(O H )3
5. B ru c ite ...................................................................... Mg (Oil) 2

F. The group of interstratified clay minerals:

1. Regular mixtures
2. Random mixtures

III Other minerals and substances of variable origin:

A. Carbonates
B.. Limonite
C. Oxides and »allophane»
D. Chloritic minerals
E. Glauconite
F. Sulphides
G. Sulphates, phosphates, halogenides
H. Organic substances

W ith the progress of clay mineralogy the study of the origin and pro
perties of clays, as already pointed out, secured a new basis. Clay diagnostics 
also developed, and its progress facilitated the wider and more exact syste
matic, regional, and even stratigraphic study of clays.

A s e a r ly  as in  1887 L e  C h a t e l i e r  in tr o d u c e d  a m e th o d  o f  s tu d y in g  
c la y s , b y  e x a m in in g  th e ir  d e h y d r a tio n  th r o u g h  th e  in f lu e n c e  o f  th e  c o n 
t in u o u s ly  r is in g  te m p era tu re , a n d  in  1913 W a l l a c h  su g g e s te d  a  m e th o d  o f  
id e n t ify in g  c la y  ty p e s  b y  s im ila r  m e a n s . W ith  th e  d e v e lo p m e n t  o f  m e a s u r 
in g  in s tr u m e n ts  a n d  th e  a d v a n c e  o f  th e  s y s te m a tisa t io n  o f  c la y  m in e r a ls  th is  
m e th o d  h a s  a cq u ired  g rea t im p o r ta n c e . M a n y  sc ie n t is ts  h a v e  d e v e lo p e d  
a p p a ra tu s , p u b lish e d  a n a ly s is  g r a p h s  o f  d if fe r e n t  m in e r a ls  a n d  c la y  ty p e s , 
an d  d is c u s se d  th e  in te r p r e ta tio n  o f  th e  g ra p h s  a n d  th e  p o s s ib il it ie s  o f  th e  
m e th o d  fo r  th e  q u a lita t iv e  a n d  q u a n tita tiv e  a n a ly s is  o f  c la y  m in e r a ls  a n d  
fo r  c la y  d ia g n o s tic s . A m o n g  th em  m e n t io n  s h o u ld  b e  m a d e , i.a., o f  O r c e l  
a n d  C a i l l é r e  (1933), G r a n g e r  (1934), I n s l e y  a n d  E w e l l  (1935), E w e l l ,  
B u n t in g ,  a n d  G e l l e r  (1935), O r c e l  (1936), J o u r d a in  (1937), N o r t o n  
(1939), H e n d r ic k s ,  N e l s o n ,  a n d  A l e x a n d e r  (1940), N o r in  (1941), G rim  
a n d  R o w l a n d  (1942, 1944), S c h a f e r  a n d  R u s s e l l  (1942), B e r k e l h a m e r  
(1944, 1945), S p e i l  (1945), P a s k  a n d  D a v ie s  (1945), H e n d r ic k s ,  G o l d ic h ,  
a n d  N e l s o n  (1946), C u t h r e r t  an d  R o w l a n d  (1947), F a u s t  (1948), G rim  
(1948), G r u v e r  (1948), K e r r  a n d  K u lp  (1948), P e r k in s  (1948), M u r r a y  
a n d  W h i t e  (1949), R o y  (1949), V o l d  (1949), B e c k  (1950), a n d  K a u f f m a n  
a n d  B i l l i n g  (1950). E x te n s iv e  r e g io n a l s tu d ie s  o f  c la y s  w ith  th e  DTA h a v e



been carried out, e.g., in Japan (Yamauchi and Suzuki 1942), in the Pacific 
Northwest (Pask and Davies 1945), and in the Pacific Ocean, off the Cali
fornia Coast and the Gulf of California (Grim, Dietz, and Bradley 1949). 
On the basis of these investigations it is possible to establish, by 
means of the DTA, the groups of clay minerals, the individual 
clay minerals, and some other minerals, contained in the clays 
even semiquantitatively, provided that the minerals occur alone 
or in suitable combinations. However, the most important result 
seems to be that by the DTA the mineralogical character of a clay will be 
revealed in a comparatively short time. Grim and Rowland (1914) very 
appropriately called this method the prospecting method for clays. The 
interpretation of the results of the DTA, however, still requires much work 
to enable reliable characterisation of the different clay types. In this paper 
special attention will be devoted to the characterisation of the Quaternary 
clays of Fennoscandia.

2. The history of the mineralogical research of the Quaternary 
clays of Fennoscandia.

To facilitate the interpretation of the results of the DTA of the Quater
nary clays of Fennoscandia and to illustrate the problems of clay research, 
it is considered appropriate to survey the study of clay mineralogy in the 
Northern countries during the past five decades.

Atterberg stated in 1903 (p. 198), on the basis of microscopic studies, 
that the finest material of the Swedish Quaternary soils consisted princi
pally of flake-like minerals. Later, he (1913, pp. 441 — 442) came to the 
same conclusion, when comparing the plastic properties of the 
clays and of some mineral powders. F rosterus (1910, pp. 16, 21) 
established only small differences in the chemical composition 
of Quaternary clays and found the analyses difficult to interpret. 
However, Rove (1926, Goldschmidt 1926, pp. 437 — 438), by 
means of chemical analysis combined with microscopic investiga
tions, calculated the mineral composition of the Quaternary clays of 
Norway, pointing out that the altered mica minerals in the finest frac
tions were a source of error. He came to the conclusion that the Norwegian 
clay types were composed entirely or at least predominantly of finely- 
ground particles of rock minerals. The clays that he examined contained 
12,00 — 27.68 %  of flake-like minerals or micas, the majority of which 
consisted of muscovite, while biotite was scarce, in contrast to Atterbergs 
(1913, p. 443) observations. Rove found that in the finest fractions the 
biotite had been converted into modifications resembling chlorite or sericite.



The total quantity of quartz and feldspars fluctuated, according to Rove, 
from 60.74 to 72.67 °/o.

Tamm (1924, p. 17), in laboratory experiments that reproduced the 
chemical weathering caused by glacial erosion, concluded that an important 
part of the clay was a result of hydrolytic chemical alteration.

Vesterberg (1925) studied the disintegration of kaolin by determining 
its dehydration and investigating the solubility of the A120 3 released on 
heating. By this means he also determined the kaolin content of Quaternary 
clays of different geological age and came to the conclusion that such 
clays contained, on an average, 2 °/o kaolin (1925, p. 26). He admitted that 
there might be exceptions in areas consisting of shale or in such places in 
which the influence of argillaceous limestones has been felt.

Väyrynen (1929, p. 137) expressed the opinion that Glacial clays of 
Finland are rock powders from which calcium and sodium have partly 
ieached away during chemical weathering, and the properties of which 
depend upon the degree of fineness. Prim ary weathering during the 
formation of the material is, in his opinion, very slight (op. cit., p. 138) 
whereas the infiltration of iron oxides after the sedimentation is of a greater 
importance to the composition of clays than the leaching-out of cations.

According to Eskola (1932, pp. 13 — 14), the chemical analyses of 
the varved sediment at Leppäkoski (southern Finland) showed that the 
coarse-grained layer contained twice as much Na20  as the fine layer, only 
half as much K20, considerably less A120 3, and more S i0 2 and CaO. Ac
cording to a mineralogical interpretation (Salminen, 1935, p. 126) this in
dicates that the feldspar content in the fine-grained layer is only about one- 
quarter of the feldspar content in the coarse-grained layer, while the mica 
content is about twice as high.

Salminen (1935) calculated the mineralogical composition of Finnish 
Quaternary clays on the basis of chemical analyses assuming that only the 
common rock-making minerals, only slightly altered, are present in F in
nish argillaceous sediments. In spite of the great drawbacks of this method 
of calculation, the long-known fact emerged that the quartz content decrea
ses and the mica content increases when the size of the mineral particles 
decreases. He found that the geological age (Salminen 1933, p. 80) or the 
quality of the bedrock did not noticeably affect the mineralogical composi
tion of the clays, but considered the thorough physical separation of the 
mineral particles the deciding factor, when the chemical weathering was 
very slight (Salminen 1935, p. 174).

Aarnio (1938 a, p. 11) was of the opinion that the coarse-grained 
mineral particles of a clay are resistant rock minerals whereas in the par
ticles of colloidal size, distinct changes will appear. He mentioned (op. cit 
p. 13) that S B. Hendricks had analysed, by X-ray diffraction methods,



two very stiff Finnish clays which contained, along with quartz, appa
rently only one single clay mineral which clearly approached the montmo
rillonite end of the clay mineral series, but was neither montmorillonite nor 
halloysite. A a r n i o  (1942, p. 8 ) reported that in 1939 S. B. H e n d r i c k s  had 
made X-ray diffraction studies of a Finnish Interglacial clay, a varved clay, 
and a Litorina clay. The analyses were made of fractions with particles less 
than 2  p, in size, and the results showed that all the clays contained 
12 + 3 %  of kaolinite. A mica-like clay mineral predominated. Feldspar 
was not found (see also L e i v i s k ä  1944, p. 171).

S a l m i n e n  (1939, p. 2) stated that H. J e n n y  and D o r e  analysed, by means 
of X-rays, three Finnish clays which contained 25.60, 53.26, and 80.00 °/o of 
material with particles <C 2 ju in diameter. All the specimens contained 
much quartz and feldspar, but no kaolinite whatever. Mica occurred in all 
the clays, but mostly in the stiffer variety. A clay mineral was found in 
addition, but it was unidentifiable.

B r u d a l  (1940, pp. 51 — 52) said, on the basis of H. G. B y e r  s  X-ray 
and therm al investigations, that the Norwegian clays contain principally 
hydrous micas. Only mica lines appeared in the diffraction diagrams. 
Six clays were examined and five of them were very stiff.

N o r i n  (1941) carried out DTAs of 6  Swedish Quaternary clays. Accor
ding to him, the clays contained varying quantities of montmorillonite, kaoli
nite, quartz, and mica. Later he established the fact that also vermiculite 
could cause the same kind of initial peaks in the DTA as montmorillonite 
( R o s e n q v i s t  1942, p. 6 ).

R o s e n q v i s t  (1942, pp. 6  — 8 ) has studied a Norwegian clay and 
its fractions with different particle size by means of X-rays, the DTA, 
performed by N o r in ,  the benzidine reaction, and thermal dehydration. He 
came to the conclusion that the clay consisted essentially of hydrous mica, 
e.g., vermiculite, but not of alkali mica. Thus, a clay containing 60 %  
particles with a diameter less than 2  jli, gave, in the clay fraction (<C 2  //) 
55 %  hydrous mica, about 10 °/o muscovite, and 35 %> anhydrous minerals.

R e n g m a r k  (1945, pp. 2 2 , 33) concluded, on the basis of some DTAs 
made by N o r i n  and of some • technical properties of the clays, that the 
Quaternary clays of Västmanland were poorer in »active» clay minerals than 
the clays of southern Sweden.

K e r ä n e n  (1946, pp. 23 — 29) investigated the mineralogy of some 
Finnish soils in fractions with particles less than 2  jli in size, on the basis 
of adsorption capacity, selective adsorption and content of non-exchange
able K 20 ,  and came to the conclusion that neither kaolinite nor montmo
rillonite occurred in detectable quantities, but that the inorganic sorption 
complex consisted almost entirely of micas and/or feldspars. On the basis 
of the sorptive capacity and the content of non-exchangeable potassium he



obtained 60 — 70 %  as the total content of micas and potash feldspar in 
the Quaternary clays, the quartz content varying, according to different 
analyses, from 16 to 25 °/o.

Hast (1947, p. 356) found, in studying the structure of Swedish Qua
ternary clays with an electron microscope, that the clays contained threads 
formed by flake-like minerals resembling montmorillonite bands. A suffici
ent comparison was, however, not made with other clay minerals, particu
larly with the mica-like ones. Mackie, Chatterjee, and Jackson (1947), 
e.g., drew attention to the similarity of mica intermediates to m ont
morillonite in electron micrographs.

W iklander (1950) published the DTAs of 4 post-Glacial and 4 Glacial 
clay fractions ( <  2  ju) taken from different parts of Sweden as well as of 
2  post-Glacial and 2  Glacial clay profiles. He observed that the post-Glacial 
clays seem to contain more quartz and less illite than the Glacial clays 
(op. cit., pp. 124 — 125). No great differences were noted in the analyses 
of clays from different parts of Sweden. The peaks at the end part of the 
analysis graphs were found to be most distinct in the clays of Scania and 
most obscure in those of Värmland. Illite proved to predominate, whereas 
montmorillonite and kaolinite could not be found (op. cit., p . 129). The 
results are supported by some X-ray analyses and the benzidine reaction. 
Along with illite and quartz, also feldspar was found in the clays analyzed 
by X-rays (op. cit., p. 129).

Finally, it is appropriate to refer to a comprehensive review of Collini 
(1950) of the clay-mineralogical research carried out in Fennoscandia.

Summarising the investigations referred to above, it may be said that 
it has been customary to regard the Quaternary clays of Fennoscandia as 
being composed only of very little altered rock powder, the mineralogical 
composition of which has been influenced chiefly by only a definite distri
bution of particles according to grain size. Some scientists, mostly equipped 
with modern apparatus, have especially emphasized the significance of 
mica-like clay minerals but, in the absence of material extensive enough, 
their results have not been able to illuminate the problem sufficiently.

3. Factors affecting the manner of formation of minerals of 
Quaternary clays.

Mineralogical studies alone do not suffice to settle the problems of 
Quaternary clays. Also the manner and conditions of origin of the clays 
and the processes of alteration of minerals should be incorporated in the 
same investigation, and the general geological development of the examined 
area should be considered.



C o r r e n s  (1939, p. 130) mentioned that submarine weathering does not 
greatly affect the alteration of minerals, but that the weathered substance of 
sediments originates already from the alteration that takes place in the 
surface layer under atmospheric agencies. L e i v i s k ä  (1939, p. 264) is of the 
opinion that Finnish Quaternary clays contain, along with fresh material 
from the bedrock, pre-Glacial weathering products.

T a m m  (1924, pp. 17 — 18) regarded an im portant part of the Quaternary 
clays as a result of hydrolytical changes. These changes, accord
ing to him, occurred in cold water during the formation of the clays. Many 
scientists (cf. p. 11) are, however, of the opinion that the Quaternary clays 
do not contain products of chemical weathering to any noteworthy extent. 
To what extent the diagenetic origin and alteration of minerals may have 
any bearing on the formation of clay minerals in Quaternary clays is still 
unknown. The views concerning these im portant factors affecting the pro
cesses of mineral formation in Quaternary clays still diverge considerably. 
The question can be examined in greater detail by following the conditions 
of alteration and formation of some minerals.

Quartz is resistant to mechanical disintegration and to chemical weath
ering taking place in acid surroundings and consequently it becomes en
riched in the coarser fractions of clay. The feldspars, on the other hand, are 
more vulnerable to mechanical decomposition and belong to the fifth 
degree of the weathering scale of J a c k s o n ,  T y l e r ,  W i l l i s ,  B o u r b e a u ,  and 
P e n n i n g t o n  (1948, p. 1239). This means that they can occur as a main 
component in soils in which biotite (fourth degree) has altered, but musco
vite (seventh degree) has remained unaltered. T a m m  (1924, p. 18; 1929, p. 
25) found that the feldspars will leach and alter in water and that the 
residue is a kaolin-like aluminum hydrosilicate. He said that the potash 
feldspar lattice can alter slowly into muscovite lattice by the action of 
water (1934, p. 25) in suitable circumstances. A a r n i o  (1938 a, pp. 12 — 13) 
described L y l e  T . A l e x a n d e r ’s investigation from which it is evident 
that anorthite decomposed in electrodialysis producing a substance which 
could not be identified by X-ray diffraction analysis, but which in no case 
was kaolinite or halloysite. N o r t o n  (1937, pp. 13 — 14) observed, in his 
experiments, that orthoclase was altered to sericite (the maximum tempe
rature of the experiments was 250° C.) and anorthite to pyrophyllite (maxi
mum temperature 300° C.), when treated with water containing carbon 
dioxide. He admitted that the result may be different at lower tem pera
tures and in more acid solutions. In his experiments, mica was the final 
product of the alteration of feldspar, and not an intermediate product, the 
role of which has often been attributed to sericite. N o r t o n  (op. cit., p . 13) 
also pointed out the possibility that kaolin could absorb potassium from 
water and consequently alter into sericite. G rim , D i e t z ,  and B r a d l e y  (1949,



p. 1806) suggested a similar possibility and mentioned that »kaolinite is 
lost during diagenesis under marine conditions» and that »the product of 
the diagenetic alteration is probably an illite or perhaps a chloritic clay 
mineral», v. E n g e l h a r d t  (1939, p. 122) and C o r r e n s  (1940, p. 373) 
concluded from their experiments that no pseudomorphs free of alkali 
metals will be produced during the weathering of feldspar. According to 
their results, the feldspar goes into solution producing ion-like complexes 
that may form clay minerals upon precipitation.

The kaolinisation and sericitisation of feldspar are generally known 
phenomena, but, as appears from the above, the alteration mechanism in 
question and the circumstances connected therewith have not yet been fully 
explained. Kaolinite has been found in predominating quantities in some of 
the older clays of Denmark and southern Sweden (U niveack 1947, p. 13; 
N o r i n  1949, pp. 228 — 230), but in the Quaternary clays of Fennoscandia 
small quantities of minerals of the kaolinite group have rarely been 
discovered by means of X-ray analysis ( A a r n i o  1942, p. 8 ) or by chemical 
methods ( V e s t e r b e r g  1925, p. 25).

Attempts have been made to study the weathering of mica mainly by 
chemical and X-ray methods, bearing in mind the special environmental 
conditions. It has been found that the leaching-out of metals (K, Na, Mg,, 
and Fe), the oxidation of ferrous iron, and the increase of water content, 
viz., baueritisation ( R in n e  1911, E s k o l a  1949, p. 115), may be regarded as 
the principal phenomena of the weathering of mica. However, the mica 
lattice itself is particularly resistant. Thus, R o y  (1949, p. 208) reported that, 
by means of electrodialysis, he was able to remove 80 — 90 %  of the cations 
of biotite and vermiculite without, however, observing any other essential 
changes in the X-ray pattern than a weakening of the lines.

The leaching-out of cations from mica minerals may possibly occur, 
according to R o y  (1949, p. 209), in the following order: the alkalies, 
ferrous iron, ferric iron, magnesium, aluminum, and silicon. According to 
some chemical investigations, on the other hand, magnesium seems to 
become mobilized first (Walker 1949, p. 700). It is still largely unknown 
where and through what intermediate stages the decomposition of biotite 
and muscovite will lead under different conditions. Many mica modifica
tions, known by different names, and mica-like clay minerals are conside
red to be products of baueritisation. However, the possibility of authigenesis 
and base exchange must also be taken into account when the m anner of 
formation of the mica-like clay minerals is considered. The products of 
the alteration of micas may be divided (see p. 8 ) into minerals with 
contracted lattice, or illites, and minerals with expanded lattice, or 
vermiculites and mica intermediates.

W a l k e r  (1949), when examining the degree of decomposition of biotite



in a certain profile not saturated with water, but partly leached by running 
water, found that vermiculite was the modification produced by the farth
est-reaching decomposition. The alteration could be observed, by following 
with X-ray examination, the weakening and diffusion of the 10 Å diffrac
tion line of biotite and its transfer to 14.2 Å, above which it did not go in 
spite of glycerol treatment (op. cit., p. 697). The intermediate forms have been 
called hydrous mica-intermediates (e.g., Jackson, T y ler , W illis ,  Bour- 
beau, and P en n ington  1948, p. 1240). Whether decomposition can cause 
the formation of some other mica-like clay mineral, kaolinite, or montmo
rillonite, is still unknown. Lokka (1935, p. 35), when studying the products 
of the alteration of biotite formed by surface weathering, discovered by 
means of chemical analysis a modification which he considered to be 
beidellite rich in iron. Many investigators consider kaolinite and amorphous 
silica the final products of the decomposition of mica (cf. Jackson, T y ler , 
W illis , Bourbeau, and P enn ington , op. cit., p. 1259), and the results of 
decomposition experiments also indicate this (see, e.g., Correns, 1940, p. 
371, and Roy 1949, p. 202). The environment of alteration is, however, 
probably of decisive importance for this process, because it is known that, 
e.g., glauconite may originate from biotite under anaerobic submarine 
conditions (A llen  1937, p. 1183), and, according to W a lk er  (1949, p. 702), 
the decomposition of biotite can be affected, e.g., by leaching, because 
under very wet conditions the alteration of the biotite of basic rocks can 
lead to the formation of a montmorillonite-like mineral with freely 
expanding lattice, as was observed at the Macaulay Institute for Soil 
Research, Scotland (cf. C a illé r e , Hénin, and G uennelon  1949, p. 1742). 
In areas consisting of silicic rocks, such as in Finland and in a great part 
of Sweden chiefly illitic minerals (see p. 47) will probably form from 
biotite during separation and sedimentation under water, whereas minerals 
with expanded lattice can originate in the case of less wet surface 
weathering (see p. 57).

The principle of the weathering of muscovite is similar to that of biotite, 
and at first »sericite»-like modifications or minerals, richer in water 
and poorer in alkalies, will originate. Further, these may alter, according to 
circumstances, to kaolinite, montmorillonite, or interstratified minerals 
(Grim, Dietz, and Bradley 1949, pp. 1806—1807; Walker 1949, p. 694).

In 1934 Gruner suggested the possibility that in layer-lattice clusters 
the unit crystals of different minerals may alternate. He stated that a 
certain »hydrobiotite» contained alternately three layers of vermiculite and 
two layers of mica (op. cit., p. 572). H endricks and J e f fe r so n  (1938, p. 
861) examined this question more closely and came to the conclusion that 
»it is not surprising to find that vermiculites form mixed structures with 
the chlorites and micas» and that mixed-layer minerals of this type are



common in soils (cf. H endricks and J e f fe r so n  1939, p. 771). Such 
interstratifications alter the (0 0 1 ) reflection in X-ray diffraction patterns. 
In the case of a random mixing, the result may be similar to that obtained 
with montmorillonite. These scientists further found that also kaolinite 
can form a part of the mixture. H endricks and A lex a n d er  (1939, p. 261) 
discussed the existence of mixed-layer structures of illite and montmo
rillonite in certain soils. Grim and R ow lan d  (1942, pp. 801—804) noted 
that some minerals that had been considered to be beidellites were mixtures 
of halloysite or kaolinite, illite and montmorillonite. R oss and H endricks  
(1946, p. 29) also thought it possible that montmorillonite may occur as a 
part of mixed-layer minerals. Barshad (1948, pp. 675 — 677) produced 
additional evidence of the existence of interstratified vermiculite-chlorite 
mixtures and proved (1949, p. 682) the existence of an intergrowth mixture 
vermiculite: biotite =  1:3. W a lk e r  (1949, pp. 701 — 702) discussed the 
possibility of the origin of a mixed-layer lattice in decomposition as an 
intermediate stage of the alteration of biotite into vermiculite.

W ith reference to the Quaternary clays one should naturally consider 
that presumably the greater part of the mica has undergone only the 
leaching that occurred during separation in water and sedimentation, 
whereas a part of the mica had already altered under the influence of 
surface weathering during the Interglacial or pre-Glacial period when also 
mica-like clay minerals may have formed by authigenesis. If one remem
bers, in addition, that there are two main initial minerals, viz., biotite and 
muscovite, and that cation-exchange conditions at the time of sedimentation 
were variable, it may be assumed that the quality and quantity of the 
micas and mica-like clay minerals in Quaternary clays fluctuate.

Montmorillonite does not generally occur, according to R oss and H en 
dricks (1946, p. 64), as an appreciable part of the clay fraction of weathered 
surface layers of granitic, highly micaceous, or other silicic rocks. They bay 
(op. cit., p. 60) that the formation of montmorillonite is favoured by alka
line surroundings or by the presence of salts of alkali and alkaline earth 
metals (cf. N o l l  1938, p. 204), in particular of magnesium. The presence 
of potassium, however, does not favour the formation of montmorillonite. 
T om linson and M eier (1937, p. 1126) also observed that montmorillonite 
formed from plagioclase under the influence of basic magnesium carbo- 
nate-solutions. The possibility of authigenic formation of montmorillonite in 
Quaternary sediments has not been explained, but considering the geological 
age of these sediments the quantity of minerals probably formed in that 
way should be very small (Correns 1939, p. 255). The formation of 
montmorillonite as a weathering product from the silicic rocks of Fenno
scandia and mostly in an acid environment is not likely. On the other hand, 
montmorillonite, if present in the Fennoscandian Quaternary clays, may 
2



have originated from older pre-Glacial sediments or from products of 
surface weathering in areas with calcareous formations, particularly in 
southern Sweden. The conditions of formation of montmorillonite through 
leaching from micas or of its disappearance in diagenesis have not been 
explained in full. In the decomposition scale presented by Jackson, Tyler, 
W illis, Bourbeau, and Pennington (1948, p. 1239) montmorillonite is 
No. 9 between the »hydrous mica intermediates» (No. 8 ) and kaolinite 
(No. 10), which means that, if the »hydrous mica intermediates» 
predominate in a soil, montmorillonite may occupy the second or third 
place, but may also be entirely absent, and if illite (No. 7) predominates, 
there is generally no montmorillonite present. It has been found that 
montmorillonite occurs as the predom inant mineral in some of the pre- 
Glacial clays of Denmark and southern Sweden (Unmack 1949, p. 203; 
Norin 1949, pp. 228 — 229). In Quaternary clays, on the other hand, it 
has not been possible to prove the presence of montmorillonite with cer
tainty.

The change of the mineral composition of clays with decreasing par
ticle size has been studied by m any scientists, principally by means of 
X-ray diffraction analysis. Thus, a summ ary published by Correns (1939, 
pp. 117 — 183) and the investigations carried out by Grim and Bray (1936, 
pp. 311— 312), Grim and Schubert (1940, p. 20), Unmack (1944, p. 54), 
Pennington and Jackson (1947, pp. 453 — 456), and Jackson, Tyler, 
W illis, Bourbeau, and Pennington (1948, p. 1257), show the mineralo
gical composition of the clay fractions of different particle size as indicated 
in Table I.
Table L The mineralogical composition of some clay fractions of different particle size.

M inerals in order of quantity
Particle size, Predom inating

constituents
Common

constituents
Rare

constituents

< 0.1 m ontm orillonite
beidellite

mica interm ediates illite (traces)

ÖÖ

mica interm ediates kaolinite
m ontm orillonite

illite
quartz (traces)

0.2 — 2.0 kaolinite illite
mica interm ediates
micas
halloysite

quartz
m ontm orillonite
feldspars

> 2  (2 — 5; 2 — 6;
2 — 11)

micas
illites
feldspars

quartz
kaolinite

halloysite (traces) 
m ontm orillonite
(traces)



The following exceptions should be mentioned: J a c k s o n ,  T y l e r ,  
W i l l i s ,  B o u r b e a u ,  and P e n n i n g t o n  (1948, p. 1240) found feldspars in 
young soils even in fractions with particles less than 0 . 2  ju in size, and iilite 
chiefly in the 0.2 — 2.0 tu fractions. M a r s h a l l  (1949, p. 25) mentioned 
that undecomposed Glacial clays in Canada and Scandinavia, formed at a 
low temperature, contain feldspar particles of 0 . 1 — 2 . 0  ju in diameter. 
Consequently, in general only very small quantities of quartz and feldspar 
have been discovered among particles less than 2  jll in size.

Table 1 shows that the two types of mica-like clay minerals, illite 
and mica intermediates, appear to be enriched in the different fractions 
in such a m anner that the mica intermediates are found in finer fractions 
than the illites. This agrees with the looser structure and possibly interstra
tified character of the mica intermediates. In addition, it is evident, as 
mentioned, e.g., by G rim  (1942, p. 259) and J a c k s o n ,  T y l e r ,  W i l l i s ,  
B o u r b e a u ,  and P e n n i n g t o n  (1948, p. 1259), that usually only one or two 
minerals predominate in clays.

In very stiff Quaternary clays the mica-like clay minerals should be 
considered to predominate on the basis of the investigations thus far carried 
out. They may also be expected to contain, along with quartz, feldspars and 
various products*of their leaching and hydration.

It is evident that opinions concerning the mineralogical composition of 
Quaternary clays of Fennoscandia and the factors affecting it are still 
indefinite and to some extent contradictory, although the geological age of 
the sediments can be exactly determined and knowledge of the environ
ments of the sedimentation is constantly increasing. The reason is partly  
the insufficient knowledge of the pre-Glacial and the Interglacial condi
tions and the frequently low degree of crystallinity and complicated 
structure of the mineral constituents of stiff clays. This is because the 
mineralogical composition of the clays must depend not only on that of 
the ancient rocks and on the conditions of separation in water and 
sedimentation, but also on the degree of the pre-Glacial decomposition of 
the rocks and on the quality and quantity of the soil covering it at that 
time. Owing to the young age of the Quaternary sediments, it is hardly 
likely that they should contain any large quantities of clay minerals created 
in the sediment by authigenesis even though also that possibility must be 
considered.

The present investigation makes no attempt to explain in great detail 
the nature and extent of the influence of the different factors referred to, 
but endeavours to throw some light on the mineralogical character of very 
stiff Quaternary clays by trying first to interpret their DTA graphs, 
Further, it restricts itself to examining the extent to which the differences 
in the composition of certain very stiff Swedish and Finnish Quaternary



clays can be established by the methods used, or principally by the DTA, 
and to studying whether, perhaps, a tendency towards regional uniformity 
can be based on the possible differences. Furthermore, an attempt 
is made to elucidate the mutual relationship between clay mineralogy and 
geology of Fennoscandia. In addition, the problem is considered, to what 
extent possible differences in the mineralogical composition of the clays 
affect the loss on ignition, their amount of exchangeable cations, the 
plasticity, and the bonding power.

II. Material and methods of investigation.

1. Research material.

The Swedish clays used in this investigation were obtained from the 
Swedish State Road Institute (Statens Vaginstitut) at Stockholm, and 
had been collected mainly during surveying of roadbuilding materials. For 
the DTA clays were chosen on the basis of their degree of stiffness, so 
that with rare exceptions only very stiff clays (Wh>  10, see p. 2 2 ), free 
from milder humus, and generally from a depth less than 2  m were 
considered. The average degree of stiffness, determined on the basis of the 
hygroscopicity of the clays representing each province (»län») of the area 
examined, proved to be approximately the same, so that the clays are readily 
comparable with one another as regional groups. Among the analysed clays 
those containing more than 1 °/o organic m atter and those containing 
carbonate material are grouped separately. A total of 82 samples of 
Swedish Quaternary clays was examined by the DTA. The material does 
not include any moraine clays.

In addition to the above, 10 Quaternary clays from southwestern 
Finland, 4 pre-Quaternary clays, 6  samples of submorainic weathered 
granite, 3 clay fractions ( <  2 ju) of moraine, 4 sedimentary rocks, 9 mi
nerals (micas, pyrite, graphite, and montmorillonite) from Finland and 
Sweden, 3 minerals (chlorite, vermiculite, and kaolinite) from the United 
States and 5 organic preparations are included in this investigation. This 
material was obtained from the Geological Survey of Finland (Geologinen 
tutkimuslaitos) at Helsinki, the Swedish Museum of Natural History 
(Naturhistoriska Riksmuseet) at Stockholm, the Swedish State Road 
Institute, and private scientists, and was partly collected by the author. 
The source of the samples is indicated in the figures 9 and 13 — 16. 
Consequently, DTAs were made of a total of 126 samples.

For the statistical calculations in the fifth part of this investigation 
stiff (Wh =  7 — 10) and very stiff (Wh >  10) clays, totalling 411 samples



were used. The clays obtained from the Swedish State Road Institute were 
collected and examined technically under the supervision of Professor G. 
Beskow and Dr. F. Rengmark. The same material had been previously 
investigated by Dr. Rengmark (1945, p. 33), and he was so kind as to place 
his notes at the author’s disposal.

The actual area under investigation consists of the following provinces, as 
shown in Figure 28: Blekinge, Malmöhus, Östergötland, Uppsala, Västman
land, Älvsborg, Gothenburg and Bohus, Värmland, and parts of Skaraborg 
and Örebro. Figure 28 also shows the area investigated in southwestern 
Finland. In addition, some clays lying outside these areas have been 
studied.

If the clay is marked with two numbers separated by a slant, the first 
one is the num ber of the locality and is given on the map, and the second 
one is the num ber of the sample.

2. Methods of investigation.

a. Hygroscopicity.

The degree of stiffness of the clays is expressed as hygroscopicity which 
indicates the water content of the clay (in percentage of dry matter), 
when, after air-drying, it has been saturated with water vapor in a vacuum 
above a 10 %  solution of sulphuric acid. This method was suggested by 
M i t s c h e r l i c h  (1920, p. 71 — 73), and E k s t r ö m  (1927, pp. 87 — 100) studied 
thoroughly its use and applicability for Quaternary clays taking into con
sideration the experience gained up to that time and the remarks made 
concerning the method. He said that hygroscopicity has been regarded as 
a measure of the specific area of a soil, but, even though it may not serve 
as such in reality, it seems to indicate the degree of fineness of the soil with 
a sufficient precision for classification and is rather suitable, e.g., for 
expressing the degree of fineness of clays and especially their colloidal clay 
content. The humus colloids affect the hygroscopicity. This investigation 
shows that the content of organic m atter in clays varies from 0.44 to 0.72 %  
according to the peak areas (Table V). Calculated on the basis of Ek- 
s t r ö m ’s tests (1927, pp. 98 — 99), a humus content of 0.28 °/o involves a 
difference of only 0 . 1 2  in the hygroscopicity, so that the humus cannot 
in this case be regarded as a disturbing factor in determining the degree 
of stiffness. Further, it will not be necessary to consider the disturbing 
influence of limonite or water-soluble salts on the hygroscopicity of the 
clay material investigated.

E n d e l l  and V a g e l e r  (1932, p. 381) are of the opinion that the 
hygroscopicity of the clay is affected not only by that of the particles but



also by the capillary condensation depending on the mutual grouping of 
particles in the sample. Odén (1921, p. 11) advanced the idea that the 
hygroscopicity of clays does not depend solely on the surface area of a 
soil, but also on the chemical nature and structure of the clay. However, 
it is still not quite clear how much the thickness of the hygroscopic water 
film varies around the particles of different clay minerals, and what dif
ferences there may possibly be in the bonding strength of such water 
molecules between different minerals. Therefore, one cannot state with 
certainty how much the mineralogical composition of a clay, along with 
the particle size, will affect its hygroscopicity. It is clear, however, that 
this influence is greatest between clays in which the predom inant clay 
mineral varies and is the greater, the finer-grained the clay is. Among 
the constituent clay minerals, the mica-like ones predominate in the 
stiff Quaternary clays of Finland and Sweden, and it has not been 
possible to establish with certainty the presence of montmorillonite, 
which differs most from other clay minerals in regard to hygroscopicity. 
The quality and quantity of mica-like clay minerals vary in the 
clays examined, as will be shown later. This fact, however, can hardly be 
expected to handicap this investigation in which hygroscopicity is employed 
chiefly for determining the lowest limit of the degree of stiffness and for 
establishing a basis of comparison. This is also evident from the fact that, 
in a comparison between the particle size and the hygroscopicity made by 
E k s t r ö m  (op.c it.,p. 87),the spread of thevalues between various humus-free 
clay samples was not great, especially in clays in which the hygroscopicity 
was below 1 0 . That no great errors will occur in the determination of 
the degree of stiffness made in the above m anner is also apparent from 
the height of the quartz peak of the DTA which, again, depends both on 
the quantity of quartz and on the size of the particles (see Fig. 7).

E k s t r ö m  (1927, p. 95) divided the clays into five groups on the basis 
of their hygroscopicity. In his classification the hygroscopicity of stiff 
clays is 7 — 10 and of very stiff clays >  10. The average percentage of 
particles with a diameter <C 2  ju is obtained by multiplying the hygrosco
picity by the factor 5.3 ( E k s t r ö m  op. cit., p. 86). In Fennoscandia, the 
hygroscopicity has been proposed or used as a measure of the stiffness 
of Quaternary clays, e.g., by S a u r a m o  (1923, p. 11), A a r n i o  (1938 b, p. 9), 
R e n g m a r k  (1945, p. 19), H ö r n e r  (1947, p. 221), and M e r t z  (1949, p. 23).

b. Differential thermal analysis.

The method of the DTA is based, as is well known, on the relative 
measurement of the quantities of heat that are released or bound in



chemical reactions or in crystallographic inversions when the clay is heated 
so that the temperature rises at a constant rate. Many detailed descriptions 
of this method have been published, e.g., by N o r to n  (1939), Norin (1941), 
S p eil (1945), B erk elh a m er (1945), Gruver (1948), K err and Kijlp 
(1948). Kulp and K err (1949), and K auffm an and D il l in g  (1950). 
Therefore a description of the method will be omitted and only some 
important points will be considered which vary in the apparatus used 
by different scientists. The oven used, illustrated in Figure 1, was 
manufactured in the Central Laboratory of Höganäs-Billesholms AB, 
mainly according to that described by N o r to n  (1939). The samples 
and comparison material were placed in a nickel block (Fig. 2). A Pt— 
PtRh (10 %) — Pt differential thermocouple was used, and the inert 
comparison powder was a - A120 3. The reflecting galvanometer was of 
type A 42 of Messrs. Kipp & Zonen, of Delft, Holland. The temperature of 
the nickel block rose 630° C. per hour. No automatic heat regulator or 
recording unit was used, but all the analyses were made uniformly. The 
analysed clay sample amounted to 0.43 — 0.51 g, dried at 105° C. The 
analysis graphs were drawn, unless otherwise stated, so that a height of a 
peak of 10 mm in the graph corresponds to a 20 mm reading on the 
scale, and to a temperature difference of about l.°4  C. at 500° C. The 
measurement of the peak areas was made from graphs, enlarged four 
times, by drawing a straight line that begins at the starting point of the 
graph (at 1 0 0 ° C.) and crosses the curve again at 675° C. The areas 
obtained were reduced to correspond to a sample of 0.5 g of clay.



Fig. 2. The specimen holder (nickel block) of the DTA apparatus (natural size).

c. Exchangeable bases.

The exchangeable bases were determined mainly according to 
Graham and Sullivan (1938, p. 178) by treating 20 g of clay with 150 ml 
of an ammonium acetate solution. After about 18 hours the clay was 
filtered off and the filtarate was washed three times with ammonium 
acetate solution and then with ethanol (80 weight- °/o). The filtrate was 
evaporated down to dryness and the residue was ignited at 600° C. The 
ignited residue was dissolved in 30 ml 0 . 2  N  hydrochloric acid and titrated 
with 0.2 N  sodium hydroxide solution using methyl red as an indicator. The 
quantity of exchangeable cations is given, as usual, in milliequivalents per 
100 g (me/ 1 0 0  g) of clay. Attempts were made to determine the total base- 
exchange capacity by the same method, by determining the ammonium 
content in a clay treated with ammonium acetate as above. This method, 
however, proved impracticable in the case of Quaternary clays, because the 
washing alcohol also removed a considerable part of the exchanged 
ammonium ions.

d. The plasticity of clays.

The plasticity of clays was measured from the difference in 
their water content at the two limits of consistency, applying the method 
proposed by Atterberg (1911). The limits of consistency, however, were



not determined according to Atterberg, but more objectively by means oi 
a special falling-cone apparatus first introduced by the Geotechnical 
Office of the Swedish State Railways (Geotekniska Kommissionen 1922). 
The limits of consistency were determined as follows: a thoroughly mixed 
sample of clay, into w7hich a cone weighing 60 g and having an apex angle 
of 60° sinks 10 mm, gives one of the limits of consistency, and the clay 
is classified as having the relative hardness number 10. The water content 
of the clay is then called the fineness number, V10. The thoroughly mixed 
sample of clay has the other limit of consistency, when a cone weighing 
100 g, the apex angle of which is 30°, sinks 7.1 mm into the sample. The 
clay then has the relative hardness number 100, and the water content of 
the clay at this limit of consistency is given as V100. The difference 
V10 — V100 is called the moisture difference and is used in this paper to 
indicate the plasticity of the clay. The water content corresponding to these 
relative hardness numbers is determined graphically from a curve drawn 
on the basis of five hardness and moisture numbers. The V10 and V100 

values illustrate the water bonding capacity of the clay and depend, like 
their difference, not only on the degree of fineness of the clay, but also 
on its mineralogical composition (White 1949, p. 512). This method has 
been employed by Ekström (1927, pp. 100 — 130), Rengmark (1945, pp. 
20 — 21), Swedish State Geotechnical Institute (Statens Geotekniska 
Institut 1946, pp. 14 — 15), and Mertz (1949, pp. 24 — 27).

e. Bonding power.

The bonding power of the clay was measured and expressed, according 
to Rengmark (1945, p. 21), as the cleavage strength in kg (Hk) of dried 
cylindrical (diameter =  2  cm, height -= 2  cm) clay specimens. The 
cylinders were shaped from a mixture consisting of one part of a standard 
rock powder ( <  0.5 mm in diameter) and two parts of clay and the 
consistency of the mixture in the shaping was controlled by the falling- 
cone apparatus.

III. Interpretation of the DTA graphs. General results.

1. General remarks.

The interpretation of the DTA is based on the examination of the posi
tion, form, and area of the peaks appearing in the analysis graphs and 
resulting from endothermic and exothermic reactions. The position of 
these peaks on the temperature axis is such that the initial temperature



of a peak depends on the initial temperature of the reaction, but 
the heat bound or released in a reaction and, consequently, also the quan
tity of reacting substances along with the rate of reaction will determine 
the position, area, and height of the peak, provided that the rate of increase 
of tem perature in the furnace is constan t*). The peak may be delayed, i.e., 
it may be pushed forward on the tem perature axis if the rise in tem pera
ture increases the rate of reaction so slowly that it is capable of being 
registered by the measuring apparatus, only some time afterwards. When 
several reactions take place simultaneously, the peak shown by the analysis 
graphs represents a combination of the reaction effects. Mathematically 
and experimentally these questions have been dealt with, e.g., by S p e i l  
(1945), K e r r  and K u l p  (1948), and by M u r r a y  and W h i t e  (1949). Several 
scientists (see p. 39) use the peak area as an indicator of the relative 
measure of the total thermoeffect. The measurement of this area enables 
the use of the DTA for quantitative analysis.

N o r t o n  (1939, pp. 59, 61) mentions the variations in density, specific 
heat, and therm al conductivity of clays and minerals as factors disturbing 
the course of the DTA graphs. V o l d  (1949, pp. 683 — 6 8 8 ) investigated 
the influence of therm al conductivity more closely, and G r u v e r ,  H e n r y ,  
and H e y s t e l e  {1949, pp. 869 — 873) studied the disturbing influence of 
volatile substances and of changes in the ceramic melting point. The most 
disturbing factor consists of changes in the volume weight of the clay 
packed in the specimen holder (nickel block). The changes are principally 
caused by variations in the particle size distribution and they were checked 
by weighing each sample analysed to facilitate the quantitative work. 
These sources of error, which depend also on the changes occurring in the 
clay on heating, such as shrinkage at high temperatures, cause displacement 
and change of slope mostly of the zero line of the analysis graph and they 
can usually be recognised and distinguished from the peaks produced by 
real reactions.

W hen analysing Quaternary clays dried at 105° G. by the DTA method 
it was possible to distinguish 7 separate groups of reactions, as follows:

1. endothermic reactions at 105° — 220° C., peak maximum at about 
180° C.,

2. exothermic reactions at 200u — 470°, peak maxima at about 330° 
and 420°,

3. endothermic reactions at 420 — 675°, peak maximum at about 555°,
4. endothermic reaction at 574°,

l) F rom  now on, the rate of the increase in tem perature will be considered constant, 
because all the analyses were made in sim ilar conditions.



5. endothermic reactions at 700° — 850°, peak maximum variable,
6 . endothermic reactions at 820° — 890°, peak maximum at about 870°,
7. exothermic reactions at 870° — 1000°, peak maximum variable.

2. Investigation, interpretation, and significance of the 
occurring reactions.

a. Endothermic reactions at 105° — 220°C.

Many scientists who have analysed clays and clay minerals by the 
DTA method have noted that endothermic peaks often appear in the graphs 
at the temperature range of 100° — 250° C. These peaks are generally ascri
bed to the loss of water adsorbed by the mineral particles of the clays. 
K e lle y , Jenny, and B row n (1936, pp. 259-—274) divided the water 
adsorbed by the mineral particles into feldspar water or »broken bond» 
water and bentonite water or »planar» water which are lost by the clays, 
when heated at temperatures below 400° C., and differ from each other 
with respect to the m anner in which the water is bound. Among the endo
thermic peaks produced by the loss of water at low temperatures in the 
DTA the most characteristic are those produced by endellite and 
minerals with expanded lattice, such as montmorillonite, vermiculite, mica 
intermediates, and some mixed-layer minerals. The peak produced 
by endellite at 80° — 150° C. does not appear in analyses of samples 
dried at 105° G. Minerals with expanded lattice, when analysed in 
the air-dried state, often produce two peaks, one of them at about 80° 
— 160°C. and the other, a weaker but a fairly pronounced one, at about 
170° — 250° C. After drying at 105° C., these minerals produce only the 
latter peak. The general opinion is (Grim 1942, pp. 756, 816) that the latter 
peak is caused by the loss of the water that is bound between the basal 
planes of the unit cells. Grim (op. citv p. 816; 1948, pp. 9, 5) also noted that 
some minerals, such as illites, mixtures of illite and kaolinite, and even 
kaolinite with low degree of crystallinity could produce weak peaks, 
comparable with the described peaks which implies that these minerals may 
contain water bonded more or less in the same manner.

It should still be mentioned that H endricks, N e lson , and A lex a n d er  
(1940, pp. 1459 — 1463) showed that the various exchangeable cations of 
montmorillonite or their different hydration can affect the position and 
character of endothermic peaks occurring in the DTA below 240° C. Bar 
shad (1950, p. 228) also found that exchangeable cations had an essential 
influence on the quality of these peaks in montmorillonite and on the quan
tity of interlayer water. He also said (op. cit., p. 237): »Interlayer expan



sion of mica type of a crystal structure was found to depend upon the sizet 
the valency, and the total num ber of the interlayer cations . . According 
to this general statement it may also be considered possible that, as a result 
of the weathering of micas or of base-exchange occurring in connection 
therewith, modifications appear that contain interlayer water (op. cit.t 
p. 235) and may produce endothermic peaks in the DTA at low tempe
ratures.

The DTA graphs of the very stiff low-humus Quaternary clays ana
lysed, dried at 105° C., showed, with a few exceptions, the presence of an 
endothermic peak at 105° — 220° C. The peak maximum varied, in general, 
between 170° and 2 0 0 ° C. and occurred in one particular case at 150° C. and 
in four instances slightly above 200°. The peak was in most cases broad, 
but sometimes there was a special narrow drop therein. Often the peak 
appeared to be covered or interrupted owing to the influence of an exo
thermic peak caused by the combustion of organic matter, beginning at 
about 200° C Norin (1941, p. 214) also noted such an endothermic peak 
in the DTA of Quaternary clays.

In the experiments made it was found that very stiff low-humus 
Quaternary clays, after being dried for 24 hours at 105°G., lost 0.68—1.28%  
of their weight, when dried for the same time at 200°. The experiments 
were carried out with 18 clays, among which a Finnish clay (F4, p. 73), 
lost as much as 1.54 %  of its weight. It is evident that the percentages 
quoted may be slightly affected by the reduction in weight caused by the 
beginning decomposition of organic matter, but, because the total quantity 
of organic m atter in these clays was no more than 0.36 — 0.71 % , according 
to the analyses made, it may be said that a considerable quantity of water 
is lost by the clays in the said tem perature range. This dehydration 
produces the peak at 105° — 220° C. in the DTA.

The DTA of mineral samples (Fig. 9, p. 49) showed that, when analysed 
by the apparatus used, montmorillonite and a mixture of vermiculite and 
chlorite yielded a clear endothermic peak maximum at 200° — 235° C. 
Further, this peak was very clear and sharp for the submorainic weathered 
granite material (Fig, 14, p. 56), in which the peak is probably caused 
by vermiculite or mica-intermediates and, perhaps, in one instance by 
montmorillonite (see p. 57).

For the purpose of this investigation X-ray diffraction analyses were 
made of six clays (see Chapter IV), among which five produced the line d ~
14.5 Å which is characteristic of chlorites and of minerals containing 
interlayer water. In the DTAs of four of these clays an endothermic peak 
maximum was observed at about 170° — 2 0 0 ° C., but in one sample 
(SW 16383, Fig. 17) this peak was not noticeable. On the other hand, 
one clay (F 4, Fig. 25) yielded a clear endothermic peak, even though



it did not contain minerals with expanded lattice. Thus it could not be 
established that the minerals giving the line d ^  14.5 Å had any definite 
influence on the occurrence of an endothermic peak maximum at about 
170° — 200° C. in the DTAs of Quaternary clays. No systematic difference 
could be observed in the position or form of the endothermic peaks 
between clays probably containing minerals with expanded lattice and those 
devoid of them. Similary, it was impossible to establish any direct 
proportionality between the area of the peak and the degree of stiffness of 
the clays, or the quantity of water lost between 105° and 2 0 0 ° C.

Summarising what has been said above it may be stated that the endo
therm ic peak that appears at 105° — 220° C. in the DTAs of Quaternary 
clays dried at 105° is caused by the loss of water adsorbed by the 
various minerals, but not exclusively from minerals with expanded 
lattice. The m anner of dehydration within the range of temperatures m en
tioned and the formation of the peak depend upon the m anner in which 
the water is bound. Different ways of binding that may come into question 
are the interlayer binding and the planar and broken bond types of binding 
of the water on free surfaces. In addition, the various exchangeable ions 
and their different structural positions influence the binding of the water. 
If the peak is caused by the loss of interlayer water, it is usually sharp 
and well distinguishable. The influence of other manners of binding is not 
quite clear. The quantity of adsorbed water need not show a direct pro
portionality to the area of the corresponding endothermic peak.

In conclusion it should be mentioned that the DTA apparatus used is 
not suitable for an exact investigation of reactions at low temperatures, 
and therefore the results obtained during this investigation do not give 
any detailed explanation of the problems studied and do not allow any 
far-reaching conclusions.

b. Exothermic reactions at 200° — hl0° C.

Clays almost invariably contain organic m atter that influences their 
properties in varying ways. It has been proved that the quantity of organic 
m atter in Quaternary clays varies and that post-Glacial clays are consi
derably richer in humus than Glacial clays (Aarnio 1938 a, p. 19). 
According to Gripenberg (1934, p. 137), the humus content of late- 
Glacial clays is generally below 1.5 °/o, and Arrhenius (1947 b, p. 38) 
calculated, on the basis of the intensity of sedimentation, that the quantity 
of humus in post-Glacial clays could be about 3 — 4 °/o. In her investiga
tions, however, Gripenberg only rarely obtained such high figures. The 
analyses published by Kivinen (1938, p. 3) and Aarnio (1938 a, p. 17)



showed that the content of organic m atter under the layer of milder 
humus in the stiff clays (»die schweren Tone») of Finland very seldom 
exceeds 1.5 °/o, the average being 1.17 %  (calculated from 51 analyses). 
Little is known about the chemical composition of organic m atter in 
Quaternary clays. The changes in the composition of clay humus may 
depend, along with the origin of the organic matter, chiefly upon th e  
geological age of the clay, i.e., the sedimentation environment and th e  
length and conditions of the period of decomposition. A a r n io  (1938 a, p. 
19) observed that the organic m atter contained in the younger clays is 
more decomposed and richer in nitrogen than that of Glacial clays, Ar r h e 
n iu s  (1947 a, p. 263) found that the nitrogen content of the organic m atter 
in the varved sediments of the lime-bearing clays of the Uppsala area was 
considerably higher than the nitrogen content of the humus in post- 
Glacial clays. He is of the opinion (1947 b, p. 6 6 ) that the bacterial*aclivity 
of the sedimentation environment affects the composition of the clay 
humus which need not, therefore, be similar in Glacial and post-Glacial 
clays. L e iv is k ä  (1949, p. 150) remarked th a t  the organic m atter in varved 
Quaternary sediments may have originated from pre-Glacial organisms.

Gr im  and R o w l a n d  (1944, pp. 13, 19) found that the combustion of 
organic m atter caused an exothermic peak in the DTA at 200° — 700° C. 
and that the peak might cover all the other reactions taking place within 
the same temperature range with the exception of peaks produced by 
kaolinite and halloysite. They noted, in addition, that pyrite and marcasite 
give a well-pronounced exothermic double peak at 400° — 550° C, and a 
weak endothermic peak at 600° — 700°. W id e l l  (1947, p. 180) published 
DTAs of peat and stated, i.a., that only slightly humified peat gives an 
exothermic peak maximum a little above 300° G.

The DTAs of Quaternary clays made by the author showed that the 
exothermic reaction caused by the combustion of organic m atter (humus 
deflection) begins at 2 0 0 ° C. and attains its maximum at 29 0 °—330°. 
Moreover, in about 18 %  of the investigated clays another, frequently 
somewhat less pronounced peak was observed at about 380° — 470° C. 
The humus deflections of clays containing carbonate material were often 
found to be variable and to differ to some extent from the normal 
deflection (see Fig. 8 ). Figure 3 illustrates different types of humus 
deflections that were observed, the first of which (A) may be re
garded as the most general one. It is called, in the present investigation, 
the normal humus deflection. Taking into consideration the general factors 
affecting the form of the humus deflections, it may be stated that the 
more abrupt and well-pronounced the peak is, the more uniform in compo
sition and often more coarse-grained is the reacting substance.

Humus deflections presented in Figure 3 and described above were



Fig. 3. H umus deflections of different 
type occurring in the DTAs of Q uater

nary  clays.

found in clays that did not contain more than 1 °/o organic matter. If the 
quantity of humus 1) increases, the peaks may be transfered and cover a 
greater tem perature range. Graphs of clays rich in humus are presented in 
Figure 5.

In order to obtain information on the organic m atter that produced 
the peaks of humus deflection, small quantities of cellulose, dopplerite-like 
precipitated humic substance, pyrite, lignin of deciduous trees, alum shale, 
carbon (prepared by partial combustion of filter paper), and graphite were 
analysed by first mixing them with powdered aluminum oxide. The results 
of the DTAs are presented in Figure 4. By comparing the peaks obtained 
with those produced by clays, it appears plausible that the first peak 
maximum at about 330° C. is caused chiefly by water soluble or pre-

*) In this paper, hum us is defined, in accordance with W a k s m a n  (1938, p. 64), as 
consisting of all organic m atter present in the clay.



Fig. 4. DTAs of some preparations.

cipitated humic complexes and by the remains of undecomposed or 
slightly humified organisms. Judging by the width of the peak, the humic 
complexes mentioned above are the predominant components of the clay 
humus. The peak at 380°— 470° C. is probably caused by the more 
humified decomposition products of organisms comparable with lignin, 
and in some cases by sulphides. The latter produce sharper peaks than 
organic m atter does (Fig. 4).

Carbonaceous m atter was found in a Quaternary clay of the Silurian 
area of Jäm tland (SV, Fig. 5). This clay produced an exothermic 
peak maximum at about 560° C., which agrees not only with the 
carbon analysis (Fig. 4), but also with the analysis of clarain published 
by G rim  and R o w l a n d  (1944, p. 13). Graphite was found in a varved 
sediment ät Leppäkoski in southern Finland (F 10, Fig. 5). This result 
agrees with the investigations of S a u h a m o  (1938).



1
No.» Locality W h Loss on 

ignition, °/o

SV Silurian area, Jäm tland province 5.5 7.0
U144/125 Berga, V ästm anland province 12.8 5.1
F 9 Kupittaa, Turku, S.W. Finland 10.5 7.3
C416/ 46 Röbo, Uppsala province 10.3 7.2
U146/129 Torpaslätt, V ästm anland province 12.3 6.4
C209/338 Bärby, Uppsala province 11.7 5.8
U732/200 Lundby, V ästm anland province 11.1 4.0
E277/869 Hult, Östergötland province 13.9 5.3
F 10 Leppäkoski, S. F inland n.d. n.d.

Fig. 5. DTAs of Q uaternary clays w ith a high hum us content. (Ordinate scale 2:1)



Limonitic material which produces an endothermic peak in the com
bustion range of humus need not be considered when analysing Quaternary 
clays, because it was found that a limonite content of 1 0 %  produced no peak 
when analysed with the apparatus used. According to M a c k e n z i e  (1949, 
p. 244), precipitated free iron oxide gives an exothermic peak at 
about 345° C. The peak is sharp and weak and it cannot therefore 
noticeably affect the formation of the hum us deflection in the therm al 
graphs of Quaternary clays. Goethite gives an endothermic peak at about 
345° C. ( S p e i l  1945, p. 21; K e r r  and K u l p  1948, p. 409), but this mineral 
can hardly cause the deflection downwards after the first exothermic peak 
maximum at about 330° C. because the goethite peak is sharp and because 
goethite is only seldom present in soils ( M a c k e n z ie ,  loc. cit.). Finally, it 
should be mentioned that the samples analysed did not include clays that 
contained milder humus.

Fig. 6. Graph showing the ratio  between the carbon content of Q uaternary clays 
and the area of the hum us deflection.

In order to ascertain the possibility of quantitatively determining, by 
the DTA method, the organic m atter contained in clays, sim ples with diffe
rences in form and size of the humus deflection were chosen, and their car
bon content was determined by combustion. The areas of the humus deflec
tions of the clays were then measured as described on p. 23. The results are 
presented in Figure 6 , in 'which the size of the deflection area is shown as a 
function of the carbon content. By means of the DTA the humus content 
of the clays may, consequently, be estimated semiquantitatively or with a 
precision which usually is sufficient for technical purposes, provided that 
the quantity of organic m atter in the clay does not exceed 2 %>. The quan
tity of carbon in the clays was recalculated to humus by multiplying it by 
the factor 1.724 ( W a k s m a n  1938, p. 79), and thus the quantity of organic 
m atter in the clays investigated was determined, and it was found that only 
10 %  of the clays contained more than 1 °/o organic matter. The quality and 
quantity of organic m atter in clays from different regions will be discussed 
later (see Table V).



c. Endothermic reactions at 420° — 675° C.

The dehydration of different minerals has been generally investigated 
by means of dehydration curves of minerals or by systematically studying 
the loss in weight, when the minerals are heated at different temperatures 
to a constant weight. In these experiments it was found that the loss of 
constitution water differs, in general, more or less definitely from the loss 
of adsorbed water bonded in different ways, causing a jump in the weight 
reduction graph.

The few dehydration graphs of Quaternary clays that have been 
published proved to be variable and difficult to interpret (R o s e n q v is t  
1942, p. 6 ; N o r in  1942, p. 2; S il f v e r b e r g  1949, p. 109). Often a very faint 
and irregular bend, extending over a comparatively wide range of 
temperature indicates the presence of clay minerals that contain 
constitution water, while the amount of the adsorbed, more readily lost 
water appears to be relatively high. Judging by the above results and by 
the determinations of dehydration made in the present investigation, it 
seems that the loss of constitution water in Quaternary clays takes place 
within the temperature ranges given in Table II:

Table II. Loss of constitution water on ignition of Quaternary clays as measured from
dehydration graphs.

M aterial Tem perature range

Swedish clays (S i l f v e r b e r g  1949, p. 109)...........
Norwegian clay (R o s e n q v i s t  1942, p. 6 ) : .............

particle size 1 — 2 /u ..............................
„ „ <d 0.5 ^  ..............................

„ <  0.1 v  ..............................
18 clays ( S o v e r i , present p ap e r) ..............................

400° — 520° C.

450° — 650° G.
400° — 510° C.
350° — 600° C.
350° - 400° to 550° C.

The loss of constitution water in clay minerals produces in the DTA 
of the clays characteristic endothermic peaks which are called clay 
mineral peaks in this investigation. The dehydration temperature does 
not alone decide the position of the peak obtained in the DTA, and the 
amount of water liberated in reaction does not determine the size of the 
peak, but, in particular, the rate of dehydration and the heat bound in 
the reaction together will decide the position, area, and form of the 
peak. The form and size of the endothermic peak caused by the loss of 
constitution water appear to change in Quaternary clays generally within 
the range of 450° — 675° C. The peak maximum varies between 535° — 
570° C., the mean value being 555°.

In comparing both the dehydration temperatures indicated above and



the position of the peaks produced by Quaternary clays with the 
dehydration curves of different minerals published by N u ttin g  (1943, 
pp. 204 — 215) and with the results of the DTA reported by various 
scientists, it may be said that among the clay minerals only the mica-like 
ones (with the exception of vermiculite), kaolinite, anauxite, halloysite, 
and endellite. as well as beidellite and nontronite are able to produce 
the peak at 450 — 675° C. in the DTAs of Quaternary clays. Beidell
ite, nontronite, and anauxite are generally considered to be rare, and thus 
there is no reason to suppose that they occur in Quaternary clays, at any 
rate as predominating clay minerals. Montmorillonite and saponite, as 
well as the rare minerals of the kaolinite group, dickite and nacrite, along 
with chlorite and »sericite» begin to give off constitution water at a 
temperature which is 60° to 170° C. higher than the temperature ranges 
given in the end of the previous paragraph, and also produce DTA 
peak maxima with the apparatus used (see Fig. 9) at a distinctly higher 
temperature. Consequently, the six minerals might not be the main cause 
of the clay mineral peak of Quaternary clays, although the faint peaks 
caused by small quanlities of them may be concealed by the end of the 
main peak. Weak signs of such concealing could be observed in some DTAs 
of Quaternary clays. It may also be mentioned that an increase in the iron 
content of montmorillonite may, according to Grim, Dietz,, and B ra d ley  
(1949, p. 1796), cause a decrease in the peak temperature. The initial part 
of the main peak may be thought to hide, e.g., the peak caused by 
attapulgite, the maximum of which, according to Grim and R ow 
la n d  (1942, p. 811), is situated at about 480° C. Extensions 
indicating such a behavior could, however, not be noticed in the main 
peaks of the clay analyses, especially because the final part of the humus 
deflection may cause small changes in the initial parts of the clay mineral 
peak. Pure vermiculite (Barshad 1948, pp. 663 — 668; Roy 1947, p. 
204), sepiolite (N u ttin g  1943, p. 202), hectorite (Grim and R ow land  
1942, p. 809), and the most common micas do not give any peaks within 
the temperature range in question.

It may be expected that the Quaternary clays contain not only pure 
minerals referred to above, but also minerals with mixed lattice which 
have recently been identified and which are considered to be common in 
soils (see p. 17). Thus, P a s k  and D a v i e s  (1945, pp. 68 — 69) were of the 
opinion that the mineral called beidellite is a mixture of kaolinite and 
montmorillonite. They mentioned that in the DTA the peaks of both the 
components can be made visible, but the peak obtained may also depend 
upon the predominant mineral. They said (op. cit., p. 6 9 ): »Also it would be 
expected that in such an intimate m ixture the temperature of the reactions 
would be influenced, resulting in the shift of the peaks». G rim  and



R o w l a n d  (1942, pp. 801 — 805) also found that some minerals that were 
considered to be beidellite were minerals with mixed lattice, the com
ponents of which were halloysite or kaolinite, illite and montmorillonite. 
They established the fact that in the DTAs the peaks appeared separately. 
They found that in a mechanical mixture of illite and montmorillonite even 
5 %  montmorillonite and 10 %  illite gave in the DTA their peaks proper. 
In the DTA graphs of the mixtures of illite, kaolinite, and halloysite the 
clay mineral peaks of the components overlap and it is therefore difficult 
to establish the presence of a mixture, but, by means of the other peaks of 
the analysis graph, conclusions may often be drawn which help in the 
diagnosis, [e.g., G rim  and B r a d l e y  1940, pp. 7 — 8 ).

It is known that the different m anner of bonding of constitution water 
in different crystal structures is the cause of changes in the position of 
the corresponding peak in the DTA graph ( J o u r d a i n  1937). The 
information on the mutual relationships between the crystal structure 
and the activation energy required to cause the loss of constitution water is, 
however, still rather rudim entary and consequently the interpretation of 
the results is only empirical. The DTAs showed that the position, form, 
and area of a peak caused by dehydration may vary to some extent for 
different samples of the same mineral and that the appearance of the 
peaks which are produced by dehydration of different minerals within the 
same temperature range may be greatly different. In order to facilitate 
the comparative investigation of clays, these questions should receive 
closer attention particularly in regard to the mineralogical composition of 
Quaternary clays.

As already stated, the clay mineral peaks of some kaolinite-like 
minerals and of illite fall into the same temperature range. If the 
dehydration graphs of these minerals are compared with one another 
( N u t t i n g  1943, pp. 206, 210), it can be established that the constitution 
water of kaolinite and halloysite is lost at a definite temperature, whereas 
the dehydration of illite takes place within a wider tem perature range The 
quantity of water lost by kaolinite and halloysite is, in addition, almost three 
times as large as that lost by illites, and the peak produced in the DTA by 
the dehydration may be calculated to be nearly four times greater in area 
and even ten times higher than that produced by the illites (G r im  and 
R o w l a n d  1942, p. 754; 1944, p. 9; B e r k e l h a m e r  1944; S p e i l  1945, p. 
2 1 ; B e c k  1950, p. 521). According to these facts the peak produced by 
the illites is lower and wider than the peaks produced by kaolinite and 
halloysite. The peaks showed by Quaternary clays resemble usually those 
of illites, but exceptional peaks occur in the clavs of some regions, as 
will be shown later.

The quantity of clay minerals in a clay affects not only the size of



the peak produced by the loss of constitution water but also, for many 
minerals, the position of its peak maximum. In the author’s experiments 
with kaolinite it was established that the peak maximum shifted from 
525° to 550° C. when the quantity of kaolinite increased from 5 %  to 30 %. 
S p e i l  (1945, p. 16) noted the same phenomenon. The shifting forward of 
the peak, with the increase in the quantity of the mineral, does not seem 
to appear in the DTAs of illite, according to the series of analyses 
published by G rim  and R o w l a n d  (1942, p. 85). No regular influence o f  
the area of the clay mineral peak on the position of the peak maximum 
was observed in the DTAs of Quaternary clays, according to the results 
obtained during the present investigation.

A factor that affects the form of a peak considerably is the particle 
size of the minerals or of clay. K e l l e y ,  J e n n y ,  and B r o w n  (1936, p. 268) 
showed that a decrease in the particle size produced an increase in the 
quantity of the readily released water and a decrease in the quantity of 
the more firmly bound water. They explained that, in grinding, a part 
of the constitution water is brought into edge and corner positions and 
consequently becomes more loosely bound »broken bond» water. However, 
when minerals with mica-like cleavage were ground, they found an 
increase in the relative quantity of »planar» water, which is adsorbed on 
basal surfaces. Then the constitution water has not grown labile to the same 
extent as in crushing of granular minerals. Because the loss of adsorbed 
water does not become visible in the DTA to any noteworthy extent at 
the temperatures under consideration, it may be assumed that the 
endothermic peak remains somewhat smaller in a very fine-grained 
mineral than one would expect of the same quantity of mineral, if it were 
more coarse-grained. P e r k i n s  (1948, p. 186) ground kaolinite enough to 
break down the lattice and the ground mineral no longer produced an 
endothermic peak. S p e i l  (1945, p. 37) found that a decrease in the particle 
size caused a decrease in the reaction energy of kaolinite and a shifting 
of the endothermic peak towards a lower temperature. N o r t o n  (1939, pp. 
6 0 —61) stated that the DTA graph of finely ground material returned 
quicker to the zero position after the peak maximum than the graph of a 
coarser fraction of the same mineral. He also proved this by analysing 
kaolinite fractions, but failed to find any shifting of the peak maximum, 
contrary to S p e i l .  K e r r  and K u l p  (1948, p. 397) found that, when the 
particle size of dickite was reduced, the endothermic peak was shortened 
and widened, shifting at the same time towards a slightly lower 
temperature. However, they also mentioned that samples of kaolinite 
with a narrow range of particle size appeared to give the sharpest peaks. 
B e r k e l h a m e r  (1944) found, when analysing quartz, that the reduction in 
the particle size caused a shortening and widening of the peak.



The fact that the information regarding the influence of the particle 
size is to some extent contradictory may be caused by the varying degree 
of disorder in the examined fractions with different particle size. The 
last-mentioned fact affects the extent of the activation energy and the rate of 
reaction. The decrease in the degree of crystallinity lowers the stability of 
the lattice, and this fact, in turn, causes the shift of the peak towards a 
lower temperature in the DTA. It should be mentioned that G rim  (1 9 4 8 , 
p. 5) studied kaolinites with different degree of crystallinity and found 
that the endothermic peak was slightly larger in area in minerals with 
a high degree of crystallinity than in modifications with a low one.

The present writer studied the influence of the particle size of 
Quaternary clays on the clay mineral peak. It was found that the 
endothermic peak maximum of the fraction (<C 2  /*) occurred at a 
Jower temperature than the peak maximum of the original clay, or at 
about 535° C. (16 analyses). It was also found that coarse clay fractions 
( 2  — 60 ju) did not, in general, contain clay minerals to any noteworthy 
extent. However, a coarse-grained fraction of a clay from Blekinge 
(K 620) proved to contain a considerable quantity of clay minerals, 
evidently in the form of decomposition products that had not yet been 
released from the mother crystals. This m anner of occurrence of aggre
gates of clay minerals in coarse fractions of Quaternary clays clearly 
indicates the influence of the pre-Glacial weathering crust.

As was mentioned on p. 26, the peak area of the DTA which is 
bounded by the graph and by a straight line drawn in a suitable manner, 
may be considered the measure of the total heat effect of the reaction 
( K e r r  and K u l p  1948, p. 397). By adjusting the size of the peak area accor
ding to the quantity of material used for analysis, the area can be used 
in comparative investigations and in quantitative work (see, e.g., F a u s t  1948, 
p. 340). The use of the height of the peak for this purpose has proved 
unsuitable (see, e.g., H e n d r i c k s ,  G o l d i c h ,  and N e l s o n  1946, p. 73), 
because of the effect of the particle size and degree of crystallinity. Accor
ding to S p e i l  (1945, pp. 35—37), it is possible, by m easuring the peak area, 
to determine a mineral quantitatively, with a precision of 5 °/o, in mixtures, 
if it has been previously analysed with the same apparatus, and with a 
precision of 1 0  % , if the mineral has been definitely identified. However, 
it is difficult, in his opinion, to determine montmorillonite quantitatively, 
because the therm al peak produced by different montmorillonite prepara
tions is variable. This is also evident from the dehydration graphs 
published by N u t t i n g  (1943, p. 208). The same applies also to mica-like 
clay minerals. The possibilities of quantitative work by means of the 
DTA were examined, in addition to the scientists referred to above, by 
N o r t o n  (1939, pp. 59 — 63) a n d  by S c h a f e r  and R u s s e l l  (1942, p. 355)



who came to the conclusion that the measuring of peak areas is practi
cable.

In order of checking the apparatus used in this work and of 
establishing a basis of comparison for the investigation of peak areas, a 
series of experiments was carried out on kaolinite, and it was found that 
its content could be determined in A120 3 mixtures with an accuracy of 
1 %, when its quantity varied from 3 %  to 30 %.

In the DTAs of Quaternary clays it was found that the clay mineral 
peak may vary greatly in size, when clays of the same degree of stiffness 
are analysed. In order to compare the sizes of the clay mineral peaks of

Table III. Ratio between water lost within the temperature range 350°—650° C, and 
the size of the clay mineral peak.

Loss on ignition at
Loss on ignition at 350° — 650° C.

Clays from southern Sweden: 350° — 650° C., °/o per 100 m m 2 of the
peak area, °/o

K620 4.13 1.33
K327 3.64 1.49
M399 2.95 1.37
M420 3.40 1.24
SV10520 3.00 1.44
S V I7397 3.11 1.43

Clays of the Uppsala, V ästm an
land, and Älvsborg provinces:

U290 2.25 2.14
P I 562 2.00 1.85
C592 2.11 2.05
(SV10356) 1.65 2.84

Clays of the Värmland
province:

S642 2.12 1.23
S287 2.51 1.48
S280 2.14 1.31
S323 2.64 1.15

Claj's of southwestern
Finland:

F I 2.27 1.42
F2 2.46 1.89
F3 2.64 1.42
F4 3.14 1.50
F5 2.48 1.48



different clays with one another, the surface area of the peaks was 
determined for 0.5 g of material, as described on p. 23. It was found 
that the areas varied between 58 and 335 mm 2 in clays having the same 
degree of stiffness. The quantity of water lost within the tem perature 
range 350° — 650° C. fluctuated between 1.65 and 4.13 %  (Table III). This 
indicates that the quantity and/or quality of the clay minerals must be 
variable.

Taking into account the form and the area of the peak, the position 
of the peak maximum, and the ratio of water lost within the temperature 
range 350° — 650° C. to the area of the peak (see Table III) the clays
studied could be divided into four main groups, as follows:

1 . Clays with a high and extensive clay mineral peak (generally more 
than 180 mm2), having the peak maximum at about 560° C. (Figs. 17 
and 18). The loss of H20  at 350° — 650° C. is about 1.3 — 1.5 °/o per 
1 0 0  mm 2 of the peak area.

2 . Clays with a low and small clay mineral peak (generally less than 
130 m m 2), and having the peak maximum at about 550° — 560° C. (Figs. 
2 1  and 2 2 ). The loss of H20  at 350° — 650° C. is more than 1.8 °/o per 
1 0 0  mm 2 of the peak area.

3. Clays with a low, broad, often blunt-pointed clay mineral peak,
about 150 — 180 mm 2 in size. The peak temperature varies (Fig. 24). The
loss of H20  at 350°— 650° C. is generally less than 1.5 °/o per 1 0 0  mm 2 

of the peak area.
4. Clays with a clay mineral peak which is 1o w t , broad, of varying 

size (generally more than 130 mm2), and rather sharp-pointed. The peak 
maximum occurs at 530° — 540° C. (Fig. 25). The loss of H20  per unit of 
peak area varies.

Several clays were found in addition having a clay mineral peak which 
may be considered intermediate between the above four groups.

When examining the clay mineral peaks of Group 1 , it became 
evident that the peaks could not result, with reference to their strength, 
form, and position, only from mica-like clay minerals, which, on the basis 
of earlier investigations, may be regarded as the most probable clay 
mineral components in Quaternary clays. The clay mineral peak must 
be affected both by the illites and by the presence of one or more clay 
minerals with strong peaks, such as kaolinite, halloysite, endellite, 
or anauxite. The last-mentioned minerals are, as is well-known, rather 
similar in structure, chemical composition, and technical properties, 
and therefore their identification, which is difficult when dealing 
with small quantities, is of no great importance here. According 
to an estimate made on the basis of the size of different peaks and of the 
dehydration at varying temperatures, it can be said that the quantity of



kaolinite in the clays with a strong peak is generally less than 1 0  °/o, (see 
Co l l in i  1950, p. 196). In one instance (SV 16383 Fig. 17), it might be nearly 
20 % . It should be noted, in addition, that nontronite and beidellite, which 
are rather rare minerals, and those with a mixed lattice, in which a clay 
mineral with therm al properties as stated above is the predominating con- 
situent, can also participate in inducing the clay mineral peak.

The size of the clay mineral peak in clays of Group 2  is often only 
1/4 — 1 / 2  of that of the clays of Group 1 , but the loss of water at 
temperatures between 350°— 650° C. is 1 / 2  — 2/3 of the corresponding 
loss of water in clays of Group 1. Consequently, the quantity of water 
causing a peak area of 1 0 0  mm 2 is definitely higher in the clays with a 
small peak. In one specimen (SV 10356), the content of water was 2.84 %. 
There are no clear indications that the clay minerals of these clays are en
tirely different from the clay minerals of clays of Group 1 , but it seems to be 
clear enough that clays with small peaks contain less clay minerals than 
those with large peaks, and that the clay minerals of the form er clays 
have a lower degree of crystallinity. Minerals originating from ancient 
rocks have consequently altered only slightly (see p. 6 8 ) and thus the 
quantity of adsorbed water is relatively large as compared with the quan
tity of constitution water (see p. 81).

Comparatively few clays of Group 3 were found. A feature characteri
sing them is that they become dehydrated within a wider range of 
temperature, which broadens the clay mineral peak. They are also 
characterised by a fairly large area of the clay mineral peak and by a 
correspondingly low dehydration at 350° — 650° C. Consequently, the 
quantity of water corresponding to a peak area of 1 0 0  mm 2 was for one 
specimen (S 323) only 1.15 w/o. It is difficult to find an explanation of 
this peak without special investigation, but it may be assumed that in 
these clays the clay minerals remain partly in the form of uncrushed 
aggregates being protected from the adsorption of water (see p. 72). It is 
also possible that the mineralogical composition of the clays could differ 
to some extent from the composition of the clays of other groups, even 
though no essential differences are probable.

The clays of Group 4 seem to contain micas and mica-like minerals 
and to be free of kaolinite-like minerals. The clay mineral peak is, 
however, not consistently similar to the peak of normal illite, and probably 
indicates the presence of mica modifications (illitic minerals, see p. 47) 
which are very fine-grained.

Clay minerals cannot be determined quantitatively by means of the 
DTA in Quaternary clays. It can only be stated, on the basis of the clay 
mineral peak, that these clays contain, as the principal clay minerals, 
varying quantities of different mica-like clay minerals and, at least partly



(Group 1 , p. 41), also a small quantity (less than 10 %) of kaolinite-like 
minerals. To what extent the clays may possibly contain clay minerals 
of the montmorillonite group, either free or in the form of interstratified 
mixtures, is still unknown, but it seems that this quantity cannot be large. 
At least a part of the clays (see pp. 6 8 , 74) could be proved, with a fair 
degree of certainty, to be free from montmorillonite. Further information 
regarding the nature of clay minerals will be given in connection with 
the interpretation of other peaks. The interpretation of the clay mineral 
peaks presented above is supported by the X-ray analyses made for this 
investigation. These analyses will be discussed in the paragraphs dealing 
with the regional investigation.

In order to illustrate the heat that is required for the production of a 
clay mineral peak, it may be mentioned that, to produce a peak area of 
100 mm2, about 3.18 cal/g are required, which correspond to 32.6 mg (about
6.5 °/o) of kaolinite, provided that 95 — 100 cal/g are bound in the 
dehydration of kaolinite, a value used, e.g., by Norin (1944, p. 15).

d. Endothermic reaction at 574° C.

The enantiotropic inversion of quartz from low to high modification 
at 574° C. is endothermic and appears in the DTA as a sharp peak. The 
peak is not strong, but already a quantity of 2  °/o quartz in a clay becomes 
visible with the apparatus used, when the clay is first heated to 700° C. 
in order to eliminate the disturbing dehydration reactions. Therefore Ihe 
DTA affords a possibility of determining quartz quantitatively in a short time 
in clays, a task which is often difficult and inexact by means of optical, 
X-ray, and chemical methods. B e r k e l h a m e r  (1944) developed Ihe method 
further and found that the height of the quartz peak decreased with 
decreasing particle size, whereas the size of the peak area was directly pro
portional to the quantity of quartz. In the determination of quartz B e r k e l 
h a m e r  (loc. cit.) obtained an accuracy of about 1.0 — 2.5 °/o, depending on 
the quantity of quartz, when a suitable inert substance such as feldspar, 
was used in calibrating the apparatus. F a u s t  (1948, p. 341), using the same 
principle, carried the determination of quartz still further and found that 
the origin of the quartz had no influence on the shape and size of the peak.

The present investigation showed that, even though the quartz peak 
appeared in all the graphs, it was impossible to determine quartz quanti
tatively, because no automatic recording instrument was available which 
is indispensable for the precise measurement of sharp peaks. It was pos
sible, on the other hand, to make a rough check of the stiffness of the 
clays by using the height of the quartz peak as a basis. The height of the



quartz peal was determined by analysing the clay twice in order to elimi
nate the disturbing clay mineral peak. As is well-known, the quartz content 
of sediments decreases with decreasing particle size. The height of the 
quartz peak is consequently reduced, owing to the widening of the peak 
caused by the fine grain size of quartz. The analyses of the different 
fractions of four clays showed that the peak decreased in length rather 
abruptly when the particle size decreased from v, to 1 fi. Among twenty- 
six clays, the hygroscopicity of which was more than 10, three were found 
having a quartz peak slightly more than 2 mm in height (according to the 
scale used in the figures), and among thirty-four clay samples, the hyg
roscopicity of which was less than 10, only one was found with a quartz 
peak slightly less than 2 mm in height, as shown in Figure 7.

Fig. 7. Relation of the height of the quartz peak to the hygroscopicity of clays

e. Endothermic reactions at 700° — 850° C.

Carbonates are common in the clays of southern and central Sweden. 
The dissociation of carbonates is an endothermic reaction which should 
be taken into consideration in the DTAs of these clays. Many investigations 
of the dissociation tem perature of carbonate minerals at equilibrium condi
tions have been published. The results vary considerably (G r u v e r  1950, 
p. 96 — 97). According to N u t t in g  (1943, p. 216), calcite dissociates under 
normal pressure at 615° — 620° C., magnesite at about 420°, and dolomite 
in two stages at 505° — 515° and 553° — 565° C. The dissociation is a 
slow reaction and the heat of reaction is comparatively large, and therefore 
the position of the peak varies considerably, with the variation in the 
quantity of the carbonates and the rate of the rise in the furnace tempe-



rature. This makes it difficult to compare the carbonate peaks obtained 
by different scientists by means of the DTA. Thus, N o r i n  (1941, p. 222), 
K e r r  and K u l p  (1948, p. 407), G r u v e r  (1950, p. 97 — 98), and 
K a u f f m a n  and D i l l i n g  (1950, p. 230) found that the peak maximum of 
calcite or of calcium carbonate produced by dissociation was situated at 
960° — 990° C. C u t h b e r t  and R o w l a n d  (1947, p. 113), on the other hand, 
obtained the same peak at a temperature which was lower by 1 2 0 ° C., 
and so did G rim  and R o w l a n d  (1944, p. 10), when analysing a mixture 
containing 25 °/o calcite. C a i l l é r e  and H é n i n  (1948, p. 139). again 
reported that they obtained the same peak at 900° C. The dissociation of 
magnesite, according to K e r r  and K u l p  (1948, p. 407), and C u t h b e r t  
and R o w l a n d  (1947, p. 113), will produce a peak maximum at about 
620° — 650° C., but, according to G r u v e r  (1950, p. 98), the maximum 
temperature of this peak is about 700° — 750° C. The dissociation of dolo
mite takes place in two stages, the first peak being obtained, according 
to the scientists mentioned, in the temperature range of 730 — 800° C., or 
at a higher temperature than the peak caused by the dissociation of mag
nesite. The second peak is observed, on the contrary, at some lower or at 
approximately the same temperature as the calcite peak, and the 
divergences in the calcite graphs of different scientists are also evident in 
the position of the second peak in their dolomite graphs.

In order to elucidate the appearance and position of the carbonate peaks 
in the graphs obtained with the apparatus used, different quantities of 
CaC03 and MgCOs were analysed. The peak maximum produced by the 
former varied between 775° and 860° C., the content of calcium carbonate 
fluctuating between 2 and 15 %. The peak maximum produced by MgCOs 
varied between 600° and 625° C., when the content of MgC03 fluctuated 
between 7 and 15 °/o .The results therefore agree most closely with those 
obtained by C u t h b e r t  and R o w l a n d  (1947), and by G rim  and R o w l a n d  
(1944).

The peak maximum produced by the dissociation of carbonates varied 
between 775° and 835° C. in the DTAs of carbonate-bearing Quaternary 
clays. The graphs of all the carbonate-bearing clays analysed are given in 
Figure 8 . In the analyses of two clays (SV 13890, SV 10811) an endothermic 
peak maximum is noticeable at about 715° C., in addition to the normal 
calcium carbonate peak, and this peak maximum is probably caused by 
the dissociation of the MgC03 component of dolomite. It was also found 
that the width of the carbonate peaks varies to some extent, which, as 
F a u s t  (1950, p. 215) assumed, may be caused by variations in the particle 
size of the carbonate material. The exothermic reactions produced indi
rectly by carbonates in the DTAs of Quaternary clays will be discussed 
later.



No. Locality, province w h Loss on 
ignition, W )

C02,
%

SV13890 B arkåkra, K ristianstad 12.2 4.4 7.39
SV10811 Frösunda, Stockholm 10.8 3.0 5.58
SV10738 Åsele, Skaraborg 4.9 2.2 2.41
K226/ 11 Nättraby, Blekinge 7.9 2.5 1.27
K434/406 Sölve, Blekinge 14.1 4.6 2.72
SV9041B Hasaby, Blekinge 14.0 4.8 0.92
P801/613 Steken, Älvsborg 9.5 5.2 1.28
P906/823 Brottensby, Älvsborg 8.6 3.7 0.91

Fig. 8. DTAs of carbonate-bearing Q uaternary clays.

*) CO2 not included.



/. Endothermic reactions at 820° — 890° C.

When analysing clay material, an endothermic peak is often en
countered at 800° — 900° C. This peak has generally been ascribed to the 
destruction of the crystal lattice and the loss of constitution water, princi
pally from the mica minerals.

The montmorillonite lattice is destroyed, according to the studies 
of G rim  and B r a d l e y  (1940, p. 1 1 ), when heated at 60 0 °— 850° C., 
and the destruction is particularly rapid above 800° C. The illite 
lattice is also destroyed, according to them (op. cit., p. 9), at 
800° — 850° C. According to the observations of many scientists, 
an endothermic peak appears in the DTA graphs of the two minerals at 
800° — 900° C. The peak is caused by the destruction of the lattice (G rim  
and R o w l a n d  1942, p. 753), and its intensity varies very much in illites, 
according to the same investigators (G rim  and R o w l a n d  1944, p. 11). It 
should be mentioned that M c C o n n e l l  (1950, p. 166) assumed that m ont
morillonite contains water also in tetrahedral configuration and that the 
loss of this water is also connected with the occurrence of the peak. This 
peak is sometimes totally absent in illites (G rim  1948, p. 8 ), a fact which 
is not readily explained by the compensating influence of other minerals, 
(cf. G rim  and B r a d l e y  1948, p. 15) although comparatively small 
quantities of kaolinite actually can eliminate the corresponding 
peak in montmorillonite (op. cit., pp. 7, 9). On the other hand, 
it may be thought that certain illite modifications and mixed- 
layer minerals, in which .illite is a component, are gradually destroyed 
either within a wider tem perature range or at an entirely different 
temperature than the lattice of normal illite ( M a c k e n z ie ,  W a l k e r ,  and 
H a r t  1949, p. 706). Consequently, the endothermic peak at 800° — 900° C. 
does not appear. Such illite modifications will be henceforth called illitic 
minerals to distinguish them from the normal illites which give an 
endothermic peak at 820°— 900° C., as G r im  (1942, p. 753) has shown. 
A considerable part of the illitic minerals may, perhaps, consist of 
weathering products, whereas the normal illites having a higher degree of 
crystallinity may be chiefly of authigenic origin.

A small endothermic peak also appears in the DTA graph of vermicu
lite at 800°— 900° C. This peak, according to B a r s h a d  (1948, p. 670), 
is caused by dehydration, but in the analyses made by N u t t i n g  (1943, p. 
212), R o y  (1949, p. 203), and W a l k e r  (1949, p. 699) the dehydration 
graph was relatively smooth between 200° and 800° C. N o destruction of 
the lattice occurs at this tem perature according to R o y  (op. cit., p. 204). It 
should be mentioned that B a r s h a d  (op. cit., p. 670) found that the 
exchangeable cations affect the size of the vermiculite peak in question.

Many scientists have found that fresh muscovite and biotite do not give



any well-defined peaks below 1000° C., although N o r i n  (1941, p. 223) 
observed them. R o y  (op. cit., p . 204) found that the dehydration of phlogo- 
pite was entirely similar to that of muscovite. But he also found that lepi- 
dolite gave a well-pronounced endothermic peak at 800°— 900° C. He 
explained this peak as being due to the loss of volatile substances. In the 
DTAs of minerals of the chlorite group varying results have been obtained, 
just as when analysing many micas.

To obtain additional information on the possible role of micas in Ihe 
DTA graphs of Quaternary clays, various fresh and altered micas and 
chlorites were analysed. As was to be expected, muscovite and biotite did 
not give any visible peaks with the apparatus used, and consequently the 
presence of these minerals in the clays cannot be established by this 
method. A leached, weathered biotite which contains 3.02 °/o water, when 
dried at 105° C., gave only an exothermic peak at 900° — 910° C., as did 
another bleached biotite analysed (A and B in Fig. 9). »Sericite» of hyd
rothermal origin as well as weathered »sericite», on the contrary, produced 
endothermic peaks owing to dehydration. The broad deflection (G and D in 
Fig. 9) that extends to about 480°—960° C. has two peaks, the first of which 
appears at the very beginning of the deflection, or at about 480° — 620° 
C., and may, perhaps, be an indication of a partial kaolinisation or illiti- 
sation of the mica. The other peak, which is more pronounced, appears at 
the end of the broad deflection and has its maximum at about 875° C. No 
exothermic recrystallisation reaction could be distinguished in the DTA of 
the two »sericite» micas analysed, and this result shows that no sudden 
destruction of the lattice occurs during the dehydration.

In Figure 10 the dehydration of weathered biotite is compared with that 
of weathered »sericite». It is evident that the dehydration graph of »sericite» 
corresponds very well to the DTA graph, and the endothermic peak at 
800° — 900° C. is therefore mainly caused by dehydration. The dehydra
tion of the weathered biotite, on the other hand, occurs gradually at 
lower temperatures without any great consumption of energy in a limited 
temperature range. The water is therefore bonded in the leached biotite in 
a different m anner than in the weathered »sericite».

Graph E in Figure 9 illustrates the DTA of a hydrothermal fresh da- 
mourite (Värmland, Sweden). Damourite belongs to the »sericite-like group» 
of micas, but some differences are present in its DTA graph. Thus, a clear 
endothermic peak appears at 650° C. and another sharp and intense one 
at 825°, as well as an exothermic recrystallisation reaction at 990° G.

A result that differs essentially from what is presented above is pro
duced by samples of »chlorite» and »vermiculite» (G, H, and I in Fig. 9). 
Two endothermic peaks appear, in addition, in the graphs of the samples 
in approximately the same tem perature range as in the case of »sericite»,



Fig. 9. DTAs of some micas and clay minerals.

A. Bleached biotite from  rapakivi moro. Laitila, S. W. Finland. *) (P. Eskola)
B. Yellow altered biotite. Pello, N. F inland. (Geol. Survey of Finland)
G. »Sericite». Ytterby, Sweden. *) (Swedish Museum of Nat. Hist.)
D. W eathered »sericite». H yrynsalm i, N. F inland. *) (Geol. Survey of Finland)
E. Damourite. Värmland, Sweden. *) (Swedish Museum of Nat. Hist.)
F. Bentonite dried at 105° C. Kinnekulle, Sweden. (Swedish State Road Inst.)
G. »Vermiculite». Pennsylvania, U.S.A. 0.26 g. (Swedish Museum of Nat. Hist.)
H. »Chlorite». Tuolavaara, N. Sweden. 0.25 g. (Swedish Museum of Nat. Hist.)
I. Chlorite. Pennsylvania, U.S.A. (Swedish Museum of Nat. Hist.)

*) The sample contains some quartz.



Fig. 10. Therm al dehydration graphs of w eathered »sericite» (A) and biotite (B). (See
graphs D and A in Fig. 9.)

The maximum of the frequently rather intense main peak varies between 
595° — 650° C. and that of the weaker one between 800° — 835° C. The 
form er peak is caused by the loss of constitution water and the latter, at 
least partly, by the destruction of the lattice, which is succeeded by a dis
tinct and intense exothermic recrystallisation reaction. The »vermiculite» 
and »chlorite» samples (G and H), however, cannot consist only of the 
pure minerals, because vermiculite does not produce an endothermic peak 
below 800° C., and chlorite does not give the double peak of minerals 
wUh expanded lattice at 100° — 200° C. These two minerals are probably 
mixed-layer minerals consisting of chlorite and vermiculite. For the sake 
of comparison, a graph of montmorillonite (F), dried at 105° C., is also 
shown in Figure 9.

In the DTAs of Quaternary clays an endothermic peak at 820° — 890° C. 
was found in about 75 %  of the samples, the maximum being situated 
at about 870° C. The size of the peak varied considerably. In the dehydra
tion graphs no signs of such loss of water could be observed as could 
produce this peak, although 5 samples of clay with very pronounced 
peaks were analysed. It is most probable that the endothermic peak of 
Quaternary clays at 870° C. is mainly caused by the destruction of the 
lattice of normal illites and minerals with expanded lattice. This is also 
indicated by the exothermic recrystallisation, which generally accompanies 
an endothermic peak and which will be discussed later. The fact that the 
size of the peak mentioned may vary considerably in clays, whose clay 
mineral peaks are of the same order of magnitude, may be caused by 
variations in the properties of illites, such as their degree of crystallinity and 
composition, and possibly by the occurrence of illites in different mixed- 
lattice combinations.



g. Exothermic reactions at 870° — 1000° C.

When the lattice of a mineral is destroyed on heating, a recrystallisa
tion of the liberated oxides will often take place. Additive and exchange 
reactions in the solid state may also take place between the minerals at 
high temperatures. The occurrence of the latter reactions in clay material 
is promoted by a low crystallinity or high degree of disorder and small 
particle size of the minerals (c f. C o h n  1948, pp. 527 — 534).

Such reactions as described above will appear in the DTAs of the clay 
material. The position, form, and size of the peaks produced by the 
reactions vary greatly (see Fig. 12), and it is very difficult to interpret the 
thermal effects. By studying the changes that occur in individual minerals 
upon heating by means of X-ray studies, the DTA, and by chemical means, 
it was found possible to explain the reactions to some extent.

In the DTAs of minerals of the kaolinite group a high sharp exothermic 
peak is generally found at 970° C. (A in Fig. 1 1 ). It is explained as being 
caused by the crystallisation of y - Al2Os. The intensity of this peak may 
decrease to some extent and its position may shift towards a lower tempe- 
raiure, when the degree of crystallinity of kaolinite decreases (G r im  1948, 
p. 5). The opinions differ as to how low temperatures this peak can move 
( N o r i n  1944, pp. 15 — 18).

In the DTA graph of normal illite an exothermic peak, caused by the 
formation of Mg, Fe, and A1 spinels, is found to develop immediately 
after the destruction of the lattice or, most usually, at 900° — 930° C. 
(G rim  and B r a d l e y  1940, pp. 9 — 10; G rim  and R o w l a n d  1942, p. 753). 
G rim  and B r a d l e y  (loc . cit.) also found a - Fe20 3 among the decomposi
tion products. An exothermic peak at 900° C., caused by the formation of 
spinel, is often found also in analyses of montmorillonite (G rim  and 
B r a d l e y  1940, pp. 11 — 13; G r im  and R o w l a n d  1942, p. 757) (Fig. 9). 
The peak temperature seems to be the higher the lower the iron content 
of the montmorillonite is (G rim  and R o w l a n d ,  loc. cit.).

When the structure of muscovite decomposes at 940° — 980° G., leucite 
and y - A120 3 (G rim  and B r a d l e y  1940, p. 9), or spinel (R o y  1949, pp. 
204 — 205) are formed from the products of decomposition, but no 
pronounced peak is observable below 1000° C. The exothermic peak at 
980° C. in the analysis of damourite (E in Fig. 9) is, however, an indica
tion of such a change. According to R o y  (loc. cit.) the lattice of biotite 
does not become destroyed until at about 1100° C., so that it should not 
produce any peaks in the DTA below 1000° C. In the DTA of weathered 
biotite (A and B in Fig. 9), however, a clear exothermic peak appeared at 
900° G., as already mentioned. Also vermiculite gives an exothermic peak 
at about 900° C., but the lattice is destroyed, according to R o y  (loc. cit.)



only at 1000° — 1050° G. According to him, the lattice of phlogopite is 
destroyed, on the contrary, at 920° — 950° C., and as a consequence spinel 
is formed giving no peaks in the graph. Lepidolite, again, changed in 
R o y ’s ( loc. cit.) experiments at 850° C. to  paralepidolite, a p h e n o m e n o n  
that became clearly evident at 900° in the DTA. The exothermic peak of 
chlorite minerals at about 820° — 850° C. (G, H, and I in Fig. 9) is very 
sharp and pronounced and may be caused by the formation of chrysolite 
(B a t e s  1947, p. 630).

For the interpretation of the high-temperature exothermic peaks the 
possibility of the formation of A1 silicates has also been considered 
(Y a m a u c h i  and K a t o  1942; J o u r d a in  1937).

In the DTA graphs of Quaternary clays only one exothermic peak fre
quently appears, at about 925°, 970°, 900°, 950° G. (order of frequency), 
but sometimes a tendency towards two peaks is clearly perceptible. In the 
graphs of carbonate-bearing clays ail exothermic peak is found, in addi
tion, at 875° — 885° G. Exothermic peaks of different types found in the 
graphs of Quaternary clays are presented in Figure 11. This figure shows 
that the peaks are usually low and broad. Their form and position are 
influenced by the mechanism of destruction of the lattices and bv the 
quality and quantity of the liberated oxides. It is obvious that in the DTAs

Fig. 11. Exotherm ic peaks of Q uaternary 
clays at high tem peratures.



of Quaternary clays, e.g., the recrystallisation reaction of the same oxide 
or pair of oxides can occur at temperatures varying to some extent, be
cause these oxides need not always be liberated at the same rate or at a 
given temperature, but the decomposition of mineral m atter of different 
degree of alteration may take place within a variable tem perature range. 
Moreover, the same oxide may be liberated during the decomposi
tion of different mother minerals at different temperatures.

The characteristic peak caused by the crystallisation of y  -  A120 3, 
characteristic of the minerals of kaolinite group, was not found in the 
DTAs of Quaternary clays even when, according to the X-ray examina
tions, the clays contained kaolinite. G rim  (1948, p. 11) found that the 
y  -  A120 3 peak caused by kaolinite does not appear in mixtures of illite and 
kaolinite until the content of kaolinite rises above 30 %>. This may be the 
result of the assumption that the A120 3 released from the kaolinite may 
partly be used to form spinel with the componenls of illite. As already 
mentioned, Quaternary clays contain only small quantities of kaolinite 
which has, in addition, a low degree of crystallinity and occurs possibly as 
a mixed-lattice component so that the absence of an exothermic peak at 
970° C. is not surprising. It should be mentioned that, at the w riter’s 
request, Mr. E. F o r s l i n i j  kindly made an electron microscopic exami
nation of the clay (SV 16383) with the highest kaolinite content but that 
he was unable to observe any kaolinite crystals, a result which supports 
the above statement.

Calcium oxide reacts with metakaolinite, ignited mica, feldspar, and 
quartz ( H e d v a l l  1942, pp. 4 — 5; A g g e r y d  1945, pp. 1 — 18). It was found 
in one experiment that the reaction between CaO and kaolinite also appeared 
in the DTA (B in Fig. 12). The peak began already at 800° C. and continued 
up to 975° C., when the excess A120 3 changed to the y - form. The reaction 
of y  -  A120 3 with CaO did not appear during the three minutes for which 
the experiment was continued after the recrystallisation of the A120 3 (cf. 
H e d v a l l  1938, p. 206). Magnesium oxide with kaolinite did not give any 
peaks under the same conditions, as was to be expected (R ieke and VÖLKER 
1930, p. 614).

The dissociation of CaC03, the destruction of the lattice of 
illite, and the inversion of quartz to tridymite can take place almost 
simultaneously in the DTAs of very stiff carbonate-bearing Quaternary 
clays, Considering the general factors that affect the reactions in the solid 
state, it will be possible to explain, on the basis of the facts presented 
above, the occurrence of the often pronounced exothermic peak at about 
880° C. in the thermal graphs of these clays, even though the composition 
of the compound formed in the reaction is not definitely known.

The interpretation of the reactions that produce exothermic peaks for



Fig. 12. Reaction between kaolinite and calcium oxide as indicated by the DTA.
(Ordinate scale 2 :1)

A. 28 °/o kaolinite and 72 %  AI2O3.
B. 28 °/o kaolinite and 72 °/o CaO.

clays at 870° — 1000° C. may be expected to provide a valuable addition 
to the information which the DTA can give of Quaternary clays. At present, 
however, these peaks can be considered only characteristic features in the 
comparative clay diagnostics based on DTA.

IV, Results of the DTA.

1. Analyses of the initial material of Quaternary clays.

Before presenting the results of the DTAs of Quaternary clays it should 
not be out of place to give a short review of the results obtained when 
studying some of their possible initial materials by the same method. For 
obvious reasons igneous rocks do not generally produce any deflections 
in therm al graphs. The quality and quantity of the constituents they supply 
to the clay depend on the properties of the rock, the differences 
in the resistance of its minerals against mechanical disintegration, and 
the behavior of its mineral constituents during sedimentation. Areas



of sedimentary rocks are found in Fennoscandia which may affect also 
the composition of clays. The pre-Glacial weathering crust and soils should 
also be regarded as a considerable factor when examining the initial 
material of clays with the DTA.

a) Analyses of sedimentary rocks.

Three analyses of Finnish sedimentary rocks will be found in Figure 13, 
viz., of a boulder of red sandstone from Hailuoto, of shale from Muhos, 
and of a shale fragment found in sandstone from Ulvila. According to its 
thermal graph, the sandstone contains much quartz and less than 7 % 
minerals of the kaolinite group (calculated from the area of the clay mine
ral peak). No signs are visible of mica-like clay minerals. The filial 
exothermic reaction occurs at a point corresponding to the recrystallisation 
of the A120 3 of kaolinite, and showing by the blunt shape of the peak that 
the degree of crystallinity of minerals of the kaolinite group is low. 
The shale analyses are very similar and show that the shales contain 
clay minerals. At 2 0 0 ° C. the loss of interlayer water is perceptible, and the

Fig. 13. DTAs of some F innish sedim entary rocks.

A. Sandstone. Hailuoto. (Geol. Survey of Finland)
B. Shale. Muhos. (V. Ok k o )
C. Shale. Ulvila. (V. Okko)



clay mineral peak corresponds in size to those of Quaternary clays with 
a high content of clay minerals. The clay mineral peaks of shale, are situ
ated at a slightly higher temperature than the corresponding peaks of 
clays, and this fact may indicate the larger particle size and higher degree 
of crystallinity of the clay minerals.

b) Analyses of submorainic weathered granite material.

In Figure 14 four DTA graphs of submorainic weathered rock material 
are presented, viz., weathered granite from Rovaniemi in Finland, and 
from Blekinge, Korpilombolo, and Älvros in Sweden. The most striking

Fig. 14. DTAs of subm orainic weathered granites.

A. Rovaniemi, N. Finland. (V. Ok k< >)
B. Blekinge, S. Sweden. (SV14983, Swedish State Road Inst.)
C. Korpilombolo, N. Sweden. (SV17268, Swedish Stale Road Inst.)
D. Älvros, H ärjedalen, W. Sweden. (F. K ekgm ark)



feature, common to all of them, is an endothermic double peak at the 
beginning of the graph. The double peak should be considered to indicate 
the presence of minerals with expanded lattice. If the other parts of the 
graphs are examined, it will be found that the first sample (A) contains a 
comparatively well crystallised mineral of the kaolinite group which 
produces a peak that conceals the quartz peak, and a separate exothermic 
peak at 965° C. which is caused by the crystallisation of y - A120 3. In 
addition, the presence of mica-like clay minerals can be concluded from 
the graph, because there is another component in the clay mineral peak 
and the endothermic peak at 800° — 900° C. is clear and pronounced, and 
therefore the presence of»sericite» is also possible. In fractionating the 
weathered rock material it was found that the mineral belonging to the 
kaolinite group became concentrated in the coarser ( >  6  ju) fraction, and 
the other clay mineral component in the finer ( <  6  /u) one. Consequently, 
the member of the kaolinite group appears within the still unbroken 
framework of the mother mineral (feldspar), and this means that its 
alteration is not yet complete. The clay mineral peak in the other graph 
(B) indicates the presence of montmorillonite and/or »sericite», but not of 
kaolinite. The peaks in the final part of the graph agree with those of 
mica-like clay minerals, »sericite», and montmorillonite.

The 0,06 — 1.00 mm fractions of the two samples referred to above 
were examined under the microscope. It was found that, along with quartz 
and microcline, the former (A) contained aggregates of kaolinite and 
altered feldspar. Kaolinite was not present in the weathered granite of 
Blekinge which differed, in addition, from the Rovaniemi material (A) in 
its more plentiful mica content; it contained minerals resembling > sericite» 
and bleached biotite (Dr. O. Ga b r ie l s o n , private communication). On the 
wThole, the results, consequently, agree, with the interpretation of the DTA 
graphs.

The two last graphs (C and D) in Figure 14 represent weathered rock 
material that contains fewer alteration products than the two first ones, 
and resemble the graphs of vermiculite (B a r s h a d  1948, pp. 664—666). It 
should be mentioned that in a weathered rock material from Tyrvää, stu
died by H är  m e  (1949, p. 87), the occurrence of kaolinite and endellite was 
established by the present author by means of the DTA.

The analyses show that at least mica-like clay minerals and minerals 
of the kaolinite group occur among the initial materials of Finnish and 
Swedish clays. The quantity of the clay minerals in the submorainic 
weathered granite is not very great, but one should remember that the 
submorainic weathered layers observed probably represent the less altered 
lower parts of the pre-Glacial weathering crust (see S e d e r h o l m  1913, p. 
35; H a u s e n  1934, p. 55),



Fig. 15. DTAs of some pre-Q uaternary clays.

A. Cambrian clay. K arelian Isthm us. (Geol. Survey of Finland)
B. Pre-Q uaternary clay. N. Finland. (E. H y y p p ä )

C. Liassic clay. Fyledalen, S. Sweden. (SVI1653, Swedish State Road Inst.)
D. Liassic clay. Fyledalen, S. Sweden. (SV11650, Swedish State Road Inst.)



c) Analyses of pre-Quaternary clays.

Figure 15 shows some DTAs of geologically old clays found in Finland 
and Sweden. Graph A represents an analysis of Cambrian clay, graph B 
one of pre-Glacial clay, and graphs C and D analyses of Liassic clays 
from Scania in Sweden. They differ greatly from each other in their 
technical properties. In all these graphs the clay mineral peak is more 
extensive than in those of Quaternary clays, indicating a higher content of 
clay minerals. Further, the typical illite content of the first two clays 
(A and B) and their uncommon humus peaks, caused by the sulphide 
content, are evident. No endothermic peak at 200° C. was noticed. In this 
connection, there is no need to discuss the mineralogy of the ancient 
clays, because their authigenic clay minerals of high degree of crystallinity 
occur often in widely varying combinations, and this fact renders a close 
comparison with Quaternary clays difficult.

Fig. 16. DTAs of clay fractions (<^ 2 p) of m oraines of Finland.

A. Juupajoki, [treated w ith diluted (10 %>) H 2O2]. (P. ViRO)
B. Joroinen, [treated w ith diluted (10 °/o) H 2O2]. (P. ViRO)
C. Sotkamo, [treated with concentrated (30 °/o) H 2O2]. (K. V i r k k a l a )



d) Analyses of morainic clay fractions.

If the composition of pre-Glacial rocks and soils has affected the 
mirieralogical constitution of Quaternary clays, the same influence should 
also appear in unsorted moraines. Figure 16 illustrates the results of the 
DTAs of three moraine fractions with particle size less than 2  jli. In the 
graphs a clay mineral peak is clearly visible which, in graph C, 
corresponds in size to peaks found in very stiff clays. The interpretation of 
the DTAs of moraines is rendered difficult by the high content, in their 
finer fraction, of organic m atter which is difficult to remove without dis
turbing the appearance and occurrence of certain peaks.

2. Analyses of clays.

a) Regional characteristics and interpretation of results.

Among the Quaternary clays examined, which are indicated on the map 
(Fig. 28) and which are listed in the tables accompanying the figures, 
76 °/o are very stiff clays (Wh >  1 0 ) and the rest, with four exceptions, 
stiff ones (Wh =  7 — 10). The results of the analyses are given in Figures 
17 — 25 in which the clays are grouped according to provinces in order 
to render possible regional variations more readily perceptible 
(see p. 20). A regional description of the general characteristics of the 
thermal graphs will be given on the following pages.

C l a y s  o f  t h e  B l e k i n g e  p r o v i n c e .

The degree of stiffness of the clays of the Blekinge province varies 
considerably but, if the clay (K 620) with the highest hygroscopicity is 
omitted from the average, the mean value of hygroscopicity of this group 
of clay is 12.2. Three samples of the clays (K 11, K 46, and SV 9041 B) are 
carbonate-bearing. The DTA graphs of the clays are seen in Figure 17. The 
humus peaks of the graphs are normal in form (A in Fig. 3) and 
comparatively small, corresponding to an average humus content of
0.51 °/o. The clay mineral peaks are extensive, averaging 224 mm2, and 
display the highest content of clay minerals found in Quaternary clays 
here investigated. W ith reference to the clay mineral peak the Blekinge 
clays belong to Group 1 (see p. 41). The endothermic peak at about 880° C. 
is comparatively intense and well-defined, with the exception of the clay 
SV 16383.



No. Locality Depth,
m

< 7 0  ft,
'Vo w h

Loss on 
ignition, 

°/o
Vio — V100

Area of the 
clay min. 

peak, m m 2

K117/620 Steneryd 2.0 99 (19.2) (6.2) (33) (310)
K324/327 Ugglaslätt 0.2 — 1.0 99 17.5 5.9 35 244
K218/76 Tving 1.0 99 13.4 4.8 21 225
K225/16 Förkärla 1.6 — 1.9 96 8.1 2.9 13 115
K226/11 N ättraby 3.7 — 4.3 97 7.9 2.5 *) 15 207
K434/406 Sälve 1.6 — 1.9 99 14.1 4.6 4) 21 239
SV9041B Hasaby random n.d. 14.0 4.8 i) 31 209
SV16383 Sölvesborg 0.9 n.d. 10.1 I 4.9 19 331

Average |i 12.2 4.3 22.1 224 I

J) C 02 not included.



On the basis of the DTAs the clays of this group are found to be typical 
illite clays which, along with normal illite, generally contain less than 
1 0  %  minerals of the kaolinite group. Clay SV 16383 is an exception and 
contains more minerals of the kaolinite group, as mentioned on p. 42.

The X-ray diffraction diagrams photographed by Mr. E. F o r s l in d  
at the writer’s request, showed that the clay K 620 contained 
illite and small quantities of kaolinite and quartz, a result which 
supports the above conclusions. It was found, further, that the clay SV 
16383 contained more kaolinite, traces of illite, and a mineral giving a 
deflection at d ^  14.5 Å; traces of this mineral were present also in the 
former sample. In the DTA graph, however, it was not possible to establish 
even the slightest endothermic peak caused by the loss of interlayer water 
at about 2 0 0 ° C.

The clay K 620 contained a considerable quantity of clay minerals in 
the fractidn 2  ju — 60 ju, and this result shows the presence of alteration 
products and indicates the importance of the pre-Glacial weathering 
products in the constitution of these clays.

C l a y s  o f  t h e  M a l m ö h u s  p r o v i n c e .

The mean value of hygroscopicity of the clays of the Malmöhus 
province was 12.3. The thermal graphs are shown in Figure 18. They are 
very similar in appearance. The endothermic peak at about 200° C. is 
usually very well-defined. The first part of the exothermic humus p tak  is 
rather sharp and the second part is entirely absent. The size of the humus 
peak corresponds to an average humus content of 0.58 °/o. The clay 
mineral peak is high and smaller in area than those of clays of the 
Blekinge province, or 198 mm2, on an average, and this fact indicates a 
relatively high content of clay minerals. According to their clay mineral 
peak the clays of the Malmöhus province belong to Group 1 (see p. 41), 
like those of Blekinge. The endothermic peak at 870° C. was well-defined 
and comparatively pronounced for all clays of the group, but the form 
and position of the final exothermic peak vary slightly. Nevertheless, 
the peaks of the first five clays possess the same form as that of the 
corresponding peaks of most of the Blekinge clays.

The clays of the Malmöhus province, like the clays of the Blekinge 
province, thus appear to be typical illite clays, rich in clay minerals, and 
containing a small quantity of minerals of the kaolinite group. The endo
thermic peak that is very well-defined at about 2 0 0 ° C., with one exception 
(M 476), may be caused by the presence of mica intermediates, vermiculite 
or, possibly, some mineral of the montmorillonite group.



No. Locality Depth,
m

<  70 /W,
°/o W h

Loss on 
ignition,

%
Vio — V10o

Area of the 
clay min. 

peak, mm-

M927/420 Bjuvstorp 0.3 — 0.4 97 15.7 6.1 35 275
M209/476 Kadesjö 0.3 — 0.6 99 12.2 5.8 30 169
M907/399 K arlsfält 0.5 — 0.6 97 12.0 5.5 31 215
M105/458 Näsbyholm 0.2 — 0.6 97 11.2 4.6 26 190
M 10/362 Tegelberga 0.2 — 1.0 99 10.5 3.5 24 170
M524/ 38 Veberöd 1.0— 1.5 99 14.4 4.2 25 189
M602/535 Ebbarp 0.4 — 1.3 98 10.1 4.2 20 176

Average 12.3 4.8 27.3 198

Fig. 18. Clays of the Malmöhus province.



C l a y s  o f  t h e  Ö s t e r g ö t l a n d  p r o v i n c e .

The clays of the Östergötland province are varved sediments, and the 
mean value of their stiffness was the same as that of the Blekinge and 
Malmöhus clays, viz., W h =  12.3. The graphs are given in Figure 19. The 
endothermic peak at 2 0 0 ° C. is not so clearcut as in the clays of the 
Malmöhus province. W ith one exception (E 77), two maxima are present 
in the humus deflection. The size of the humus peaks corresponds to a

No. Locality Depth,
m

< 7 0 / /
°/o w h

Loss on 
ignition, 

°/o

< © 1 o o

Area of the 
clay min. 

peak, m m 2

E362/437 Tjugeby 1.0 — 1.7 99 12.4 4.5 23 199
E2 77/869 Hult to 1 to 100 13.9 5.3 19 143
E866/1076 Ringarum 1.8 — 3.7 99 11.8 4.3 28 170
E1358/238 Finspång p ■̂i 1; o 100 14.0 4.7 27 159
E1367/77 Tim m ergata o o CO b 100 9.5 3,5 19 97
E1051/281 Sörby 0.6 — 0.9 99 12.2 4.5 22 130

Average 12.3 4.5 23 .Q 150



humus content of 0.72 %>, with the exception of the sample E 869 which 
has a high humus content and belongs also to the group of clays presented 
in Figure 5. The average size of the clay mineral peak is 150 mm2, or less 
than the corresponding peaks of the groups of clays already described. 
According to the appearance of the clay mineral peaks, the Östergötland 
clays represent an intermediate form between Groups 1 and 2  described 
on p. 41. The endothermic peak at 875° G. occurs only in the first two 
graphs, whereas in the graphs of the four following clays, from the N. E. 
part of the area, it is totally absent. It should be mentioned that the graphs 
of the clays of the southern part of the Skaraborg province ,^re very 
similar to those of the clays of the Östergötland province, as will be seen 
later (Fig. 23), and the final endothermic peak also occurs in them. The 
final exothermic peak, with the exception of that in the first graph, is low 
and broad. In the first graph it is similar to that of normal illite.

The Östergötland clays examined consist chiefly of a mica-like clay 
mineral which, in the southern part of the area, is similar to normal illite, 
but in the clays of the northern part the destruction of the illite lattice is 
not of the normal type. The clays probably contain kaolinite-like minerals 
to some extent.

At the writer’s request, Mr. E. F o r s l in d  made an X-ray study of the 
clay E 238. The diffraction diagram showed that the clay did, indeed, 
contain a mica-like clay mineral, but also traces of kaolinite-like minerals. 
A deflection corresponding t o a d  ^  14.5 Å, which indicates the presence of 
minerals with expanded lattice, was again found, but the presence of m ont
morillonite cannot be considered certain on the basis of this observation 
(B a r s h a d  1950). More quartz and feldspar were present than in the Ble
kinge clay K 620, a result that is in harm ony with the greater degree of 
fineness of the latter.

C l a y s  o f  t h e  G o t h e n b u r g  a n d  B o h u s  p r o v i n c e .

The average hygroscopicity of the clays of this group was 11.3. The 
thermal graphs will be found in Figure 20. They are very similar in 
appearance. The initial endothermic peak and the humus peak are normal 
for Quaternary clays and have no special features. The humus peak 
corresponds in size to a humus content of about 0.59 °/o. The average size 
of the clay mineral peak was 130 mm2, or less than in the Östergötland 
clays. W ith reference to their appearance, there occur clay mineral peaks 
similar to those obtained from the Östergötland clays (SV 18220 and SV 
18200) and from the clays of Group 2  (p. 41), or from clays with a low 
clay mineral content. The final endothermic and exothermic peaks are



entirely similar to the corresponding peaks in the analyses of most of the 
clays of the Malmöhus province, even though they are generally smaller, 
because the quantity of clay minerals is much lower.

On the basis of their DTA graphs the clays of the Gothenburg and 
Bohus province are fairly typical illite clays. The content of clay minerals 
varies, but is usually not high.

No. Locality w h
Loss on 
ignition, 

°/o

Area of the 
clay min. 

peak, mm2

SV18220 Gerum 12.7 4.4 142
S V I8200 Save 12.2 4.2 148
SV18198 Björkdam m en 10.8 3.4 125
SV18209 Småröd 11.3 3.0 135
SV18224 Dyne 11.3 3.4 129
SV18206 Utby 9.5 2.7 98

Average 11.3 3.5 130



C l a y s  o f  t h e  U p p s a l a  a n d  V ä s t m a n l a n d  p r o v i n c e s .

The mean hygroscopicity of the clays of this area was 11.9. The 
analysis graphs will be found in Figure 21. The initial endothermic peak 
varies in form and size. The humus peak may be considered normal, 
although its size and details vary. The humus content averages 0.71 °/o 
for the clays of this group. An essential feature in this group of clays is

No. L o cality
Depth, 

! m
<  70 V,

% w h
L o ss on 
ignition,

°/o
V to  —  V 100

A rea o f  the 
c la y  min. 

peak, mm2

U506/600 N yby 1.0 —  1.5
j

99 12.7 4.4 25 114

C226/318 B rogård 1.0 98 11.0 4.0 25 136
C l 15/208 Ö sterbro 0.6 97 15.3 i 4.1 22 109
C l 08/249 Spansätra 0.5 100 12.0 ! 4.7 26 115
U237/359 Stenbo random 97 9.0 ! 3.8 21 97
U133/ 20 Svarthäll 1.5 100 12.9 4.7 22 125
C l 35/592 Berg 0.0 —  1.2 97 12.1 4.4 16 103
U626/290 Onesta 2.0 — 2.5 99 10.4 4.3 23 105

A verage 11.9 4.3 j 22.5 113



the small clay mineral peak which is only about one-half of the 
corresponding peak of the clays of the Blekinge province, or 113 mm2, on 
an average. The size of the clay mineral peak does not vary much, and 
therefore the analysed clays may be considered as belonging to the group 
of clays with a lowT clay mineral content (Group 2 , p. 41). The 
endothermic peak at 870° C. is either weak or totally absent, and the final 
exothermic peak generally appears at 970° or at 900° — 925° C. In some 
graphs of Figure 2 1 , howewer, two exothermic peak maxima appear at 
900° — 1 0 0 0 ° C.

The clays of this group have a low clay mineral content and contain 
alteration products of micas or illitic clay minerals, along with somewhat 
altered rock powder.

C l a y s  o f  t h e  Ä l v s b o r g  p r o v i n c e .

The analysis graphs of this material are shown in Figure 22. The mean 
value of the hygroscopicity of the clays of this group is 1 1 .2 , the first 
clay, which is coarser-grained, being omitted from the calculation. It 
appears from the graphs that the initial endothermic peak is weak and 
that the form of the humus peak varies. The humus content, calculated 
from the size of this peak, averages 0.54 °/o for the clays of this group. 
The small size of the clay mineral peak is their most characteristic feature. 
The average size of the peak area is only 89 mm2, or the smallest one 
found in any group examined. For samples P 1562 and P 1535, the 
endothermic and exothermic peaks at the end of the graph are similar 
as in the case of the clays of the Gothenburg and Bohus province, a fact 
readily understood because the places from which the samples were taken 
are very close to the boundary line of that province. The appearance of 
the final part of the graph of the other samples of this area varies just 
as in the case of clays of the Uppsala and Västmanland provinces.

The clays of the Älvsborg province have a very low clay mineral content 
and carry some illitic minerals and fresh rock powder.

At the request of the writer, Mr. E. F o r s l in d  prepared an X-ray 
diffraction diagram of a very stiff (Wu =  14.3) clay sample (SV 18160) 
collected South of the area. This clay is similar to those with 
a low clay mineral content referred to above, the DTA graphs of which 
are shown in Figure 26. The sample contained, along with quartz and 
feldspar, less illite and mica than the other samples studied. A diffraction 
line corresponding to d ~  14.5 Å was observed also in this diagram. The 
location of this line did not change, however, after treatm ent with glycerol, 
and therefore it is not certain that it is caused by montmorillonite.



No. Locality Depth,
m

< 7 0  fi, 
°/o w h

Loss on 
ignition,

°/o
Vio — V100

Area of the 
clay min.

peak, m m 2

P215/719 Fotskäl 0 .9— 1.1 96 (9.9) (3.1) (19) (87)
P 1510/486 Kambol 1.0 99 10.8 3.0 n.d. 98
P1005/540 Kampeta 0.6 — 0.8 99 11.0 2.5 18 74
P I 005/539 — — 0.3 — 0.5 99 12.1 2.8 24 81
P llll /1 5 3 5 Ram storp 2.0 96 11.0 3.5 21 80
P1214/1562 Bryggum 2.0 99 11.2 3.4 18 108
P1013/ 552 Svalbocken 1.4 — 2.0 95 11.0 2.6 17 91

Average | 11.2 3.0 19.6 89



C l a y s  o f  t h e  S k a r a b o r g  a n d  Ö r e b r o  p r o v i n c e s .

Only five clay samples from the Skaraborg and Örebro provinces were 
analysed, and the graphs are presented in Figure 23. The clays do not form 
a group that is as uniform as those of the other provinces, because the 
results of the analyses are highly variable. The first two graphs resemble, 
in many respects, those of the clays from the southern part of Östergöt
land. The humus deflection has two maxima, the clay mineral peak is 
comparatively large, and the final endothermic peak is pronounced. The 
third clay of the series (R 613) may also be considered comparable to the 
Östergötland clays, whereas the two last analyses resemble the graphs 
of the Uppsala and Västmanland clays.

No. Locality Depth,
m w h

Loss on 
ignition, 

%>

SV10720 Baltak random 8.8
1

3.8
R1007/631 K ränum s Tegelbruk 0.0 — 1.0 12.8 4.4
R 613/ 70 Hoppegård, Låstad o o o 13.8 4.1
R 420/216 Fräckestad

t-H1T*ö

11.8 3.5
T 120/446 Resta

©700o

11.0 4.3

Fig. 23. Clays of* the Skaraborg and Örebro provinces.



No. Locality Depth,
m

< 7 0  p, 
%> w h

Loss on 
ignition, 

°/o
Vio — V100

Area of the 
clay min. 

peak, mm2

SI 132/287 Brunsberg 1.5 — 1.7 99 12.4 4.7 20 170
S I127/478 Ingesby 0.5 — 0.8 99 12.3 4.2 20 180
S I230/642 Sulvik 1.0 — 1.4 99 10.5 4.4 15 172
S I122/280 Falsinge 0.3 — 0.8 99 11.2 4.1 16 163
S1420/491 Sä f fie 1.0— 1.5 99 10.7 3.3 22 115
S I110/323 Högerud random 99 11.6 4.8 20 229
S1022/505 Strömängen tn 1 © 99 10.5 4.3 19 144
S1421/497 Lillängen 1.0 — 1.2 98 10.7 3.9 19 155

Average 11.2 4.2 18.9 166



C l a y s  o f  t h e  V ä r m l a n d  p r o v i n c e .

The mean hygroscopicity of the clays of this group was 11.2. The DTA 
graphs are shown in Figure 24 and are wery similar in appearance. There 
are no abnormal features in the initial endothermic peak and the humus 
peak, unless the exceptional endothermic peak produced by the sample 
S 491 at 150° C. is considered. The hum us content of the samples averages
0.51 %. The clay mineral peaks are fairly large, averaging 166 mm2, and 
they are in many cases comparatively low and broad. Therefore the bulk 
of the samples analysed belongs to Group 3 (p. 41). The final endothermic 
peak is broad and weak and is entirely absent in one sample (S 478). The 
exothermic peak at the end of the graph is well-defined and appears, 
without exception, at 970° C., or much later than in the case of normal 
illite.

The clays of this group contain much clay minerals which are mainly 
mica-like and are probably micas and feldspars in different stages of 
alteration. The appearance of the DTA graphs of the clays of this group 
is, however, different from that of the other groups of clays examined, 
which may be caused, e.g., by the concentration of the clay minerals in a 
fraction of exceptional particle size, i.e., by the structure of these clays 
(see pp. 42, 82).

At the request of the author Mr. E. F o r s l in d  made X-ray diffraction 
diagrams of the clay S 323. They showed that the clay contained mica-like 
clay minerals, feldspar, quartz, and, again, a mineral with a reflection 
corresponding to d ^  14.5. A.

C l a y s  o f  s o u t h w e s t e r n  F i n l a n d

Figure 25 illustrates the DTA graphs of clay from southwestern Fin
land. The samples F l  — F 5 are very stiff and F 6  — F  8  coarser clays. 
The mean hygroscopicity of the whole group is 12.0. The initial 
endothermic peak in the graphs of the very stiff clays seems to be the 
larger the stiffer the clay is. The humus peaks are normal in form and 
rather small, corresponding to a humus content of 0.44 °/o. The maximum 
temperatures of the clay mineral peaks of the very stiff clays are lower 
than in the other groups of clays analysed. The average area of the clay 
mineral peaks for the whole group is 150 m m 2, which shows that the clay 
mineral content is fairly high. The very stiff clays of this group should 
be subdivided, according to the appearance of the clay mineral peaks, as 
belonging to Group 4 (see p. 41). The final endothermic peak is either 
entirely absent or is weak and indefinite. Only the peak produced by the



sample F 5 is similar to the corresponding peak of normal illite, even 
though it is very weak. An exothermic peak occurs at 900° — 920° C. in 
all the samples, with the exception of F 8 . The samples F 1 and F 2 
also produced a second exothermic peak at about 965° G.

No. Locality Depth,
m w h

Loss on 
ignition, 

°/o

Area of the 
clay min. 

peak, mm2

F I Toijala, Kurvala 1.5 17.9 5.2 160
F  2 Mellila, asema 1.0 13.4 5.4 130
F  3 Perniö, Uotila 0.5 13.1 5.4 186
F 4 Urjala, Vahonen 0.7 19.2 6.1 210
F 5 Sauvo, kirkonkylä 1.5 10.8 4.0 168
F 6 Lohja, Lohjansaari 0.3 7.1 2.6 122
F 7 Nakkila, asema 1.2 6.3 3.0 79
F 8 Somero 0.5 8.0 3.3 147

Average 12.0 4.4 150



The clays of southwestern Finland contain alteration products of mica, 
or illitic clay minerals. Only very little normal illite is present and there 
are no indications of the occurrence of kaolinite-like minerals. The 
degree of crystallinity of the clay minerals seems to be low.

At the author’s request, Miss A u g u s t a  U n m a c k  made a thorough X-ray 
investigation of the clay F 4. According to her results, a more detailed 
account of which will be published later, the clay contains: 1 ) less than 
5 %  quartz; 2) feldspar, possibly microcline; 3) a mineral of the biotite 
group, stable when heated to 550° C., but completely decomposed at 930° C., 
as well as when boiled with hydrochloric acid, presumably identical w th  
the so called »clay biotite»; and 4) an unidentified mineral, not decomposed 
by hydrochloric acid, giving a diagram resembling that of illite, but, 
contrary to illite, decomposed when heated to 550 C. Minerals of the 
montmorillonite, kaolinite, and chlorite groups and normal illite were not 
found.

O t h e r  c l a y s  a n a l y s e d .

Along with the clay groups described, a number of clays wrere analysed 
that were not suitable for the above comparative investigation owing to 
their locality or hygroscopicity. The analyses could, however, be used in 
supplementing the regional classification, and therefore the results of the 
analyses are shown in Figure 26, and the localities of the samples are 
marked on the accompanying map (Fig. 28). Figure 26 shows that normal 
illite clays with a high clay mineral content occur both in the Kristian
stad province and the Kronoborg province, whereas clays with a low clay 
mineral content are found down to Halland.

No. Locality, province w h
Loss on 
ignition, 

°/o

SV18058 Steneryd, Blekinge 18.2 5.7
SV18059 Binga, Blekinge 16.6 6.5
SV10520 Åstorp, K ristianstad 11.2 4.8
SV17397 Ljungby, Kronoborg 7.7 2.8
SV17396 Ljungby, Kronoborg 10.7 3.6
SV16807 Archipelago, Stockholm 12.1 4.4
SV10737 Acklinge, Skaraborg 6.5 2.6
P1214/1559 Bryggum, Älvsborg 9.0 3.3
P 331/1148 Risendal, Älvsborg 7.4 3.0
P I 203/ 37 Högen, Älvsborg 8.1 2.5
P I 020/ 527 Kringslång, Älvsborg 7.5 1.8
SV10985 Södra Mos, Örebro 7.6 2.6
SV9044 Kvinnersta, Örebro 7.3 3.0
SV18160 Kvibille, Halland 14.3 3.2



Fig. 26. DTAs of Q uaternary clays from  different parts of Sweden. 
(See caption on adjoining page)

b) Regional characteristics and significance of the thermal peaks.

In order to obtain more detailed information on the regional variations 
that appear in the DTAs of Quaternary clays it is considered to be worth 
while to make a brief survey of the regional characteristics of the thermal 
peaks and of their significance.



S p l i t t i n g - o f f  o f  w a t e r  a t  105°— 220° C.

No regional uniformity in the variations in Ihe position, size, and form 
of the initial endothermic peak were found, with the exception of the clavs 
of the Malmöhus province all but one of which gave a narrower, sharper, 
and more pronounced peak than those of the clays of the other provinces. 
Similar peaks were, however, also found irregularly here and there 
among the analyses of the clays of other regions. The occurrence of peaks 
of this type in Quaternary clays is probably caused by the comparatively 
greater loss of interlayer water.

C o m b u s t i o n  o f  o r g a n i c  m a t t e r .

As mentioned earlier, clays with a high humus content were omitted 
from the comparative investigation, and their analyses were given in Fi
gure 5 x) . It was found that clays with a high humus content were most 
common among the samples from the Uppsala and Västmanland pro
vinces. When the humus content of the clays selected for the com
parative investigation was determined on the basis of the area of the 
humus deflection, it was learned that the clays of the provinces of Öster
götland, Västmanland, and Uppsala had the highest content of organic 
matter, the average being about 0.7 °/o. The clays of the Gothenburg and 
Bohus province were found to have the next largest area of the humus 
deflection, corresponding to a confent of about 0.6 %  organic matter. The 
clays of the provinces of Blekinge and Värmland contained about 0.5 %  
organic m atter and those of southwestern Finland about 0.45 %>.

Along with the size, also the form of the hum us deflection varied to 
some extent. So, e.g., two peak maxima were present in the humus deflec
tions of twelve clays. All these clays came from a zone beginning in Öster
götland around the east end of the Göta Canal and extending westward 
across the southern part of the province of Skaraborg to the western part 
of the province of Älvsborg. The occurrence of the second peak in the 
humus deflection at a higher tem perature indicates, as it was found, the 
existence of lignin-like decomposition products. When discussing the orga
nic m atter contained in Quaternary clays, it would be im portant to know 
the age of the clays. However, it can only be stated that these Östergöt
land clays were varved sediments. It is uncertain whether the Cambro-

*) Only the sample E 869 which contained 2.1 °/o organic m atter was included in 
the com parative investigation, but it was not used in the com parison of the hum us 
content of the s a m p le s .



Silurian formations of the region affect the composition of the humus, 
It should be mentioned that in the analyses of the clays of the Malmöhus 
province, and of some clays of Blekinge and southwestern Finland, not a 
trace of the second humus peak was observed, and even the bulge at 
400° — 450° C., which characterises the normal humus deflection, was 
absent.

Fig. 27. DTA graphs typical of very stiff clays from  different geographic units. The 
areas of the clay m ineral peak correspond approxim ately to the average peak areas of 
clays of these units calculated fo r an equal (0.5 g) quan tity  of clays and approxim ately 

the same degree of stiffness (W h =  11.2 — 12.3).



E n d o t h e r m i c  r e a c t i o n s  p r o d u c e d  b y  c l a y  m i n e r a l s .

In Chapter III (pp. 41 — 42), the Quaternary clays were divided into four 
main groups and the existence of clays representing intermediate forms bet
ween these groups was also established. When examining the general cha
racteristics of the DTA graphs of the clays it was found that the clay groups 
often displayed a regional behaviour. In order to illustrate this behaviour, 
an analysis representing each province examined is given in Figure 27. The 
graphs were chosen in such a way that the size of the clay mineral peaks 
corresponded approximately io the average size of the peaks of the clays 
selected for the comparative investigation. Because the mean values of the 
hygroscopicity of the clays representing the provinces vary only between
11.2 and 12.3, the areal average graphs of Figure 27 are well comparable. 
The graphs representing the clays of the Skaraborg and Örebro provinces 
could not be included in Figure 27, as the clays of these areas are varying 
intermediates between different clay types.

When examining the graphs of Figure 27 it is readily found that the clays 
of the Blekinge and Malmöhus provinces have a higher content of clay 
minerals than the clays of the other provinces. The form of the clay mine
ral peaks and the appearance of the final parts of the graphs show* as 
already mentioned, that these clays belong to Group 1 . The map (F g. 28), 
shows the localites of the samples, but the areal grouping is more or less 
schematic. The southern part of Sweden forms area I on the map, but 
because the clays of this area show small differences, as already stated, 
the Blekinge province (la) is separated from the Malmöhus province (lb) 
on the map.

The clays of Östergötland form an intermediate group between the 
clays of Group 1 , with a high content of clay minerals, and those of Group 
2 , with a low content of these minerals. The clays of this province are, 
however, so similar that the area can very well be regarded as a separate 
one. On the map it is m arked as V, and the central and southern parts of 
the Skaraborg province are included therein. The northeastern corner of the 
area deserves special attention, because no endothermic peak whatever, 
characteristic of normal illite, was found at 870° C. in the graphs of its 
clays. This part of the area is Vb on the map, and the rest is Va.

The clays with a low content of clay minerals, or Group 2 , include 
those of the provinces of Gothenburg and Bohus, Älvsborg, Uppsala, and 
Västmanland. The total area is II on the map. Among the internal varia
tions it should be mentioned that the clays of the province of Gothenburg 
and Bohus (Ha) have the highest content of clay minerals, and 
the final part of their therm al graphs shows that they contain normal 
illite. On the contary, the clays of the Älvsborg province (lib), immedi-



Fig. 28.. Map showing the examined clay deposits and their regional grouping.

ately to the East of the coastal area, have the lowest content of clay 
minerals among the entire material analysed. Certain parts of the provinces 
of Örebro and Skaraborg have been combined with the area of the 
provinces of Uppsala and Västmanland (lie).

On the basis of their clay mineral peaks, the clays of the province of 
Värmland and of southwestern Finland form separate groups with a fairly 
high content of clay minerals, m arked III and IV on the map, in accordance 
with the classification described in connection with the interpretation 
of the peaks.

When examining the occurrence of the endothermic peak that appears 
at about 870° C. in the graphs of samples from different areas, it will be 
readily observed that the peak is most pronounced and resembles that 
derived from the destruction of the lattice of normal illite in the analyses



of clays of the areas la, lb, and Va, and is of the proper form, even though 
weak, in the analyses of the area Ila. In the clays of the area III it is very 
low and broad, and in the clays of the other areas it is either entirely absent 
or weak, indefinite in form, and variable in position. The clays of the 
areas lib , lic, III, IV, and Vb thus contain comparatively little normal 
illite. No distinct correlation between this peak and the size of the clay 
mineral peak (at 420° — 675° C.) was observed.

No. Locality W h
Loss on 
ignition,

°/o
Vio Viog Vio —  V10o

Area of the 
clay min.

peak, m m 2

K117/621 Steneryd, Blekinge 16.6 5.4 78 48 30 335
SV10356 Kvibille, H alland 13.6 3.3 53 35 18 58
S I110/323 Högerud, Värmland 11.6 4.8 62 42 20 229
F 4 Ur jala, S.W. F inland 19.2 6.1 98 58 40 210

Fig. 29. Very stiff Q uaternary clays showing the m ost pronounced differences in the
analyses made.



E x o t h e r m i c  r e a c t i o n s  a t  h i g h  t e m p e r a t u r e s .

The appearance of the final exothermic peak varies considerably in 
Quaternary clays. Only in a few areas it is approximately similar for all 
samples. Such areas are Ha, in which the peak maximum occurs at about 
900°— 925° C., Ill, in the analyses of which it lies at 970° C., and Vb, 
which has it at 950° C. Peaks of this kind were sometimes also found in 
clays of other areas. In the areas la, lb, and IV, a tendency to lorm  a defi
nite exothermic peak is already visible. Because the relationship between 
this peak and the mineralogical composition of Quaternary clays has not 
yet been more closely studied, far-reaching mineralogical conclusions 
cannot be drawn from its appearance, as was already mentioned, and for 
the present it must suffice to consider its form, size, and position as the 
general characteristics of different types of clays.

In order to study the special features of the clay analyses of the main 
areas (I — IV) and to find the limits within which the results of the analy
ses of very stiff Quaternary clays vary all those graphs are reproduced 
in Figure 29, in which characteristic features are most pronounced. Conse
quently, they emphasize the character of the various clay groups and simul
taneously prove that the mineralogical character of very stiff Quaternary 
clays may develop changes that are wTell worthy of attention when the 
geology and technical use of the clays are studied. Moreover, these special 
clays, selected from a large material, make a good foundation for future 
investigations on the mineralogy of Quaternary clays.

c) Geological background of the mineralogical properties of clays analysed.

The cause of the variations in the mineralogical character of Quater
nary clays should be sought in the geological evolution of Fennoscandia. 
The fact that the Quaternary clays of Scania and Blekinge (Area I) have a 
high clay mineral content is readily understood, because Mesozoic deposits, 
known to contain clay minerals, are still met in this area (N o r in  1949, pp. 
210 — 211). Moreover, the pre-Cretaceous and Cretaceous formations of 
the Kristianstad province contain also kaolinite ( G r ö n w a l l  1914). Kao
linite and remains of a pre-Glacial weathering crust occur in Blekinge. 
The clays of the provinces of Östergötland and Skaraborg also have a 
fairly high content of clay minerals, a fact which may, perhaps, be con
sidered a faint reflection of the Cambro-Silurian rocks of the area in the 
clays. In the area consisting of clays with a low clay mineral content the 
work of coastal forces has been powerful and the glacial action strong. The 
Quaternary clay beds are thick ( W e n n e r  1949, p. 437), and one would 
think that the pre-Glacial material with a high clay mineral content has 
been diluted by less altered rock powder. As the clay material of this



investigation was generally taken from a depth of 0 — 2 m, it may be assu
med that a considerable part of the clays, at least of those of Area II, is poss
ibly post-Glacial. W i k l a n d e r  (1950, p. 124) noted that the post-Glacial clays 
contain more quartz and less illite than the Glacial clays. This may be 
explained, e.g., by assuming that the particle-size distribution of, at least, 
the Litorina clays may differ from that of the more assorted Glacial clay. 
At the request of the author Dr. K. M ö l d e r  made diatom determinations of 
some clays of Area II with low clay mineral content (U600, G249, P540, 
and P1562) and found that the clays were poor in diatoms and geologically 
older than the post-Glacial clays.

The Värmland clays, on the other hand, are situated close to ice divides, 
and the material came from another direction than that of the clays of 
Area II (D e  G e e r  1910). In view of the special features disclosed by the 
analyses of these clays and of their characteristics which will be dealt 
with later in Chapter V, it may be assumed that the clays received their clay 
mineral material from the pre-Glacial weathering crust. The altered 
mineral material of the crust had not had time, during the short period of 
transport, to become diluted very much by unaltered m ateria l*) or to 
become ground down enough to release the alteration products entirely 
from the framework of the mother crystals. The clay minerals can there
fore occur in the form of aggregates in fractions of greater particle size 
than, e.g., in the clays of Area II. In support of this hypothesis it may 
be stated that during the present investigation a sedimentation analysis 
was made of the pre-Glacial weathered rock material from Rovaniemi 
(cf. Graph A, Fig. 14) and a DTA was made of fractions with particles less 
than 6 ju in size, and also of coarser material. It was found that the clay 
mineral peak produced by the finest material was considerably smaller 
than that produced by the coarser material (cf. G r ö n v a l l  1914, pp. 52, 
94, 103, 105, 112).

The clays of southwestern Finland do not contain carbonate. This fact 
may affect both the alteration and formation of minerals, and the quality 
and quantity of the adsorbed ions.

V, Some properties of Quaternary clays from the areas 
investigated.

The question arises wThether the results obtained when analysing Fin
nish and Swedish Quaternary clays may be used in considering the techni
cal properties of the clays, and the possible connection between their 
geology and technology.

This interesting viewpoint was presented by Dr. G. L ujsdqvist during a 
discussion.



Some properties of these clays were mentioned in the tables 
accompanying Figures 17 — 25. The properties of clays depend generally 
on so many factors that it is difficult to obtain definite information on 
the influence of mineralogical changes by studying individual clays or a 
limited material. As mentioned on pp. 20 — 21, the results of the technical 
examination of clays carried out during several years by the Swedish 
State Road Institute were made available to the author for this part of 
his investigation. The material connected with the areas investigated 
consists of 216 technical analyses of stiff and 195 analyses of very stiff 
clays. W ith the help of this material the possible regional variations in 
the loss on ignition, plasticity, and bonding power (dry-cleavage strength) 
of the clays will be studied in the following paragraphs. Moreover, the 
exchangeable bases were determined in some different clay types, selected 
on the basis cf the results presented in Part IV.

1. Loss on ignition.

It is known that the loss on ignition of clays depends on the quantity of 
physically and chemically bound water, the quantity of organic matter, 
the carbonate content, and that of other volatile substances possibly 
present, such as sulphur and fluorine. Thus, the loss on ignition depends 
on five factors, and therefore its practical importance must be small.

Table IV shows that, considering the average stiffness of the clays, no 
other notable differences can be observed in the loss on ignition of clays 
of different provinces than the proportionately smaller average loss on 
ignition of those of the Älvsborg province. The higher figure for the 
Blekinge province may be caused by the greater fineness of the clays. A

Table IV. Loss on ignition of Quaternary clays form different provinces of Sweden, 
(Carbonate-bearing clays are not included.)

Province
Stiff clays Very stiff clays

No. of 
samples w h Loss on 

ign., °/o
No. of 

samples W h Loss on 
ign., °/o

Blekinge .................................... _ _ 12 14.1 5.08
M alm ö h u s.................................. 8 8.5 3.90 17 11.8 4.62
Östergötland ............................ 5 8.9 3.36 22 12.5 4.48
Uppsala and V ästm anland . . 71 8.7 3.70 73 11.6 4.60
Älvsborg .................................... 25 8.4 2.50 15 11.0 3.05
Värm land .................................. 24 8.2 2.91 8 11.3 4.21

Total or average 133 8.5 3.27 147 12.1 4.34



similar result is obtained from the regional averages for the loss on 
ignition of the material actually investigated by the author, which, even 
though restricted, has been collected with regional viewpoints in mind. 
These averages were given in Table V, which indicates an essential 
difference in the loss 011 ignition only between the clays of the Malmöhus 
province on the one hand, and those of the provinces of Älvsborg, and of 
Goihenburg and Bohus on the other hand.

Table V. Loss on ignition of very stiff clays belonging to the material investigated
systematically.

Province W h
Area of the 

clay min.
peak, m m 2

Loss 011 
ignition, 

°/o
Humus,

°/o
W ater,

°/o

Blekinge .......................................... 12.2 224 4.34 0.51 3.83
M a lm ö h u s ......................................... 12.3 198 4.84 0.58 4.26
Östergötland ..................... ............ 12.3 150 4.47 0.72 3.75
G otheaburg and Bohus ............. 11.3 130 3.52 0.59 2.93
Uppsala and V ästm anland ........ 11.9 113 4.30 0.71 3.59
Älvsborg .......................................... 11.2 89 2.97 0.54 2.43
Värmland ......................................... 11.2 166 4.21 0.51 3.70
S.W. F inland ................................ 12.0 150 4.38 0.44 3.94

The DTA elucidates the significance of the loss on ignition of clays by 
indicating the quantity of organic matter, the presence of sulphides and 
carbonates, and by giving information on the quality and quantity of Ihe 
clay minerals. In Table V such data obtained by the DTA are utilised. 
The effect of organic m atter and of carbonates has been eliminated from 
the figure for the loss on ignition, and consequently mainly the loss on 
ignition caused by the loss of water bonded in various ways is indicated. 
No mutual relationship can be observed between the values for the loss on 
ignition calculated by this method and the size of the clay mineral peaks. 
The. corresponding loss on ignition of clays of the Älvsborg district is small 
(2.43% ), followed by that of the district of Gothenburg and Bohus 
(2.93 °/o) and that of Malmöhus (4.26 % ), but the figures for the other 
provinces fluctuate only between 3.59 and 3.94 °/o, even though the area 
of the clay mineral peak varies between 113 and 224 mm2. These facts 
agree with the observations, made earlier during this investigation, which 
show that the clays of the Älvsborg province have the lowest clay mineral 
content, and that the clays of the Malmöhus province have a high clay 
mineral content. The mineral constituents of the Malmöhus clays can, in 
addition, contain more interlayer water than the clay minerals of the 
other groups. Further, as was stated earlier (p. 40), the clays of different



areas contain varying quantities of water which is lost at 350° — 650° C. 
but the amount of which does not completely agree with the size of the 
clay mineral peak. This behaviour of water was assumed to be caused 
by the different degree of crystallinity and particle size of the clay 
minerals. The quantity of the comparatively firmly bound adsorbed water 
may therefore be relatively high, when the clay mineral peak is weak or 
when the energy consumed in the splitting-off of constitution water is low. 
Consequently, it should be possible to understand the comparatively small 
variations, listed in Table V, in the quantity of water lost on ignition in 
equally stiff clays, with considerable mineralogical variations.

2. Exchangeable bases.

The quality and quantity of exchangeable cations contained in clays 
are known to be of great importance for the properties of clays. It should, 
therefore, not be out of place to consider briefly this phenomenon before 
proceeding to deal with the plastic and bonding properties of clays.

The ability of clays to fix exchangeable cations is determined by the 
quality of the sorption complex or, principally, by the particle size of the 
clay, its mineralogical composition, and the quality and quantity of 
organic m atter that it contains. The exchangeable cations present in the 
clay are governed by the quality of the sorption complex and by varying 
external conditions, such as the leaching of the sediment, the deposition 
environment, etc.

K iv in e n  (1938, pp. 5, 9) investigated the base-exchange capacity of 
clays of the Helsinki area. The total quantity of exchangeable bases, or the 
S-value, of the stiff clays, free from milder humus, averaged in his 
material (8 profiles, 16 samples) 21.8 me/100 g. The saturation degree 
(the T value) was, on an average, 85. According to the investigations of 
A a r n io  (1942, p. 21) on the content of exchangeable bases in clays, the 
stiff clays of Finland, free from milder humus, contain, on an average, 
24.7 me/100 g exchangeable bases, of which there are, on an average, 
49.78 %  CaO, 38.27 °/o MgO, 5.56 °/o K 20 ,  and 6.40 %  Na2G These 
figures show that the base-exchange capacity of Quaternary clays cor
responds to that of mica-like clay minerals. G rim  (1942, p. 251) gives the 
following values for the base-exchange capacity of common clay minerals: 
20 — 40 me/100 g for illites, 3 — 15 me/100 g for kaolinite, and 60 — 100 
me/100 g for montmorillonite. According to B a r s h a d  (1948, p. 058), the 
base-exchange capacity of vermiculite amounted up to 145.9 me/100 g.

As it was possible to check, to some extent, by means of the DTA and 
stiffness determination, such factors affecting the base-exchange capacity



Area I 
Blekinge 

| and Malmöhus 
provinces

Area lib  
Älvsborg 
province

Area lie  
Uppsala 

and V ästm anland 
provinces

Area III 
V ärm land 
province

Area IV 
S.W. Finland

Area V 
Ö stergötland 

province

No. w h me/100 g No. w h me/100 g No. W h me/100 g No. w h me/100 gj No. W h me/100 g No. W h me/100 g

K620 19.2 25.1 P 486 10.8 12.8 U600 12.7 20.2 S280 11.2 ! 16.5») F I 17.9 27.4 E 869 13.9 20.0
K327 17.5 26.0 P 540 11.0 15.6 G318 11.0 18.8 S287 12.4 20.0 ») F 2 13.4 20 0 1) E1076 11.8 19.8
K 76 13.4 19.2 P1562 11.2 19.5 C208 15.3 16.4 S323 11.6 14.4 ») F3 1.3.1 22.5 E 238 14.0 19.9
M420 15.7 27.8 *) P1535 11.0 20.2 G249 12.0 21.1 S478 12.3 18.3») F4 19.2 26.1 !) E 77 9.5 23.9
M399 12.0 30.0 U359 9.0 13.2 S491 10.7 14.5 ‘) F5 10.8 17.9 E 281 12.2 20.3

U 20 12.9 14.8 S642 10.5 13.4 F 6 7.1 10.9 *)
C592 12.1 16.5 F 8 8.0 13.8
U290 10.4 17.2

Av. 15.6 25.6 Av. 11.0 | 17.0 Av. | 11.9 17.3 Av. 11.5 16.2 | Av. 12.8 19.8 Av. 12.3 20.8

*) Determ inations by Mr. P. PuftOKOSKi.



of clays as the particle size, the content of organic matter, the carbonate 
content, and the variation in the mineralogy, it would lie close at hand to 
assume that, perhaps, it would be possible on the basis of the material 
analysed, to obtain information on the quantity of exchangeable bases in 
very stiff Quaternary clays. For this purpose the quantity of exchangeable 
bases was determined in 34 clays from different areas, free from 
carbonates and low in humus. The results are given in Table VI 
in which the clays are grouped regionally, and in which their 
degree of stiffness is also taken into account. It is impossible to draw 
far-reaching conclusions on the basis of this material, because the geo
logical age of the clays, their total base-exchange capacity, and the 
definite proportions of the different exchangeable cations in them are not 
known. It can be stated, however, that the clays of Värmland are the 
poorest in exchangeable bases, in spite of their comparatively extensive 
clay mineral peaks. This result, however, agrees with the hypothesis 
presented above (p. 42) according to which the clay minerals do not occur 
as individual crystals, but partly as random aggregates in the framework 
of the mother crystals. Also the clays of the Älvsborg and Uppsala and 
Västmanland provinces seem to contain less exchangeable bases than the 
clays of Östergötland and southwestern Finland in which the quantity 
of clay minerals has been assumed to be larger. It is difficult to compare 
the clays representing southern Sweden, which contain normal illite, with 
the other groups of clays because, as groups, they possess a higher 
hygroscopicity. If, however, the Blekinge clays are compared with those 
clays of southwestern Finland, which have the same hygroscopicity, it will 
be seen that the quantity of exchangeable cations in the latter appears to be 
higher, in spite of the fact that the Blekinge clays generally contain 
carbonate material. Moreover, it is worth noting that, on the basis of the 
DTAs, the clay minerals of the clays of southwestern Finland are fine
grained and that their degree of crystallinity is low, whereby their base- 
exchange capacity will increase (cf. E n d e l l ,  H ofm ann, and W ilm  1933, p. 
435). On the other hand, it was found (cf. pp. 62, 39) that the Blekinge clays 
contain in their coarser fractions clay minerals which are obviously 
alteration products not released from the mother crystals and which, 
therefore, do not possess the same capacity of adsorbing cations as when 
they are free. In addition, the Blekinge clays contain kaolinite, which was 
not found in the very stiff clays of southwestern Finland.

It appears from what was stated above that the variations in the 
mineralogical composition of very stiff Quaternary clays seem to affect 
the quantity of exchangeable cations present in the clays,



3. Plasticity.

Attempts have been made to explain the plasticity of clays in 
many different ways, and many partial solutions have been obtained, 
but still at the present time it is impossible to explain this im 
portant property of clays in a thoroughly satisfactory manner. 
Earlier studies revealed the significance of the particle size and 
shape, and the role of water in the plasticity. The combination of 
the partial solutions has induced the application of clay mineralogy, 
and the bonding and structure of the surrounding water film on different 
crystal surfaces has become the main problem. The influence of adsorbed 
cations of different size and valency, their position, exchangeability, and 
hydration form an essential part thereof. The cations participate in the 
formation of the so-called double layer on the surface of the particles, 
and the cation layer that remains in the water envelope between the 
surfaces of two negatively charged particles acts as a spring which holds 
the particles together, and is the cause of the plasticity (H o fm a n n  1949, 
pp. 26 — 27). The particle size and structure of the minerals, the quality 
and quantity of the exchangeable cations, and the adsorption of water ure, 
consequently, the main reason of the plastic properties of clays.

The influence of the main factors of plasticity has been studied in 
detail. It has also been found that the plasticity increases when the 
particle size decreases and that among clay minerals montmorillonite has 
the greatest plasticity, followed by attapulgite, illite, and kaolinite ( W h i t e  
1949, p. 512; G rim  1941, p. 12; 1950, p. 9). Further, it is known that 
different cations give the clay varying plastic properties, a fact which has 
been thought to be caused by the variations in the thickness of the water 
film surrounding the clay particles, produced by the varying degree of 
hydration of the different cations ( W i e g n e r  1931, p. 71; E n d e l l  and 
V a g e l e r  1932, pp. 394 — 395, 403). As a result of the extensive and 
comprehensive research devoted to these* problems (cf. G rim  1942, pp. 
267 — 275) the opinion now prevails that the varying influence of different 
cations on the properties of clay is the result of their tendency to hold 
the particles together. S u l l i v a n  and G r a h a m  (1940, p. 43; G rim  1942, pp. 
273 — 274) grouped the cations in a series according to the ability to hold 
shape they impart to a clay with a certain water content. This series is 
approximately as follows: Li+, Na+, Ca2+, Ba2f, Mg24-, Al3^, K+, Fe3+, 
[NH4]+, H +. The difference between the effect of the first three cations of 
the seres is great, but decreases elsewhere in the series, and sodium clays are 
consequently more dispersed than calcium and hydrogen clays, because 
Na4" binds the particles less tightly together. V u o r in e n  (1939, p. 96, 99) 
examined the influence of different electrolytes and their different



concentration on the plasticity index (determined according to A t t e r -  
b e r g  1911) of a stiff Glacial clay, and found that in most cases even a very 
small electrolyte content raised the plasticity index and that the greater 
the dispersity of the clay was 1he lower was its plasticity index.

When studying Quaternary clays on the basis of the discussion 
presented above, it becomes evident that the mineralogical differences 
between clays appear principally in the content of clay minerals because 
the qualitative differences between the latter are probably not 
great enough to cause essential changes in the characteristics of the water 
film and in the adsorption of cations. The particle size and the content of 
organic m atter in Quaternary clays are, according to the present inves
tigations, controllable. Definite variations have been noted in the quantity 
of the exchangeable bases. Their quality was not studied by the author 
but, according to A a r n io  (1942, p. 16), the quantities of exchangeable 
calcium, magnesium, and sodium in Quaternary clays from different parts 
of Finland were of the same order of magnitude, whereas regional 
variations were found in the quantity of exchangeable potassium. It should 
be mentioned, however, that in the same profile (op. cit., p. 20) the content 
of Na20  might vary from 4.16 to 21.47 °/o of the total content of the 
exchangeable bases. Calculated from data given by K iv in e n  (1938, pp. 
5, 9), the content of exchangeable hydrogen in the stiff Quaternary clays 
in Finland, free from milder humus, is 1 .1— 29.9 °/o or, on an average, 
8.1 %  of the total of exchangeable cations.

Considering the factors that influence the plasticity of Quaternary clays, 
it will be readily understood that variations in the plasticity of clays 
which are comparable with one another in their particle size are possible, 
even though they are probably not very great. W hen examining the 
plasticity data (V10 — V100) in the tables presented together with the DTA 
graphs (Figs. 17 — 24), a distinct correlation is in general not perceptible 
between mineralogy and plasticity of the clays. This is not too difficult 
to understand, because also the variations in the degree of coagulation of 
the clays can produce differences in the plasticity index. If, on the other 
hand, the more extensive analysis material is studied with reference to the 
summary given in Table VII, it will be seen that the differences in water 
content that indicate the plasticity do, indeed, vary to some extent in 
very stiff clays from different areas. However, variations in the plasticity 
of stiff clays (Wh =  7 — 10), cannot be established by the method used, 
owing to the differences in hygroscopicity. The variations in the plasticity 
index of very stiff, clays show clearly the same tendency as the variations 
in the quantity of exchangeable bases in these groups of clays. The 
Värmland clays are the least plastic, and this is in accordance with the 
mineralogy of these clays (see p. 72). Next come the Älvsborg and the



Uppsala—Västmanland clays with a low clay mineral content, and finally, 
as the most plastic clays, will follow those of Malmöhus and Östergötland 
with a higher clay mineral content. The Blekinge clays are difficult to 
compare on account of their greater stiffness. It should be mentioned that, 
among the clays examined, the sample F4, from southwestern Finland, 
had the highest plasticity index (V10 — V100 — 40), the index for a 
Blekinge clay (K620) with the same hygroscipicity being 33. It may be 
possible to explain this fact in the same way as the corresponding relation 
in the content of exchangeable bases of these clays (p. 87). According to 
Table VII, no regularity is visible in the differences of the water contents 
at the consistency limits (V10 and V100) .

Table VII. P lasticity  indices of clays from  different provinces.

Stiff clays Very stiff clays

Province No. of 
samples w „

1
V io V 100 Vio— V 100

No. of 
samples w h Vio ViOO V io— V ioo

Blekinge ........... 5 8.8 47.4 30.2 17.2 17 14.3 70.3 42.9 27.4
Malmöhus . . . . 18 8.9 50.9 31.8 18.4 26 11.7 62.8 38 0 24.8
Is tergö tland  . . . 
Uppsala and

7 8.8 49.7 31.6 18.1 21 12.3 66.5 41.5 25.0

V ästm anland 60 8.7 51.6 33.4 18.2 48 11.9 64.7 42 2 22.5
Älvsborg ........... 14 8 5 45.9 30.0 15.9 C> 11.0 56.5 36 2 20.3
Värmland ......... 10 8 3 48.8 33.1 15.7 8 11.3 59.4 40 5 18.9

These results show7 that the variations in the mineralogy of Quaternary 
clays appear to influence their plastic properties.

4. Bonding power.

The bonding power of a clay is expressed in this investigation 
as the cleavage strength of dried test cylinders which are made 
of a plastic mixture of clay and fine rock powder. W hen the plastic 
mass is dried, the particles approach one another and the adsorbed 
cations remain between the surfaces, holding the particles together by 
Coulomb attraction more strongly than when water dipoles are present 
(H o fm a n n  1949, p. 28). It is therefore evident that the dry strength of 
clays depends mainly on the same factors as their plasticity, or on the 
particle size, the mineralogical composition, and the adsorbed ions of 
the clay. When the bonding capacity is determined in a mixture of clay 
and some coarser material, the figures for the bonding capacity are also 
affected by the particle-size distribution of the mixture.



G rim  and his associates paid particular attention to the importance of 
the mineralogical composition of a clay for the dry compression strength 
and found that the quantity of clay minerals (G rim  and R o w l a n d  1910, 
p. 3) and their quality (G rim  and C u t h b e r t  1946, p. 13) were the most 
important factors. According to their investigations, the presence of 
montmorillonite caused the greatest increase in the dry compression 
strength, followed by illite, kaolinite, and halloysite in the order named. 
S p e i l  (1940, p. 33, 37 — 38) and G r a h a m  and S u l l i v a n  (1940, pp. 53 — 51) 
studied the influence of exchangeable cations on the bonding strength and 
found that the strength of sodium clay, when dried, was greater than that 
of calcium and hydrogen clays. W eak attractive forces between the particles 
of sodium clays make possible a relatively free arrangement of the 
particles and an even compression of the sample during drying, whereas 
particles with strong attractive forces between them were pulled together 
into a random arrangement already before drying, and the test sample 
became more porous, less compact, and weaker at the same time ( S p e i l ,  
loc. cit.; cf. G rim  1942, p. 275).

Because the bonding power is affected by so many factors it is 
not surprising that the cleavage strength of the very stiff clays 
of even the same area varies greatly. Moreover, only a large material is 
able to disclose the variations in the cleavage strength possibly produced 
by the differences in the mineralogy of Quaternary clays. Consequently, 
material representing a fairly large num ber of analyses from the archives of 
the Swedish State Road Institute was studied; the results are presented in 
Table VIII. In this table the same tendency of variation is evident as in 
Tables VI and VII which indicate the differences in plasticity and content 
of exchangeable bases. The clays of the Värmland province occupy a 
special position even with regard to their bonding power because their 
cleavage strength is lowest of all. Also this result agrees with the conclusions 
drawn from the mineralogical composition of these clays. The clays of the

Table VIII. Dry cleavage streng th  of clays from  different provinces.

Province
Stiff clays Very stiff clays

No. of
samples W h

1
Hk

No. of 
samples W h Hk

B lek in g e ............................................ 5 8.8 39.4 17 14.3 40.1
Malmöhus ........................................ 34 8.6 38.1 37 11.7 40.8
Östergötland .................................... 11 8.8 37.0 29 12.4 36.4
Uppsala and V äs tm an lan d ......... 108 8.6 32.0 86 11.6 32.7
Älvsborg ........................................... 34 8.5 35.4 18 11.1 37.4
Värmland ................... ..................... 24 8.2 31.5 8 11.2 31.3



Älvsborg province have a surprisingly high cleavage strength, considering 
their low clay mineral content and other properties. This may be assumed 
to be caused, e.g., by the favourable particle-size distribution of the 
mixture of clay and rock powder or, perhaps, by the exceptionally 
high content of exchangeable sodium in the clay, a result with which the 
low V10 value in Table VII would seem to agree. The bonding capacity 
of the clays of the Blekinge province seems to be low in comparison with 
their degree of stiffness. The cleavage strengths of the clays of the other 
provinces agree with the variations in the clay mineral content of the 
clays and with their other properties. Also in the group of stiff clays 
(Wh =  7 — 10) the tendency of the regional variations in the bonding 
power seems still to be clearly visible.

Consequently, the regional mineralogical variations in Quaternary 
clays are distinctly reflected also in the bonding properties of the clays.

Summary.

The mineralogy of very stiff Quaternary clays from southern and 
central Sweden and from southwestern Finland has been investigated 
mainly by means of the differential thermal analysis (DTA). The material 
analysed consisted of 92 samples of Quaternary clays and 34 samples 
mainly of micas, organic substances, sedimentary rocks, moraines, 
pre-Quaternary clays, and weathering crusts. The following characteristics 
were studied: DTA, therm al dehydration, humus content, X-ray dif
fraction, and exchangeable bases. Data on 411 clays analysed for technical 
purposes wrere also available for statistical treatment.

Earlier papers dealing with the mineralogy of Quaternary clays of 
Fennoscandia were studied and the various aspects affecting the manner 
of formation of minerals were reviewed.

I n t e r p r e t a t i o n  o f  t h e  D T A  g r a p h s .
G e n e r a l  r e s u l t s .

The main results of the DTA were the following:

1, The endothermic peak at 105° — 220° C. is not caused only by the 
splitting-off of water from minerals with expanded lattice, and the size 
of the peak is not directly proportional to the amount of water released 
at this temperature or to the hygroscopicity of the clay.



2. An exothermic deflection, caused by the combustion of humus, 
occurs usually at 200° — 450° G. It may have two maxima, viz., at about 
330° and 420° C., the first of which is caused by weakly humified and 
undecomposed plant remains or/and  water-soluble or precipitated hum x 
complexes. The second maximum is caused either by components of 
humus combustible at a higher temperature or at a lower rate, and thus 
comparable with lignin with reference to combustion properties, or, 
sometimes, by sulphides. The humus content of clays was determined 
semi-quantitatively by means of the area of the peak. Carbonaceous 
material was present in one sample, and the presence of graphite was 
verified in another clay.

3. An endothermic peak at 420° — 675° C., variable in form and size, 
appears as the result of the splitting-off of water from the clay minerals 
of Quaternary clays. Its maximum varies between 535° and 570° C. This 
peak is caused by illite and members of the kaolinite group (with the 
exception of dickite and nacrite) and, in some instances, possibly by 
beidellite, nontronite, and mixed-layer minerals. The clays were divided 
into four main groups on the basis of the position, form, and size of the 
clay mineral peak and of the ratio between the amount of water escaping 
in the temperature interval 350 — 650° G. and the peak areas. These 
groups may be characterized as follows, some other clay mineral peaks 
being also used as a basis of classification as well as some X-ray diffraction 
analyses:

a) Clays rich in clay minerals. They contain normal illite, a little 
kaolinite-like minerals, and probably minerals with expanded lattice.

b) Clays poor in clay minerals.
c) Clays probably containing nondisintegrated clay mineral aggregates 

(partly altered mineral grains).
d) Clays with a rather high content of chiefly illitic minerals.
Numerous clays were found to be intermediate between the four groups.
4. Conclusions regarding the stiffness of clays could be based on the 

height of the endothermic peak at 574° C., caused by the inversion of 
quartz.

5. There are considerable changes in position, width, and height of 
endothermic peaks of Quaternary clays caused by the dissociation of 
carbonates. The peak maximum was located between 775° and 835° C., 
and the corresponding carbon dioxide content varied between 0.91 and 
7.39 %. x\long with the endolhermic peak caused by calcium carbonate, 
another endothermic peak was sometimes observed at 715° C. Moreover, 
the graphs of carbonate-bearing clays revealed regularly an exothermic 
peak at about 880° C., caused by reactions in the solid state. The size of



this peak is not directly proportional to the amount of clay minerals or 
carbon dioxide present in the clay.

6. An endothermic peak of varying appearance was observed at 820° 
— 890° C. in the DTAs of the clays investigated, having a maximum at 
870° C., but often this peak was absent altogether. If the peak is well- 
defined, its occurrence may be caused mainly by the illite content of the 
clay. If the thermal graph of the clay is similar to that of illite also in 
other respects, it may be assumed that the illite is well-crystallised and is, 
perhaps, normal illite formed through recrystallisation. If the peak at 
870° G. is weak or entirely absent, even though the clay mineral peak is 
well-pronounced, the clay contains presumably illites of low degree of 
crystallinity, which are mainly alteration products of micas. These illites 
are called, in this paper, illitic minerals. In addition, minerals with expan
ded lattice and some mixed-layer minerals may participate in formation of 
the peak at 870° C.

7. An exothermic peak was produced at high temperatures (900° — 
1000° C.) by the Quaternary clays. It may be caused both by recrystallisa
tion and by reactions in the solid state and occurred at about 925°, 970°, 
900°, and 950° C. (order of frequency). Sometimes a distinct tendency of 
formation of two separate maxima was observed in the peak. However, 
this peak can, so far, be considered only a characteristic feature in the 
comparative clay diagnostics based on the DTA.

R e s u l t s  o f  t h e  D T A .

The mineralogy of the possible initial substances of clays was studied, 
and the DTAs of some sedimentary rocks, pre-Glacial weathering products, 
morainic clay fractions (particle size < 2  ju), and pre-Quaternary sedi
ments were investigated and interpreted. It should be mentioned that pre- 
Glacial weathered granite material always contained, i . a minerals with 
expanded lattice.

The following general regional variations in clay mineralogy were ob
served by the comparative treatm ent of the DTAs of Quaternary clays of 
similar stiffness from the areas investigated.

1. The clays of the Blekinge province belong to Group a in the 
classification based on the interpretation of therm al graphs. The clays of 
the Malmöhus province differ from the former chiefly by their probably 
higher content of minerals with expanded lattice.

2. The clays of the provinces Gothenburg and Bohus, Uppsala and 
Västmanland, Älvsborg, and parts of Skaraborg and of Örebro, all belong 
to Group b or to that of clays poor in clay minerals. The clays of the



Älvsborg province were the poorest in clay minerals among those inves
tigated.

3. Among the clays of the Värmland province there were samples of 
Group c with relatively much clay minerals, probably occurring in a 
fraction r f  exceptional grain size in the form of aggregates or alteration 
products that were not released from the mother crystals.

4. The clays of southwestern Finland belong to Group d in which 
illitic minerals predominate among the clay minerals.

5. The clays of the Östergötland province and those of the southern 
part of the Skaraborg province proved to be comparatively rich in clay 
minerals and intermediate between the clays of southern and central 
Sweden.

Moreover, regional variations were observed in the chemical compo
sition of organic m atter contained in the clays.

The lithological composition of the pre-Quaternary formations and the 
variations in the geological evolution of the different parts of Fennoscan- 
dia were found to play an important role in the mineralogy of Quaternary 
sediments.

S o m e  p r o p e r t i e s  o f  Q u a t e r n a r y  c l a y s  f r o m  t h e
a r e a s  i n v e s t i g a t e d .

The following conclusions were based on the technical analyses of very 
stiff and stiff clays of the areas investigated:

The loss on ignition of carbonate-free stiff clays was, on an average, 
3.26 %  (133 samples) and that of very stiff clays 4.44 °/o (147 samples). 
The clays of the Blekinge province presented the maximum average of 
hygroscopicity, and next came those from the following provinces: Öster
götland, Malmöhus, Uppsala and Västmanland, and Älvsborg. W ith due 
consideration to the stiffness of the clays only one material difference was 
observed between the values of loss on ignition of the samples from the 
various areas, viz., that the value for the clays of the Älvsborg province 
was lower than those of the other samples. A similar comparison was made 
by means of material analyzed by the DTA which, even though being less 
extensive, allowed a closer comparison; the effect of the varying 
humus content was thereby eliminated. The results showed that the loss 
on ignition caused by the splitting-off of water attained a maximum in 
the Malmöhus clays being followed by those of southwestern Finland and 
of the provinces of Blekinge, Östergötland, Värmland, and Uppsala and 
Västmanland. This group displays no great m utual differences, whereas 
the clays of the Gothenburg and Bohus province and those of Älvsborg,



which occupy the last place in the loss-on-ignition series, have definitely 
lower values. These results agree, in a general way, wilh the mineralogioai 
conclusions regarding the clays of the areas investigated.

It was found that regional variations in the mineralogical composition 
of Quaternary clays affect the content of exchangeable bases contained 
therein, the plasticity of clays (difference in water content, V10 — V100), 
and the bonding power (dry cleavage strength).
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