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The Dala Sandstone , of Proterozoic age , is the most extensive sedimentary unit in central 
Sweden .  The rocks are quartz sandstones,  lithic sandstones ,  feldspathic sandstones , arkoses 
and greywackes with intercalations of shales and siltstones less than l m thick . The Öje  
Basalt divides the sedimentary sequence into two parts . Dolerite dikes and sills of various 
compositions cut the sedimentary sequence , and in some parts the basalt . The clastic 
sediments were deposited in a dominantly conlinental environment . The detrital compo
nents of the sandstones are mainly quartz , feldspar and rock fragments . The most common 
diagenetic minerals are quartz , illite , chlorite , hematite , titanium minerals ,  calcite and 
feldspar . Diagenetic illite and chlorite were formed by alteration of detrital feldspars and 
biotite by authigenesis , and by aggradation crystallization of the fine-crystalline interstitial 
clay minerals . The sources of iron and titanium for hematite and titanium minerals ,  respec
tively , are mainly detrital biotite and ilmenite . The origin of authigenic quartz is mainly the 
silica produced from alteration of detrital grains , pressure solution of quartz , and replace
ment of detrital grains by calcite . Calcite and epidote are common as cement in sandstones 
close to dolerite . The diagenetic chlorite and most of the illite are Fe-rich and generally 
weil crystallized .  Their chemical composition and the crystallinity index of illite , as weil as 
the general absence of diagenetic mixed-layer clay minerals (e . g .  illite - smectite) and 
kaolinite , suggest their formation in the temperature range between 150 and 200°C and at a 
maximum pressure of 1 .5  kb . 
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In troductian 

Diagenetic processes and products in sedimentary 
rocks have been paid increasing attention during 
the last thirty years. The availability of developed 
techniques with good resolution for the fine-crystal
line mineral particles have been good aids in pro
viding more feasible evidence of the crystallization 
behaviour of diagenetic minerals. The efforts , 
however, have Concentrated on rocks younger than 
the Palaeozoic , because they are mainly connected 
in one way or another with oil production .  The 
study of Precambrian clastic sequences is very scat
tered in Sweden. Among the important contribu
tians are the works of Gorbatschev ( 1962a , 1962b , 
1967) and Morad (1983 , 1984). A survey of world
wide literature also shows a scarcity of studies on 
diagenesis in Precambrian clastic rocks. The reasons 
may partly be their commonly metamorphosed state 
and the shortage of information on mineral occur
rence and equilibria of reactions in the field of high
grade diagenesis to very low-grade metamorphism . 

Previous work 

The name Dala Sandstone - earher called "the red 
sandstone of Dalecarlia" - was given by Törne
bohm (1873) to the large sandstone area in the 
north-western part of the Dalarna province of 
Sweden (Fig. 1 ). The rocks ,  which are sandstones , 
shales,  conglamerates and associated igneous rocks, 
are ascribed to the "Jotnian" (Törnebohm 1896) . 
This term was introduced by Sederholm ( 1895 , in 
Sederholm 1897) for the youngest Precambrian 
sedimentary evolution and the upper division of the 
Algonkian , in which the Dala Sandstone and same 
other sedimentary sequences ,  e.g. the Visingsö 
Group , were included. Olivecrona (1920) verified 
the description of the stratigraphy of the Dala Sand
stene as it was presented by Törnebohm already in 
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1873. He rejected the proposal of Frödin (1920), 
who considered the Dala Sandstone to have been 
conformably overlain by Cambrian rocks . 

Presence of sedimentary structures,  e . g .  ripple 
marks and cross-beddings , tagether with the se
dimentary association and tectonic setting of the 
area have led many workers to assign the deposition 
of the Dala Sandstone to a dominantly contioental 
environment (Olivecrona 1920 , v. Eckermann 1937, 
Magnusson et al. 1960 , Lundqvist 1968 , 1979) . A 
combination of river and wind transport tagether 
with shallow basin deposition under mostly arid to 
semi-arid conditions has been suggested by v. Eck
ermann ( 1937). 

Radiometric measurements ,  K-Ar and Rb-Sr de
terminations , were directly (Magnusson 1960) or in
directly (e.g. Welin & Blomqvist 1964 ,  Lundqvist 
1968) used to estimate the absolute age of the Dala 
Sandstone. A minimum value of 900 to 1000 m.y . 
was suggested by the above authors , while the data 
given by Patchett ( 1978) and Lundqvist ( 1979) indi
cate a minimum age of 1220 m.y. The spread of the 
age determination of the dolerites (Magnusson 
1960 , Gerting et al . 1966, Patchett 1978) that post
date the Dala Sandstone tagether with difficulties 
encountered in the radiometric measurements still 
leaves unanswered the question of the assignment 
of the exact age. However ,  the deposition of other 
Jatnian rocks in the Nordingrå region was suggested 
to occur during the interval 1 385 - 1245 m.y. (Welin 
& Lundqvist 1975). 

A im and scope of the study 

Although there has been same work on the regional 
geology of the Dala Sandstone , detailed petrologic 
and mineralogic information on the rocks belonging 
to it is lacking. The rocks outcrop in a large area in 
central Sweden , which makes stratigraphic controts 
a complicated task to perform. Therefore , minor 
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Fig. l. A simplified geologic map of the studied area showing the distribution of the Dala Sandstone 
rocks and the associated igneous bodies (after Hjelmqvist 1966) . 
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variations on local scale is beyond the scope of this 
study ; instead an overall regional variation has been 
emphasized .  Among the problems being studied are 
the mineral diagenesis in the sandstones , the factors 
acting in the diagenesis ,  the crystal-chemical varia
tion in, mainly, day minerals and in other minerals .  
An attempt is also made to relate the stages of 
minerals diagenesis to their conditions of formation.  

Sampling and analytical techniques 

Samples 

About five hundred samples of the Dala Sandstone , 
from outcrops ,  tunnels and boreholes covering most 
of the area in Figure l were used for this study. 
Most of the samples were provided by Professor B .  
Collini , Uppsala .  The samples were taken wherever 
possible with special attention to all lithologic varia
tions . A few samples of the Öje Basalt were also 
collected for general identification . Most of the 
samples were thin seetioned and subjected to de
tailed examination using the transmitted light 
microscope . Information about the sampling locali
ties is available from the Department of Mineralogy 
and Petrology , University of Uppsala .  

Modal analysis 

The modal composition of the sandstones was de
termined by the point-counter method.  A test sequ
ence was first carried out on thin seetians of five 
samples in order to find the optimum number of 
points . In these a total of 300, 500 and 1000 points 
were counted and no significant differences were 
observed between the results when counting 500 or 
1000 points . The 500 points per thin seetian were 
used for point-counter analysis of 100 samples , a 
!arge number of which are presented in tables for 
the different types of sandstones.  The mineral com
ponents counted are mono- and polycrystalline 
quartz , potassium feJdspar , plagioclase, de trital 
mi ca, quartz cement , interstitial day , calcite ce
ment , rock fragments and other constituents , e . g .  
iron and titanium oxides and other heavy minerals .  
The fraruework of sandstone classification pre
sented by Fiichtbauer (1959) was used in this work 
(Fig. 2). 

Bulk chemical analysis 

The total chemical composition of selected shales 
and siltstones and the different types of sandstone 
was determined . The analysis method used was wet
chemical analysis following Kolthoff & Sandeli 
(1952). K20 and Na20 were determined by means of 
an atomic absorption spectrophotometer. 

Bull. Geol . Inst . Univ. Uppsala, N.S .  12  (1985) 

O uortz 

Fig. 2. Classification of the sandstones studied (after 
Fi.ichtbauer 1959) . 

Electron-microscope and microprobe analysis 

A JEOL scanning electron microscope with EDAX 
attachment was used in the examination of the 
rocks . For this purpose pieces of sonic-washed and 
dried samples were mounted on holders and coated 
with a thin layer of gold . 

The chemical composition of individual minerals 
was determined in thin seetians using a Cambridge 
microprobe analyser operating at a 75° take-off 
angle .  The beam size was about 2 JLm and usually 
only grains with sizes larger than this were analy
zed . The results of the analyses were corrected for 
background, dead time , absorption fluorescence 
and atomic number effect by the use of a computer 
programme . 

X-ray diffraction analysis 

The day-mineral fraction (less than 2JLm) in sixty
five sandstones and twenty-five shales was sepa
rated by gentie crushing and subsequent sedimenta
tion (see Galehouse 1971). Oriented samples were 
analysed at a rate of 28 l 0/min ,  in the in terval 28 
2°-65°, using Ni-filtered CuKa radiation. The iden
tification of the day minerals was done by examina
tion of samples as air-dried without further !reat
ment , heated for one hour at 550°C and ethylene
glycol (EG) vapour saturated for twenty-four hours 
at 65°C. Treatment with dilute hydrochloric acid for 
twenty-four hours at sooc was performed on same 
samples. Whole-rock samples of fifty selected shales 
and sandstones were also examined . X-ray analysis 
was performed on concentrates of titanium miner
als , which were collected from same sandstone sam
ples , using tetrabromethane of specific gravity 2.97 
and subsequent separation by the Frantz magnetic 
separator.  
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General geological setting 

Tectonics and structures 

On a regional scale the rocks of the Dala Sandstone 
show almost harizontal stratification.  The rueasure
ments of di ps and strikes suggest that a NW - SE 
striking syncline with gently dipping limbs is the 
best fitted structural form (Collini pers . comm . ) .  
Steeply dipping stratification and schistosity u p  to 
90° are observed along the south-western border of 
the area and are related to thrusting by Dalslandian 
movements in the late Proterozoic (Hjelmqvist 
1966, Lundqvist 1979, Coliini pers . comm. ) .  Inside 
the border zone , right on to the Öje Basalt , the 
sandstone is slightly schistase and tilted or gently 
folded, with northeastwards decreasing intensity . 
Several faults striking chiefly in NW- SE and 
NNW-SSE are mentioned by Olivecrona (1920) 
and Hjelmqvist (1966). 

The northernmost part of the area has been 
affected by the Caledonian orogenesis , which 
started in late Precambrian to early Palaeozoic 
times (Gee & Zachrisson 1979). The intensive east
west movement of the nappes resulted in local and 
regional deformation of the underlying bedrock , in
cluding the rocks of the Dala Sandstone .  

The tectonic- igneous activities , which may b e  re
lated to the formation of the Dala Sandstone rocks , 
can be summarized in three important events, pre
sedimentary , syn-sedimentary and post-sedimenta
ry. The first one is sub-lotnian igneous activity, 
which was responsible for the formation of the Dala 
Porphyries and Granites (Lundqvist 1979). The ori
gin of these rocks is connected to magmatic dif
ferentiation associated with the closing phase of the 
Svecofennian orogeny (e . g .  Hjelmqvist 1966, Lund
qvist 1979). 

The syn-sedimentary igneous activity is repre
sented by the Öje Basalt . The basalt flows have 
been related to eruption of magma along fissures 
and fault zones ,  which were created by the collapsc 
of the previous sub-lotnian magma chamber (e .g .  
Lundqvist 1979). Increasing load of  the sediments 
during the deposition of the lower part of the Dala 
Sandstone may have initiated the subsidence and 
hence the faulting . 

The third even t of the igneous acitivity , the post
sedimentary one , has resulted in the formation of 
dolerite dikes and sills . These dolerites represent 
the last stage in the magmatic history of the lotnian 
in the area (Hjelmqvist 1966). The emplacement of 
the dolerites may be related to further fissuring and 
faulting eaused by the increasing load of the sedi
ment column and the associated basalts . 
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Basement, stratigraphy and lithology of the Dala 
Sandstone 

Von Eckermann (1937) has discussed in detail the 
problem of the stratigraphic position of the Dala 
Sandstone . As to the lower boundary , the rocks rest 
on the sub-lotnian complex (e . g .  Sederholm 1927, 
v. Eckermann 1939, Hjelmqvist 1966, Lundqvist 
1979) . The lower part of this complex is composed 
of acidic and basic volcanics , porphyries and por
phyrites and of quartzites ,  schists and conglamer
ates (the Lower Dala formation according to 
Hjelmqvist (1966)) .  The upper part , the Upper 
Dala formation (ibid . ), consists of feJdspar porphyr
ies (the Älvdalen Porphyries) and porphyrites . In
tercalations of the so-called Digerberg rocks ( clastic 
rocks and volcanics) , also occur (Hjelmqvist 1966). 
The Dala Granites ,  which are mostly reddish and 
coarse-grained , have also been included in the sub
lotnian by Lundqvist (1979). 

The lower Dala Sandstone. - The Dala Sandstone 
is divided into two parts , the lower and the upper, 
to differentiate between the sedimentary sequences 
below and above the Öje Basalt . The Öje Basalt is 
composed of lava flows that interrupted the sedi
mentation of the Dala Sandstone . The beginning of 
the lower part is marked,  in many places ,  by con
glomerates and sedimentary breccias . The thickness 
of this unit varies from place to place , but generally 
thicker beds are observed along the southwestern 
border of the area (Figs . l and 3). The breccias and 
the conglomerates are overlain by mostly pink 
quartz sandstones followed , with distinct contact , 
by feldspathic sandstones of grey,  green and brown 
colours , and greywackes . Interlaminations of red 
and pale-grey arkose and grey-whitish quartz sand
stone are observed in the upper layers of the lower 
part . In addition to these sandstones , thin intercala
tions ( < l m) of red , brown , green , and dark-grey 
shales and siltstones are found . 

The thickness of this part of the Dala Sandstone 
varies from south to north , as does also the thick
ness of the Dala Sandstone as a whole .  lt was esti
mated to 150-250 m (Törnebohm 1896) in the 
southern part of the area .  Moving north , the thick
ness drops drastically to a total thickness of the 
whole Dala Sandstone of about 300 m (Törnebohm 
1896). 

An agate conglomerate , up to 60 cm thick , occurs 
at several localities between the quartz sandstones 
and the greywackes mentioned above , 20-35 m be
low the Öj e  Basalt (Collini pers . comm. ) .  The peb
bles of quartz and agate may originate from a body 
of a basalt older than the Öje  Basalt which then has 
been eroded away, leaving only the pebbles .  
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Among the common sedimentary structures in 
the lower part of the Dala Sandstone are regular 
and irregular laminations , simple and multiple 
cross-beddings , convolute bedding, symmetrical and 
asymmetrical ripple marks , desiccation cracks , 
shale-partings and raindrop imprints . 

The Öje Basalt. - It is a large body of basalt which 
is composed of, at l east locally , three flows with a 
NE -SW alignment (Fig. l) and a total thickness of 
up to about 100 m (e .g .  Törnebohm 1896, Hjelm
qvist 1966) . However, a thickness of up to 130 m is 
suggested by v .  Eckermann (1939) . The basalts ma y 
have flowed over non-friable sediments, slightly 
cemented sandstones. This is inferred from the pre
sence of dredged sandstone beds in the bottom part 
of the basalt . If these beds were loose sediments , 
they would have been spread within the lava flow. 
Furthermore , fragments of sandstone , with a size of 
up to 30 cm , were observed within the basalt , in an 
outcrop 14 .5  km NE of Malung . These fragments 
were probably parts of the sandstone beds , which 
suffered fragmentation during the fissuring and the 
eruption of the lava and were engulfed by the lava 
fl�. 

• 

Pillow structures occur in the basalt at some 
places in the southern part of the studied area 
(Hjelmqvist 1966 ,  Coliini pers . comm. ) .  They are 
small-seale pillows , mostly less than half a metre in 
diameter. As pillow st ruetures are considered to re
sult from subaqueous eruptions ( e . g .  Turner and 
Verhoogen 1960) , at )east part of the Öje Basalt 
must have erupted subaqueously. 

The texture of the Öje Basalt is mostly porphyri
tic or amygdaloidal . The mineralogical composition 
mainly includes plagioclase , augite and chlorite , 
with substantial amounts of titanium minerals 
(leucoxene , sphene and rutile ), calcite , epidote , 
hematite and occasionally magnetite . The amyg
dales are usually filled by calcite , chlorite , agate , 
quartz , chalcedony and locally by epidote and pum
pellyite . v .  Eckermann ( 1939) and Nyström (1982) 
reported the occurrence of prehnite also in some 
parts of the Öje Basalt . 

Hitherto not much attention has been paid to the 
geology of the Öje Basalt . However ,  v. Eckermann 
( 1939) considered the Öje Basalt to be a spilitic lava 
and more or less the effusive part of the later intru
sive dolerites .  Accurate age determinations are not 
available and the estimation of the age is based on 
the dolerites which cross-cut both the basalt and the 
clastic sequence . Adopting the value of 1220 m .y .  
a s  the age of  the dolerites (p . 2) , the sedimenta
tion of the clastics and the eruption of the basalt 
predate this figure . 
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The upper Dala Sandstone. - This part of the sand
stone , which overlies the Öje Basalt , does not differ 
much from the lower part as to composition (Fig . 
3) .  In this part are also included those sandstone 
beds which occur in between the basalt with a thick
ness varying from 5 to 15  m. The sandstones are 
camposed of, starting from the Öje Basalt upwards , 
grey-green greywackes , brown-red and pink feld
spathic sandstones and pink-grey quartz sandstones.  
Thin beds of shales also occur, < l m thick . The 
estimation of the thickness of this part of the sequ
ence imposes some problems due to erosion of the 
top layers . However, a range between 400 and 500 
m is expected (Collini pers . comm . ) .  A maximum 
thickness of the Dala Sandstone at about 800 m was 
suggested by Törnebohm ( 1896) . 

The grain size of the sandstones of the whole 
sequence of the Dala Sandstone varies between 
pebbly sandstones and fine-grained sandstones 
with , so far , no vertical or lateral trends observed. 
The fair! y homogeneous lithology of the Dala Sand
stone in both the upper and lower parts is probably 
a good justification to adopt a formation rank for 
the Dala Sandstone .  

Phenomena o f  contact hydrathermal alteration of 
the sandstones and the shales are weil pronounced 
in areas near the dolerite intrusions . The sandstones 
in such areas generally have brown or green col
ours , while the shales and siltstones became slightly 
metamorphosed and have developed banded tex
tmes with mostly violet to grey-black colours . 

The dolerites. - Three major ,  mineralogically diffe
rent , types of dolerites are encountered in the stu
died area.  They occur as dikes and sills cross-cutting 
the clastics and basalt (Hjelmqvist 1966) and are 
thus virtually younger .  The composition of the 
dolerites was described by Hjelmqvist ( 1966) as fol
lows : 

a - The Åsby Dolerite and related rocks are cam
posed mainly of plagioclase,  augite , olivine 
and ilmenite with accessory amounts of chlo
rite , amphibole , serpentine , magnetite and 
biotite . 

b - The Särna Dolerite has about the same miner
alogical composition as that of the Åsby 
Dolerite , but shows a micropoikilitic texture . 
Both dolerites grade locally into a monzonitic 
composition in which andesine , pyroxene, 
anorthoclase and quartz are the important con
stituents .  

c - The quartz dolerites generally have a composi
tian dominated by plagioclase , pyroxene and 
quartz in different ratios. 
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Petrology of the clastic rocks 

The conglamerates and breccias 

The basal conglamerates and breccias in the Dala 
Sandstone Formation have been observed in many 
areas along the contact with the basement rocks 
(Hjelmqvist 1966 , Coliini pers . comm . ) .  Their boul
ders mostly originate from nearby basement rocks . 
Examinations of some localities combined with the 
description of Hjelmqvist ( 1966) indicate that the 
coarser fragments may reach a size of about 50 cm . 
Generally the boulders are subrounded to angular ; 
the smaller the size the higher is the roundness . 
The darninating rocks among the boulders and peb
bles are porphyries of different types ,  occurring in 
the basement surrounding the sandstone area.  
Other rock types occurring are quartz sandstones 
and , rare ly, granites .  The matrix of the conglamer
ates consists mainly of medium-grained sand parti
cles of quartz and feJdspar associated with quartz 
cement and occasionally interstitial illite and chlo
rite . 

A number of specimens of agate conglamerate 
from different localities were examined . The domi
nating minerals in the pebbles are agate of mainly 
red colour and quartz . The pebbles may reach a size 
of 3 cm. Other pebbles observed are quartz sand
stone and dark quartzite. All the pebbles are 
embedded in a matrix of light quartz sandstone or 
dark mica-rich sandstone . 

The sandstones 

According to the classification of Fiichtbauer ( 1959) 
the sandstones investigated can be divided into six 
types (Fig. 2) . 

Quartz sandstones. - These are sandstones contain
ing more than 90 % quartz (less than 10 % rock 
fragments and/or feJdspar) . The y have pale-grey , 
pink or paJe-red colour and are generally medium
grained.  The composition is mainly monocrystalline 
quartz with minor amounts of feldspar , mostly mic
rocline and felsitic rock fragments . The cementing 
material is predominantly quartz and illite (Table 
1). 

The red colour of these rocks is mainly attributed 
to hematite as interstitial pigment or, in som e cases , 
grain coats . Heavy minerals are rare and , if an y ,  
mainly appear a s  grains o f  zircon,  tourmaline , 
sphene and rutile . 

Lithic and feldspathic sandstones and arkose. - The 
lithic Sandstones contain more than 75 % quartz 
and have rock fragments in excess of feJdspars (Fig. 
2). The term was used by Gilbert (1955) for sand-
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Table l. Modal composition of some quartz sandstones . 

Bull . Geol. Inst. Univ. Uppsala, N . S .  12 ( 1985) 

Sample 
No. 

Monocryst. Polycryst. 
quartz quartz 

Potassium 
feldspar 

Plagioclase 
fe Idspar 

Detrital 
mi ca s 

Quartz 
cement 

lnterstitial 
cia y (illite) 

Calcite 
cement 

Rock 
fragments 

Othcrs 

721b 
1083a 
523b 
5 10d 
596 
565 

55 .7  
63 . 3  
70 .6 
54 .4  
6 1 . 3  
61 . 1  

0 .6  
0 . 4  
0 . 3  

1 .0 
1 . 4  
3 . 4  
3 . 0  
2 . 8  

0 .7  

1 . 6  
1 . 5  

1 . 8  

stones with less than 9 0  t o  9 5  % quartz plus chert 
and more rock fragments than feldspar . In the stu
died rocks , the lithic sandstones are usually paJe-red 
in colour and medium-grained . 

The feldspathic sandstones have principally the 
same composition as the lithic ones , but with more 
feJdspar than rock fragments . The term was intro
duced by Pettijohn (1949) and is equivalent to the 
subarkose . The colour of the feldspathic sandstones 
is mainly paJe-red but grey or greenish rocks are 

Table 2 .  Modal composition of some lithic sandstones . 

22 .3  
20 .7  
20 .2 
15 . 2  
3 1 . 3  
25 .2  

20 .3  
12 .3  
5 .8  

16 .0  
1 . 5  
8 .2  

1 . 7 
2 .0  
0 . 8  
1 .0 
l .  O 
1 .2 

0 .6  
7 . 8  

also encountered.  They are generally medium-to 
coarse-grained . 

The arkoses are very similar to the feldspathic 
sandstones m colour and texture . They contain , 
however, more than 25 % feJdspar (Fig. 2 ;  see also 
Pettijohn 1957) . 

The three types of sandstone mentioned are 
mainly composed of monocrystalline quartz, potas
sium feJdspar , placioclase and rock fragments 
(Tables 2 - 4) .  Common types of rock fragments are 

Sample 
No. 

Monocryst. Polycryst. 

quartz quartz 

Potassium 
fcldspar 

Plagioclase 

fe Idspar 
Detrital 

mi c as 

Quartz 
cement 

lnterstitial 

cia y 

Calcite 

cement 
Rock 
fragments 

Others 

452 
692a 
716j 
576c 
569 
463a 

36 . 8  
49 .7  
49 . 7  
61 . 6  
50 .0  
44 .7  

0 . 8  
0 . 3  
1 . 7  
l .  O 
0 . 8  

2 . 0  
2 . 0  
2 . 7  
3 . 0  
2 . 2  
0 .6  

2 . 7  

3 . 4  
0 .7  

Table 3 .  Modal composition of some feldspathic sandstones . 

Sample 
No. 

1 161  
1 160 
1 159 
1 164 
H18 
H13  
441 
442b 
501 
464 

Monocryst. Polycryst. 
quartz quartz 

57 .6  
52 .7 
53 . 0  
6 1 . 6  
42 . 8  
48 . 8  
41 . 0  
48 . 3  
39 .0 
47 . 0  

1 . 8 
2 . 6  

l .  O 
9 .4  
7 . 2  
0 . 3  
6 .0  
0 . 6  

Potassium 
feldspar 

4 .4  
3 . 0  
2 . 0  
7 . 7  

1 0 . 2  
6 . 8  
2 .7  
3 . 3  
4 . 7  
1 . 3  

Plagioclase 
feldspar 

1 . 6 
7 . 4  

1 1 . 0  
1 . 7 

2 . 0  
4 . 7  
2 . 0  
1 . 3  
8 . 0  

Table 4 .  Modal composition of some arkoses. 

Sample 
No. 

1 1288 
1155b 
831 
461 

Monocryst. Polycryst. 

quartz 

47 .0 
42 . 7  
36 . 3  
39. 1 

quartz 

l. O 

Potassium 
feldspar 

1 5 . 0  
7 . 0  
8 . 7  
3 . 9  

Plagioclase 
feldspar 

6 .0  
5 . 7  
3 . 7  
6 .0  

De trital 
micas 

0 .2  
4 . 0  

De trital 
micas 

2 .6  

37 .6  
40 .0  
16 .7  
7 .2  

15 . 2  
42 .3  

Quartz 
cement 

19 .2  
22 .7  
2 1 . 0  
2 1 . 7  
6 . 2  

1 7 . 2  
2 1 . 7  
26 .4  
28 .7  
38 .0  

Quartz 

cement 

1 1 .0 
29 . 3  
32 . 3  
36.0 

13 .4  

1 . 3  
1 1 .2 
8 .6  
5 . 0  

Interstitial 
cia y 

9 .2  
6 .3  
9 .7  
1 . 7  

28 . 2  
8 . 2  

24 .0  
1 1 .0 
24 . 3  

4 .0  

lnterstitial 
cia y 

9 .0  
1 1 .0 
15 . 7  
10 .0  

19 . 3  
0 . 8  
5 . 6  

Calcite 
cement 

Calcite 

cement 

5 . 8  
4 . 6  
8 . 6  
9 .6  
6 .6  
6 .7  

Rock 
fragments 

5 . 6  
4 . 6  
3 . 3  
2 . 3  
2 . 8  
4 .6  
5 . 3  
2 .0  
1 .4 
1 . 7  

Rock 
fragments 

7 .0  
3 . 7  
3 . 0  
4 . 0  

3 . 6  
0 .7  

5 . 6  
7 .6  

Others 

0 .6  
0 .7  

2 . 3  
0 .2  
1 . 2 
0 . 3  
l .  O 

Others 

1 .4 
0 .6  
0 . 3  
1 .0 
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Table 5 .  Modal composition of some feldspathic greywackes .  

Diagenesis and petrology of  the Dala Sandstone 9 

Sample Monocryst. Polycryst. Potassium Plagioclase Detrital Ouartz Intcrstitial Calcite Rock Others 
No. quartz quartz fcldspar feJdspar mi ca s cement cia y cement fragments 

H5A 30.2 0.6 23.6 4.0 
786a 35.3 2.3 9 .0  8.4 
1028 41.7 0.3 9 .7  4.7 

felsite , quartzite , sandstones and a few grains of 
mica schist . The source rocks of these fragments 
belong to the basement . 

The cementing material in the sandstones is 
mainly quartz and clay minerals ; illite darninates 
over chlorite . Calcite is the main type of cement in 
some lithic sandstones .  

Greywackes. - This term has been a matter of con
troversy since the time of its introduction . It has 
mostly been used , however ,  as a genetic term to 
reflect an environment in which erosion , transporta
tion , deposition and burial were so rapid that che
mical weathering did not occur , as in active 
orogenie belts (e . g .  Bates & Jackson 1980). Apart 
from its origin the term is used here for sandstones 
containing abundant rock fragments and feldspar 
(Fig. 2; see also Pettijohn 1975). 

The greywackes are medium- to fine-grained and 
differ considerably in their mineralogical composi
tian from the other types (Tables 5 and 6) . In the 
Dala Sandstone they are next in abundance after 
the lithic, feldspathic and quartz sandstones . The 
feldspathic greywackes are less common than the 
lithic ones , with generally lower amounts of intersti
tial clay minerals and polycrystalline quartz . Potas
sium feldspar darninates over rock fragments and 
the cement is primarily quartz . In addition to fel
site , quartzite and schist , basaltic and argillaceous 

Table 6. Modal composition of some lithic greywackes . 

21.2 4.8 0 .4  14.6 0.6 
23.0 7 .0  15 .0  
30.0 5.0 8.6 

rock fragments are common, which indicates more 
basic source rocks than the acidic ones mentioned 
earlier. As to the greywackes occurring below the 
Öje Basalt , the basaltic rock fragments are derived 
from the reworking of a basalt probably older than 
the Öje Basalt . With a few exceptions the polycrys
talline quartz is more common in the greywackes 
than in the other rock types .  The dominant colours 
of the greywackes are brown and red followed next 
by greyish-red or greyish-green.  The colour is most
ly controlied by the ratio of illite to chlorite . High 
ratio usually characterizes the red and brown rocks 
and a low ratio the grey and greenish ones. 

Chemical composition of the sandstones 

Unlike the shales the use of chemical analyses in 
characterizing sandstones has not , so far , been paid 
much attention. This is mainly because the grain 
size of Sandstones permits detailed microscopic stu
dies , which is not possible in shales .  Furthermore , 
the camplexity of diagenesis in sandstones eauses 
changes in the original characteristics of the rock , 
e . g . , alterations of minerals and cementation . If, 
however , the chemistry of sandstones is discussed in 
the light of observations of diagenetic changes ,  then 
chemical analyses will turn out to be much more 
elucidative (see e . g .  Pettijohn 1975, Turner 1974, 
Morad 1983, 1984). The chemical analyses of the 

Sample Monocryst. Polycryst. Potassium Plagioclase DetritaJ Quartz InterstitiaJ Calcite Rock Others 
No. quartz quartz feJdspar feJdspar mi ca s cement cia y cement fragments 

1163 47.3 4.7 4.3 3.3 19.4 9 .0  12.0 
1170 46.3 1.4 1.0 3.7 19 .0  14.0 14.3 0.3 
H15 33.8 3.4 8.0 4.6 5.6 8.4 7.0 25.2 4.0 
1166a 49.0 3.0 1.3 5.7 7.0 14.0 14.3 5.7 
512b 40.4 1.6 8.0 1.0 9 . 8  20.8 14.4 4.0 
522 45.8 5.8 3.2 2.6 0.2 4.2 13.8 5 . 8  16.4 2.2 
617h 54.6 1.8 2.0 3.4 20.8 5.2 11.4 0.8 
548b 40.8 1.4 1.4 5.2 12.8 4.0 26.4 8.0 
578 34.4 2.4 1.4 4.6 1.4 8 . 8  l. O 11.4 22.0 
502a 31.6 3.4 8.0 4.0 15.4 14.0 18.8 4.8 
525 37.4 1.2 6.4 9 . 8  13.4 10.0 17.8 4.0 
617i 41.0 1.4 3.0 7.2 15.6 10.6 13.4 7.8 
1098j 40.8 1.8 5.8 6.2 7.2 16.6 3.6 17.0 4.8 
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Table 7. Bulk chemical composition of the quartz 
sandstones . 

596 523b 565 

Si02 95.8 93.7 93.1 
Ti02 0.07 0.10 0.10 
Al203 0.97 2.6 2.5 
Fez OJ 0.95 0.73 0.80 
Fe O 0.46 0.36 0.18 
M gO O.o7 O.o7 0.22 
Ca O 0.16 0.12 0.13 
Na20 0.14 0.30 0.43 
K20 0.46 0.77 0.50 

Total 99.08 98.75 97.96 

Table 8. Bulk chemical composition of the lithic 
sandstones . 

576c 569 692a 

Si02 84.9 82.3 87.9 
Ti02 0.46 0.37 0.28 
Al203 6.5 5.3 4.5 
Fe203 1.1 1.9 0.30 
Fe O 0.25 0 .56 0.35 
M gO 0.48 0.32 0.70 
Ca O 1.7 3.8 0.81 
Na20 0.59 2.4 2.2 
K20 2.4 2.2 2.1 

Total 98.38 99.2 99.14 

investigated sandstones (Tables 7 - 12) fall within 
the ranges of sandstones presented by Pettij ohn 
(1975) . Besides the quartz sandstones , the other 
sandstones also show high contents of Si02 . The 
sources of this silica are mainly quartz , feJdspars 
and day minerals . 

The presence of quartzite and other silica-rich 
rock fragments , especially in the greywackes , un
doubtedly eauses the generally high Si02 content in 
the greywackes. The K20 content is related to pre-

Bull . Geol . Inst . Univ. Uppsala ,  N . S .  12 ( 1985)  

Table JO. Bulk chemical composition of the arkoses .  

1128B 1155b 831 

Si02 84.5 88.5 87.3 
Ti02 0.19 0.15 0.10 
Al203 7.3 4.9 4.6 
Fe203 2.0 1.3 0.60 
Fe O 1.2 0.14 0.29 
M gO 0.21 0.35 0.19 
Ca O 0.13 0.09 0.10 
Na20 0.65 1.2 0. 10 
K20 2.0 3.0 3.2 

Total 98 . 18 99.63 96.48 

sence of potassium feJdspars (predominantly mic
rodine and microperthite) ,  illitic day minerals and 
mica ; to these and to interstitial chlorite the A1203 
content is also related . The MgO is also contributed 
mainly from chlorite and biotite . The iron in the 
sandstones is shared mainly by iron oxides , day 
minerals and biotite . Rutile , anatase ancf sphene are 
the main holders of Ti02 . CaO is contained pri
marily in calcite cement and to some extent in 
sphene . The source of Na20 is primarily plagio
dase . 

To make use of the chemical parameters , the per
centages of K20 against that of the interstitial day 
(Fig . 4A) and the ratio Si02/Ah03 against that of 
quartz/(feldspar + rock fragments) (Q/(F+ RF) ; Fig .  
4B) were plotted . The contribution of K20 ,  Si02 
and Al203 does not entirely come from the plotted 
entities (as on! y interstitial day or Q/(F + RF) . This 
may have resulted in a wide field of distribution of 
the points in Figures 4A and B .  Despite that , a 
trend towards positive earrelation exists between 
the variables.  As to Figure 4A, this may again mean 
that increasing content of interstitial day is associ
ated with increasing K20 content of the rocks .  In 
Figure 4B the same positive earrelation trend is de-

Table 9.  Bulk chemical composition of the feldspathic sandstones .  

H13 H18 1161 1164 1159 441 501 

Si02 82. 4  80.6 90.4 85 . 0  88.4 80. 8 88.8 
Ti02 0 . 23 0. 21 0.10 0.11 0.10 0. 16 0. 07 
Al203 9. 3 9.4 4.0 4 . 3  5 . 5  9.3 5 . 6  
Fe203 2. 2 1 .6  1.4 0.68 0.73 1.5 0.98 
Fe O 0.53 1.8 0.22 0.14 0. 13 0. 32 0.30 
M gO 0. 5 8  0 . 5 5  0.14 O.o7 0.25 0. 36 0.06 
Ca O 0 . 45 0.26 0.13 2.3 0. 36 0.44 0.17 
Na20 0. 48 0.48 0.09 0.79 0. 22 1.3 0.50 
K z O 3. 1 2.8 2.6 2.5 3. 1 4. 2 2.2 

Total 99. 27 99. 7 0  99.08 95.89 98.79 98.38 98 . 68 
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Fig. 4. The relation between K20 and interstitial day (A) and the ratios Si02/Al203 and Q/(F + RF) 
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Table 11. Bulk chemical composition of the feld- monstrated between Si02/Al203 and Q/(F+RF) , 
which is interpreted to reflect rnaturity in sand
stones (Pettijohn 1975). 

sphathic greywackes . 

H5A 786a 1028 

Si02 80. 6 82. 0 85 . 4  
TiO o 0 . 20 0. 12 0 . 09 
Al2Ö3 8 . 2  6 . 4  7 . 3  
Fe203 2.2  0 .81 0. 37 
Fe O 2. 1 0. 26 0. 38 
M gO 1 . 3  0. 32 0. 11 
Ca O 1 . 5  0. 11 0 .53 
Na20 1. 2 l. O 0 . 10 
KzO 2. 0 3 . 2  3 . 0  

Total 99. 3 94. 22 97 . 28 

Table 12.  Bulk chemical composition of the lithic 
greywackes .  

502a 617i 1163 1166a 

Si02 76 . 0  61. 8 85 . 4  78 .7  
Ti02 0. 44 1. 5 0 . 22 1. 6 
Alz03 9. 1 9. 5 5 . 2  6 .8  
Fe203 1.7 5 . 3  1 . 7  5. 1 
Fe O 3 . 9  2. 9 0.09 0.40 
M nO 0 . 09 0. 11 n.d. n.d. 
M gO 0 . 20 3. 1 0 . 46 1 .6  
Ca O 0.71 8 . 0  0 . 33 1 . 3  
Na20 2. 4 2 . 8  0. 08 0. 30 
K20 3. 3 1. 2 3. 9 1 .7  

Total 98. 84 96 . 21 97 . 38 97 . 5  

1170 

85 . 9  
0. 25 
6 .7 
0 . 56 
0. 20 
n . d. 
0. 58 
0. 33 
0. 65 
2.7 

97 . 87 

An interesting relationship is found between the 
Fe0/Fe203 ratio and the ratio of illite (10 Å)/chlo
rite (7 Å) (Fig.  5). The negative correlation trend in 
the distribution of the points (representing both 
sandstones and shales) indicates that the higher the 
chlorite content , the higher is the amount of FeO 
in the rocks ,  also observed by Morad (1983). 

1.25 
()O 

• 

1.00 o o 

,....., o o 0.75 N QJ u.. 
' o o QJ o .50 o u.. 

o • 

0.25 
o • 

• 

2 3 4 5 6 7 8 9 10 
III i te (10 Ål/chlori te (7 Ål 

Fig. 5. The relation between the illite (lO Å)/chlorite (7 Å) 
ratio and the Fe0/Fe203 ratio in shales ( • ) and sand-
stones (o) . 
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The siltstones and shales 

These rocks grade into one another without any 
distinct boundary . Therefore the term sh ale , for 
simplicity , will be used throughout the text. 

The colour varies from red to dark-grey and fissil
ity characterizes the shales , which have fairly little 
silt-size material . The mineralogical composition of 
these rocks is size dependent . The higher the silt 
content , the higher is the amount of quartz and 
feldspar. The X-ray diffraction analysis shows that 
the main minerals in the shales are quartz , mica , 
chlorite and feldspar ; substantial amounts of hema
tite , rutile and sphene are also found . The diffracto
grams of the day fraction ( <2 �J-m) disclose that 
chlorite , biotite and quartz dominate the green col
oured rocks , whereas muscovite , illite and quartz 
are the dominant minerals in the red and brown 
coloured rocks .  Howeve r, rock samples ha ving 
different ratios of the above minerals display diffe
rent tones of colour . The higher the ch lori te con
tent , the more the colour changes toward green , as 
in sandstones . 

The chemical composition of the shales (Table 
13) shows a great range of variation . This is a nor
mal case in shale sequences and is interpreted as 
reflecting mainly the effect of grain size (Pettijohn 
1975 ) .  The increase in the amount of coarse mate
rial is usually associated with increase in Si02 con
tent . This correlates weil with the observations from 
the studied shales where a higher Si02 means a 
higher amount of silt-size grains , mainly quartz . 
The most variable constituent is Na20 ,  which is 
mainly related to albite and oligoclase . On the aver
age , and compared to the sandstones , higher Ti02 , 
Al203 , Fe203 and K20 values are observed in the 
shales . 

Table 13. Bulk chemical composition of the shales . 

H4 H7 H24 H28 H30 H34 H59 

Si02 69 . 3  52 .7  47 .2  43 .2  45 . 1  52.6 61 .2  

Bull . Geol .  Inst . Univ. Uppsala, N .S .  12 ( 1 985) 

The detrital minerals of the sandstones 

Quartz 

Quartz is chemically ultrastable in most environ
ments on the earth's surface . lt is the most durable 
of the abundant minerals in sandstones , constituting 
an average of approximately 65 % (Blatt et al . 
1980) . Quartz is the predominant mineral in the 
rocks investigated and reaches , on an average , a 
content over 50 %. Monocrystalline quartz is the 
most common type , particularly in the quartz sand
stones.  The grains may be with or without inclu
sions .  The type and distribution of inclusions in 
quartz may indicate the original source of the 
quartz grains . Folk ( 1968) and Blatt et al . ( 1980) 
distinguished three plausible types of inclusions that 
can reveal the source of detritat quartz . Those 
quartz grains , which are bubbly with vacuoles of 
liquid with or without gas inclusions ,  are derived 
almost exclusively from hydrathermal veins .  Volca
nie quartz is generally free from inclusions ,  while 
acicular inclusions of e . g .  rutile , zircon and mica are 
common in granitic quartz . The most common in
clusions in the quartz of the sandstones studied are 
vacuoles ,  microlites of mostly hematite , spherulitic 
zircon and tourmaline . Such inclusions may occur in 
both metamorphic and plutonic quartz . Needles of 
rutile , muscovite and biotite are also observed in 
some quartz grains ,  which may indicate a granitic 
origin .  No special domain of inclusions in quartz 
was found vertically or laterally within the rocks 
investigated . 

Extinction is another criterion of quartz , which 
Krynine (1946) used as a source-area indicator. 
Uniform to slightly undulatory extinction is the fre
quent type of extinction in the quartz studied.  
Quartz of plutonic origin is characterized by such an 
extinction. Strongly undulatory extinction is 
observed in the quartz grains of sandstones that 
have been affected by thrusting in the southwestern 

571b 556 650a 1098i 1137a 

56 .9  68 . 5  67 .0  64 .9  6 1 . 2  
Ti02 1 .0  1 . 9  2 .1  0 . 98 3 . 2  1 . 5  0 .49 0 . 85 0 .65 1 .0  1 .2  1 .3  
Al203 11 .2  20 .9  21 . 3  25 .6  26 .4  22 .4  17 . 7  1 8 . 7  15 . 3  11 .6  13 .6  13 .0  
Fe203 9 . 5  5 . 0  12 .7  12 . 7  3 . 5  4 . 1  7 . 1  8 .6  4 . 5  9 .0  8 .2  14 .6  
Fe O 0 . 35 5 . 8  0 . 39 3 . 5  3 . 8  3 . 1  0 .26 0 .82 0 .78 2 .4  0 .73 0 .55 
MnO n . d .  0 . 1 1  n . d .  n . d .  0 .05 n .d .  n . d .  n . d .  n . d .  0 .13 n .d .  n . d .  
M gO 0 .70 2 .0  1 . 4  1 .2  1 . 5  1 .3  1 .2  2 .2 1 .8  2 .6  2 .7  1 . 8  
Ca O 0 .91  1 .7 1 .2 0 . 87 1 .6  0 . 98 0 . 87 1 .4  0 .38  0 . 83 0 .98 1 .0  
Na20 0 . 00 0 . 10 0 . 00 0 .10 1 . 3  0 . 00 0 . 1  0 .96 1 . 9  0 .00 1 . 4  0 .00 
K20 3 . 9  6 . 4  8 . 0  7 . 3  7 . 8  8 . 8  7 . 3  5 . 4  4 . 1  3 . 6  4 .4  3 . 68 

Total 96 . 86 96 . 6 1  94 .29 94 . 45 94 .25 94 .78 96 .22 95 . 83 97 .91 98 . 16 98 . 11 97 . 13 
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Fig. 6. A detrital quartz grain (dq) showing truncated 
overgrowth (og) . 

and northwestern parts of the area studied . The 
effects of tectonic and hydrathermal activity as weil 
as diagenesis on the rocks put restriction on the use 
of the criterion of extinction . Polycrystalline quartz , 
showing sutured intercrystalline boundaries with 
uniform to slightly undulatory extinction and inclu
sions of mica , is characteristic of metamorphic ori
gin (Krynine 1946, Blatt et al . 1980). Such grains 
are encountered in the studied sandstones and par
ticularly in the feldspathic sandstones and the lithic 
greywackes. They are abundant in the upper part of 
the formation and their origin may be related to 
schists and quartzite of the sub-Jotnian complex . 
Quartz grains showing truncated overgrowth (Fig .  
6) suggest derivation from reworked sandstones . 
They may indicate a contribution from sedimentary 
rocks in the basement . Another less common varie
ty of detrital silica is the chalcedony . It is encoun
tered in the greywackes below the basalt .  The 
source rock of the chalcedony is certainly the same 
as that of the agate conglamerate mentioned ear
her. 

Diagenesis and petrology of the Dala Sandstone 13 

F eldspars 

FeJdspars such as microcline ,  microperthite , albite 
and oligoclase are present in all the sandstones stu
died . The potassium feJdspars dominate over the 
plagioclases .  This may be either due to primary 
domination of potassium feJdspar in the source area 
or preferential elimination through weathering and 
during transportation and diagenesis . Plagioclases 
are expected to be more sensitive to alteration than 
potassium feJdspar (Goldich 1938, Krauskopf 1979). 
The diagenetic alteration of the sandstones studied 
was so extensive that even most of the potassium 
feJdspars were altered and fresh grains are uncom
mon . Acidic igneous and metamorphic rocks are 
considered the main source of sediments for the 
rocks of the Dala Sandstone Formation ( e . g .  Lund
qvist 1979). It seems , therefore , that plagioclase 
feJdspars were originally less in amount than the 
potassium feldspars . 

The microcline occurs as subangular to rounded 
grains. They are commonly altered diagenetically 
into illite and chlorite and replaced by calcite . 

Microperthite is common in the coarse-grained 
sandstones,  particularly in the arkoses . The grains 
suggest derivation from a granite or pegmatite 
source (Folk 1968). 

The albite and oligoclase show the same grain
shape and size characteristics as the microcline . As 
also occurred with microcline , they altered into 
illite and chlorite and were replaced by calcite . 

Microprobe analyses of detrital microcline and 
albite (Tables 14 and 15) comprise almost pure end 
members . Such pure feJdspars have been derived 
from plutonic (gran i tic) or metamorphic source 
rocks (Trevena & Nash 1981). 

Micas and chlorite 

Partially altered biotite and muscovite are minor 

Table 14. Microprobe analyses of detrital microcline . 

2 3 4 sa> 6") ?") 

Si02 63 . 90 63 . 1 5  63 . 80 63 . 59 63 .50 63 . 3 1  63 .35 
Al203 18 .67 18 . 44 18 .25 18 . 54 18 .29 18 .40 18 . 1 7  
Fe O *  0 . 17 0 . 27 0 . 17  0 .27 0 . 12  0 . 1 8  0 .24 
Ca O 0 . 09 0 .04 0 .06 0 .09 0 .06 0 .09 0 .09 
K20 16 .50 16 .06 1 7 . 08 17 .05 17 .02 16 .22 16 .92 
Na20 0 .25 0 . 64 0 .97 0 .75 0 .22 0 .98 0 .63 

Total 99 .58 98 .61  100 . 3 1  100 .30 99 .20 99 . 18 99 .41  

U n- Perthitic Poly- Perthitic U n- U n- Pol y-
twinned synthetic twinned twinned synthetic 

* FeO represents total iron.  
All the grains are partiall y altered in to illite ; those with •> are replaced by calcite as weil . 
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Table 15.  Microprobe analyses of detritat albite . 

2 3 4 5 6a) 7a) 

Si02 67 . 35 67 . 19 68 .25 67 . 59 67 .92 67 .40 66 .12 
Alz03 21. 04 19 .45 19 . 11 19 .41 19 .47 19 . 36 20 . 84 
Fe O* 0 . 51 0 .01 0 .01 0 .01 0 . 12 0 .05 0 .01 
Ca O 0 .06 0 . 17 0 . 18 0 . 13 0 .08 0 .07 0 .62 
K20 0 . 11 0 .05 0 . 05 0 .04 0 .04 0 .05 0 .12 
Na20 10 . 74 13 .21 12 . 79 12 . 88 11 .92 11 . 91 11. 51 

Total 99 . 80 100 . 09 100 .39 100 . 05 99 .55 98 . 84 99 .22 

Untwinned Albite - Carlsbad Untwinned Albite twin 
twin 

* Fe O represents total iron .  
All  the grains are partially allered into illite; those with a) are replaced by calcite and quartz as weil . 

components among the detrital minerals in the stu
died sandstones . Some of the lithic greywackes and 
the feldspathic sandstones contain scattered , re
latively !arge amounts of mica (up to 5 . 6  % ) .  The 
size of the grains may reach l mm , with an average 
size of 0 .03 mm. In the whole formation,  biotite 
usually dominates over muscovite , which may be 
considered a reflection of the original mineralogy of 
the source rocks (see also Ljunggren 1954 , Hjelm
qvist 1966) . Biotite has been used as source-area 
indicator and in some instances as indicator of the 
depositional environment (e .g .  Krynine 1940 , 
Lahee 1941 , Fiichtbauer 1974) . This possibility 
could not be utilized for the rocks studied since all 
the grains of biotite are completely or partially 
altered by diagenesis. The chemical composition of 
the detrital muscovite (Table 16) shows that they 
vary from Fe-rich to Fe-poor types with almost 
similar potassium content . 

Chlorite as primary detrital constituent is not 
common in the sandstones studied.  However , if 
present , it is highly altered by the diagenesis .  

Table 16 .  Microprobe analyses of detritat muscovite . 

2 3 4 5 

Si02 50 .38 52.78 45 .77 46 .61 50 . 80 
Al203 24. 62 24 .54  34 .28 36.69 30 .22 
Fe O* 7 .08 4 . 83 2 . 08 0 . 62 3 . 87 
M gO 1 . 46 1 . 44 0 . 68 0 .96 1 .27 
Ti02 0 .27 0 . 10 0 . 4 1  0 . 66 0 .20 
K20 9 . 5 1  9 . 50 9 . 50 9 . 42 9 . 36 
Na20 0 .01  0 .01  0 . 00 0 . 00 0 .03 
M nO 0 .07 0 . 07 0 .04 0 .01  0 . 12 

Total 93 .4 1  93 .27 92.76 94 .97 95 . 87 

• FeO represents total iron 

Heavy minerals 

Heavy minerals are rarely found in the sandstones 
studied.  Howeve r, a few particles of zircon,  tour
maline , sphene , epidote , andalusite , _ rutile and 
magnetite have been observed.  The low amount of 
heavy minerals ,  <0 .5  % ,  may be attributed to 
intrastratal dissolution (Pettijohn 1975) .  However , 
a probable scarcity of heavy minerals in the source 
rocks is another explanation . The high degree of 
diagenetic alteration , which has affected the studied 
sandstones , may favour the possibility of later dis
solution of the heavy minerals ,  in particular the 
sensitive ones such as amphiboles , pyroxenes and 
ilmenite . Unfortunately there is no direct evidence , 
but almost completely altered particles of ilmenite 
were proved to be the source of authigenic titanium 
minerals in the studied rocks (Morad & AIDahan 
1982a) . 

Diagenesis in sandstones 

At the depositional site and after sedimentation 
further alteration of the detrital minerals takes 
place . In addition ,  new minerals are formed , e . g .  
cement . Compaction starts also to  influence the 
mineral particles as sedimentation proceeds. These 
two processes ,  cementation and compaction, contri
bute much to the reduction of the porosity of the 
sediment . 

Cementatio n 

Quartz cement. - Silica , in the form of quartz , is 
the most abundant cementing material in the stu
died sandstones . In the quartz sandstone , quartz ce
ment as overgrowth and coarse-crystalline pore fill
ing is the most common type .  The pore-filling varie-
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Fig. 7. A - Pore-filling quartz cement (Os) enveloping 
illite coat (arrows); Q is detrital quartz . B - A detrital 
quartz grain showing two stages of quartz overgrowth (01 )  
and (02) . C - Ouartz (O) and feldspar (F) being replaced 
by calcite (Ca); observe the preserved boundaries , most 
probably from quartz which was completely replaced by 
calcite .  D - Detrital quartz grains showing straight ( 1 ) ,  
concave - convex (2) , and sutured (3) boundaries . 

ty is the last cement to have been formed in these 
sandstones where it envelops the quartz overgrowth 
and the illite- hematite coat if present (Fig. 7A) . 
The quartz overgrowth on the adjoining grains may 
weld tagether and dose-up of pores occurs . 

In samples from areas influenced by introduction 
of dolerites a seeond stage of quartz overgrowth is 
clearly observed (Fig. 7B) .  The silica needed for the 
seeond generation is probably derived from those 
nearby rocks in which quartz and feJdspar were re
placed by calcite (Fig .7C) . 

The shape of the boundaries between the quartz 
grains is observed to vary with respect to the type of 
cementing material . When quartz is the cement or 
the grains come in direct contact with each other , 
the intergranular boundaries are straight , concave
convex or sutured (Fig.  7D) . The presence of day 
coats on the detrital quartz grains usually enhances 
the formation of sutured boundaries . The day coat , 
e . g .  illite , found along the sutured boundary (Figs . 
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Fig. 8 .  A - Illite coat (arrow) along the sutured boundary 
between two quartz grains. B - The same as in A in 
larger magnification . 

8A and B) usually tends to outline the individual or 
the resulting compound grain.  Quartz as over
growth locally shows triple- junction grain contacts 
(Fig. 9A) . 

Fine-grained quartz (chert) appears intergrown 
with interstitial day particles (Fig . 9B) at the con-

Fig. 9. A - Quartz overgrowth showing triple junction 
contact (arrow) . B - Fine-grained quartz (chert) inter
grown with illite and corroding detrital quartz grain (O) . 
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Fig. 10. A - Microcrystalline quartz (Q) mixed 
with fine illite and corroding the detrital grain 
(arrow) . B - SEM of the same as in A showing 
the intermixing of quartz and very fine illite 
(arrows) . C - Polygonal quartz cement between 
detrital quartz grain (Q) and rock fragment (R) . 

tact between quartz grains and interstitial cia y. This 
phenomenon is rather common in ciay-rich sand
stones and is related to increasing stress with depth 
of burial (Dapples 1979) . 

Quartz cement also occurs in the form of micro
crystals gathered as lumps or dispersed in between 
the interstitial clay minerals (Figs . lOA and B ) .  This 
type of quartz cement is common in sandstones con
taining appreciable amounts of interstitial clay 
minerals .  Corrosion of quartz and feldspar by clay 
minerals is a Iikely source of this quartz cement and 
has mostly been related to increasing depth of bu
rial (e . g .  Dapples 1979 , Bj0rlykke 1980) . 

Pressure solution has been considered as the 
source of silica for the formation of quartz over
growth in many sandstones (e .g .  Heald 1956,  Fiicht
bauer 1974 , Morad 1983 , Houseknecht 1984) . The 
presence of clay seams and coats on detrital quartz 
may hinder the formation of overgrowth as sug
gested by many authors (e . g .  Pettijohn 1957 , Bj0r
lykke 1980) . This is most probably due to the ex
change of Mg2+ and K+ by H+ on the surface of the 
chlorite and illite , which eauses an increased pH in 
the surrounding solution . The increase of the pH 
will lead to inhibition of the quartz precipitation 
and instead pressure solution is intensified .  Pressure 
solution creates overpressure in areas where clay is 
present and this may enhance the migration and 
precipitation of silica in the clay-free zones . The 
quartz sandstones in the Dala Sandstone Formation 

show higher contents of quartz overgrowth cam
pared to the other types of the sandstones. This 
phenomenon can be explained by the argumenta
tion given above . 

Replacement of detrital and authigenic quartz by 
calcite cement in same lithic sandstones has resulted 
in selective dissolution of detrital quartz grains. 
Long straight boundaries,  partly paraHel to the c
axes , show lower degree of replacement than other 
parts of the grains. Hurst (1981) demonstrated that 
the surface-energy characteristics of quartz grains , 
which depend much on the crystallographic orienta
tion and textmal features (e . g .  overgrowth and frac
tures) , control their dissolution habit . By applying 
the results of Hurst , i t seems that areas of the grains 
where selective dissolution has occurred could rep
resent previous sites of high surface energy ; most 
probably they were places of quartz overgrowth . 

Euhedral crystals of quartz showing polygonal 
habit (Fig .  10C) are observed as cement in sandsto
nes , adjacent to areas of dolerite , with only chlorite 
coat on the detrital grains . Straight and sutured 
boundaries as weil as unequal-angle triple points are 
characteristics of these crystals , which suggests 
crystallization at high temperature (Spry 1969) . Spry 
mentioned that at still higher temperature of crystal
lization straight boundaries and equal-angle triple 
points are developed in such grains . The silica 
needed for the formation of euhedral quartz cement 
has been furnished by nearby sandstones in which 
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Fig. 11.  A - Chlorite coat (arrows) on detrital quartz (Q) and feldspar (F) ; Qs is quartz cement . B 
Pore-filling illite (arrows) . C - Illite (I) protruding into quartz grains (Q) . D - Lath-like illite 
(arrows) . 

hydrathermal fluids have dissolved quartz and feld
spar . Calcite and epidote are common replacement 
minerals. 

Ciay-mineral cement. - Authigenic illite and chlo
rite as grain-coating and pore-filling cement (Fig. 
llA and B) are abundant in the studied sandstones . 
They are next in abundance after the quartz ce
ment . In some quartz sandstones , illite occupies 
most of the intergranular space and shows recrystal
lization in coarser crystals. lt usually protrudes into 
the detrital quartz grains and forms an intergrowth 
with the margin of the grains (Fig . l lC). lt seems 
that there have been at !east two stages of genera
tion of day cement . The first stage includes the 
grain-coating cement . Together with the illite
hematite coat it is the earliest type of cement in the 
studied sandstones. The seeond stage is the forma
tion of pore-filting day cement, which may post
date and/or be contemporaneous with the precipita
tion of quartz cement . 

In the southwestern part of the area, thrusting 
has resulted in recrystallization of the authigenic 
illite coat . The illite has grown as lath-like crystals 
perpendicular or obliquely to the grain wall ,  in a 
way interlocking with adjacent grains (Fig. l lD). 

Hematite and titanium-mineral cement. - Hematite 

as coating around detrital particles and , mostly , as 
pore-filling, is a common cementing material in the 
red-coloured sandstones studied . The coat may 
appear in the form of dense masses of fine hematite 
crystals or as dispersed crystals within the illite coat 
(Fig. 12A). Fine-crystalline hematite is also found 
within the interstitial illite and chlorite . Most of the 
iron comes from the alteration of iron-hearing 
minerals ,  e .g .  ilmenite , magnetite and biotite . Hy
drothermal fluids , however , were another source in 
tke rocks affected by the hydrathermal activity . 

Titanium minerals such as rutile and sphene are 
another common cementing material in many sand
stones (see also Gorbatschev 1962a, Prozorovich 
1970 , Morad 1983). In the sandstones investigated, 
titanium minerals occur as pore-filling lumps of 
leucoxene and sphene or as single crystals (Fig. 12C 
and D). They are usually embedded in the quartz 
overgrowth or in interstitial illite and chlorite . They 
may also protrude into detrital grains of quartz and 
feldspars . Although not common, overgrowth of 
sphene around detrital grains of sphene is observed 
(Fig . 12B). 

Calcite and epidote cement. - Calcite is a late 
cementing material in the rocks studied. Although 
it may occur scattered in most of the sandstones 
studied, it is mainly found in some lithic sandstones 
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Fig. 12.  A - Hematite coat (arrows) occurring as dense mass or mixed with fine illite . B - Over
growth of sphene on detrital sphene (S) . C - Lumps of leucoxene (Lx) . D - Single crystals of rutile 
(arrows) . 

and in sandstones close to dolerites and basalts . In 
these sandstones calcite is usually associated with 
epidote . lt appears as anhedral grains showing 
rhombohedral cleavage and sometimes twinning. 
Calcite is also found as fracture fillings where rhom
bohedral crystals of up to l cm in size are observed. 
The calcite cement may form a continuous 
framework where the detrital grains appear as float
ing particles (Fig . 7C) . Partial or complete dissolu
tion and replacement of the detrital grains have 
occurred.  The replacement of quartz by calcite has 
been observed in many sandstones (e .g .  Fiichtbauer 
1974, Pettijohn 1975, Blatt et al . 1980) . Quartz 
starts to be effectively soluble at a pH above 9 
(Krauskopf 1979) and at such a pH calcite precipi
tates . The rapid increase in the solubility of silica at 
a pH above 9 is attributed to the ionization of 
monosilicic acid as illustrated in the equations be
low (Wilding et al . 1977) : 

Si02 + 2H20 -+ H4Si04 

H4Si04 + OH- -+ H3Si04- + HzO . 

Temperature is another factor that can facilitate the 
quartz-calcite replacement and , as with most miner
als , the solubility of quartz increases linearly with 
increasing temperature (Lindström 1968) . In con
trast , at eonstant pressure , the solubility of calcite 
decreases with increasing temperature (tempera
tures up to that of diagenetic environment , � 
200°C). The replacement reaction of quartz by cal
cite may be expressed as follows : 

Si02 + Ca
2
+ + HC03- + 20H- -+ CaC03 + 

+ H3Si04- . 

The soluble silica produced from the above reaction 
may have been transported and precipitated as 
quartz cement in other parts of the rocks , as men
tioned earlie r. 

The calcite cement replaces not only quartz but 
also the feldspars partially or completely (Fig . 13A 
and B). The replacement affects both potassium 
feJdspar and plagioclase without any preference . lt 
is generally random and may start by the corrosion 
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Fig. 13. A - Calcite (arrows) replacing detrital grains of feldspar (F) and quartz (Q) . B - Calcite 
(Ca) replacing feldspar (F) , which appears as remnant in the calcite . C - Illite coat (I) on detrital 
quartz grains (Q); the pore space is filled by calcite (Ca) . D - SEM of part of C. 

of the grain boundary and continue through the 
cleavages and fractures .  

The presence of illite coats around detritat grains 
is found to hinder the replacement by calcite (Fig .  
13D and C) . l t  i s  observed that calcite enters detrit
al grains at points of fractures without a day coat . 

Epidote is another important cement in sand
stones affected by hydrathermal activity , most! y 
near dolerites . lt occurs as euhedral crystals or as 
granular aggregates , filling the pore space or as a 
coat around the detritat grains (Fig . 14) .  lt is gener
ally associated with authigenic minerals like calcite , 
titanium minerals ,  chlorite , illite and very rarely 
with quartz . 

Campaction and parasity 

Campaction is the process by which the original 
sediment loses some of its volume due to increasing 
overburden (see e .g .  Wolf & Chitingarian 1976). 
Usually the fine-grained sediments (e .g .  shales) are 
more sensitive to this process , because of the fiakey 
nature of their minerals as weil as the high amount 
of adsorbed water . The processes of campaction 

lead to textural changes in the sediments and they 
may even continue in the solid rocks.  Among these 
textur al ch anges are the change in porosity , grain 
shape and grain contact . 

The changes are brought about by mechanical 

Fig. 14. Epidote (E) as grain-coating and pore-filling ce
ment . 
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Fig. 15. A - Fragmented feldspar grain (F) within diagenetic illite (I) . B - An altered biotite grain 
(B ) bent between quartz grains (Q); the black dots on the biotile are leucoxene and hematite. 

effect , which eauses either physical changes, e .g .  
doser packing , crushing , deformation and/or physi
co-chemical alterations ,  e . g .  dissolution,  expulsion 
of adsorbed water , or biochemical ones , e .g .  change 
in the partial pressure of H2S .  

One common feature which shows the effect of 
campaction in the studied sandstones is the de
formation of the soft particles , the argillites and the 
altered feldspars . These particles were pushed 
through the interstitial space , most probably at the 
early stage of campaction without any appreciable 
cementation of the pore space . Fragmentation and 
redistribution of the altered feJdspars are also 
observed (Fig. 15A). The process invalves firstly 
the partial alteration of feJdspar, e .g .  in to illite , and 
secondly the mechanical redistribution of the frag
mented grain with increasing campaction at increas
ing depth of burial . 

Mechanical campaction was an effective process 
in facilitating alteration of detrital biotites . A 
biotite grain between harder and non-fiakey grains , 
e . g .  quartz or feJdspar , will be ben t due to campac
tion (Fig . 15B). The process will then lead to earn
pression and distortion along the cleavage planes in 
areas of high pressure grain contacts and to open
ings along the planes at areas of lower pressure . In 
these areas alteration of biotite into illitic clay and/ 
or chlorite is common. 

The shape of the contacts between the grains is 
considered to reflect the degree of campaction 
(Taylor 1950 ,  Wolf & Chilingarian 1976). General
ly , the concave-convex and the sutured contacts are 
late in the history of campaction campared to the 
straight and tangential ones . This phenomenon can 
easily be traced in those sandstones with low 
amounts of interstitial cement ; best are the quartz 
sandstones .  In these rocks , the concave- convex 
and sutured grain contacts are the most common 
types ,  which means high campaction effect . The 
effect of high compaction , under relatively deep bu-

ria! conditions , may be better illustrated by the 
porosity values of sandstones. The results of 120 
measurements of porosity of the sandstones studied 
show low values of both total and effective porosi
ties .  The highest ma y reach 7 %, bu t on an average 
they are below 3 %. Sandstones having such low 
values of porosity are known to have been buried at 
a minimum depth of 5 , 000 m (Maxwell 1964 , 
Teodorovich & Chernow 1968). The decrease of 
porosity with depth is seldom linear and most of the 
results show non-linear relationship ( e . g .  Bl att et al . 
1980). This fact may be related to camplexity of the 
diagenetic processes during increasing burial and at 
different depth intervals . Howeve r, the data on 
porosity- depth relationships ,  at low porosity values 
as those of the present work , are scattered and not 
easily elucidated .  

Two important textmal factors , the grain para
meters , e . g .  size , shape and sorting , and the ce
mentation , control the porosity of sandstones . The 
first factor is disregarded here , because the detrital 
grains in the studied sandstones are mostly altered 
by either compaction , replacement or overgrowth .  
This precluded establishing reliable measurements 
of grain parameters . To state the cement-porosity 
relationship was an easier task ; it is shown in Fi
gures 16A , B and C, and shows a noticeable nega
tive earrelation between the two parameters . 

Mineralogy and textures of the diagenetic 
minerals 

Apart from diagenetic quartz and calcite , which 
were thoroughly considered earher in the text , the 
mineralogy and texture of the other diagenetic 
minerals are considered in this part . The minerals 
discussed are titanium and clay minerals as well as 
feldspars . 
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Titanium minerals 

Authigenic titanium minerals , anatase,  rutile and 
sphene , are found in all the rocks examined . They 
occur as single crystals or crystal aggregates in the 
form of interstitial cement or replacing detrital 
grains or , occasionall y, as overgrowth on de trital 
sphene (Figs . 12B , C and D) .  The microscopic dif
ferentiation between titanium minerals is somewhat 
problematic when they occur as fine-crystalline 
aggregates . In such cases the term leucoxene is 
used , as adopted earher by several authors (e . g .  
Shvestova 1975 , Bates & Jackson 1980). In thin sec
tion , sphene appears as brown to almost colourless 
crystals with faint pleochroism , pale-brown to col
ourless . Large crystals show relatively small axial 
angle and high relief. Rutile and anatase display 
similar optical properties ; prismatic habit and twin
ning are characteristics of rutile . Anatase has an 
acute bipyramidal or prismatic habit with uniaxial 
interference figure . The most dominant of the three 
titanium minerals is rutile followed by sphene . Ana
tase is not as common as the other two minerals . 
The transformation of anatase to rutile at increasing 

c 

Fig. 16.  The relation between total porosity 
values and A - % total cement,  B - % quartz 
cement and C - % clay cement . 

depth and temperature (Schulling & Vink 1967) 
may be the reason for its scarceness .  

The microprobe analyses of  authigenic rutile and 
anatase (Table 17) in their different textural forms 
showed that , in addition to Ti , they also contain Al , 
Fe , Si and Ca in variable percentages. Although not 
common , some analyses report the presence of Ca, 
Si and Al in rutile and anatase ( e . g .  Deer et al . 
1962 , Putnis & Wilson 1978). The presence of these 
elements in the rutile and anatase investigated is 
mostly related to microimpurities of sphene or 
other titanium minerals of intermediate composi
tion . 

The occurrence of more than one titanium miner
al is much more pronounced in the leucoxene 
(Table 17). Iron is known to replace titanium in 
Ti02 , through either intergrowth of ilmenite or ba
lance of a charge difference due to the substitution 
of Ti4+ by higher charged ions (e . g .  Nb5+ , Ta5+ ; 
Deer et al .  1962). 

The average composition of authigenic sphene 
(Table 17) in three samples also indicates the pre
sence of Al , Fe and Mg. Substitution of Ti by these 
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Table 1 7. Microprobe analyses of titanium minerals . 

Bull . Geol .  Inst. Univ . Uppsala, N . S .  12 ( 1 985) 

Sphene Anatase Rutile Leucoxene 
2 3 2 

Si02 30 . 65 30 . 25 30 . 9 1  0 . 22 0 .27 0 . 3 1  0 . 47 
Alz03 2 .26 3 . 2 1  2 . 8 1  1 . 05 0 . 95 1 . 83 1 . 92 
FeO* 0 . 93 1 . 20 l . l2 0 . 26 0 . 47 4 . 32 4 . 82 
Ti02 34 . 32 32 . 34 33 . 34 96 .27 95 . 80 90 .37 90 . 37 
M gO 0 .05 0 . 08 0 . 10  0 . 00 0 .00 0 .00 0 .00 
Ca O 30.39 30 .20 29 .54 0 .38 0 .29 0 .49 0 .43 

Total 98 . 60 97 .28 97 . 82 98 . 18 97 .78 97 . 32 98 .01  

In In With inter- With inter- In Crystal lumps 
al te red alt e red stia! il- stitial chlo- altered within chlorite -
biotite feJdspar lite rite 

* FeO represents total iron .  

elements and Ca by , e . g . , Sr , Ba and Na,  was sug
gested (see e . g .  Deer et al. 1962 , Higgins & Ribbe 
1976) to sustain charge balance . However , the sub
stitutions (Al ,Fe)3+ + (F,OH)- � Ti4+ + 02-
were considered the most important (Higgins & 
Ribbe 1976) ; they may occur in the sphene studied . 

Source of titanium. - Apart from hydrathermal 
activity, which will be discussed later ,  the diagenetic 
alteration of ilmenite and biotite is the most impor
tant source of titanium for the diagenetic titanium 
minerals .  In the studied sandstones , the detritat 
grains of ilmenite were found to be partially or 
completely altered into titanium oxides . The altera
tion product is mainly leucoxene and rarely coarse 
crystals of rutile or anatase (Figs . 17A ,  C and D) .  
The ilmenite grains sometimes keep their detritat 
form and locally their composition . In such grains 
the outer part has been altered into Ti02 crystal
lites , projecting from the grain (Figs . 17E and F) . 
The alteration of ilmenite into anatase and/or rutile 
has been concluded to take place through in-

fe Idspar illite cement 

termedia te ph ase s of iron -titanium mixtures 
(Brammall & Harwood 1923 , Bailey et al . 1956, 
Temple 1966) . The process invalves subsequent in
crease in titanium and can simply be represented as 

The iron may be further oxidized to contribute in 
the formation of hematite or used as Fe2+ in the 
formation of interstitial chlorite or occasionally py
rite (Morad & AIDahan 1982a) . The replacement 
of ilmenite by day minerals ,  calcite and quartz is 
also observed (Fig . 18A - F) . 

Biotite is another evident source of titanium for 
the diagenetic titanium minerals . The mineral , in its 
altered form , is found to contain Ti02 (Table 18) . 
This amount of Ti is undoubtedly far below the 
original amount , i . e .  before alteration . Unfortu
nately , fresh grains of biotite were not encountered 
in the studied Sandstones and thus quantitative fi
gures for the loss of titanium during alteration can
not be given . However, biotite grains, which hold 

Table 18.  Microprobe analyses of altered detrital biotites from 
sandstones. 

2 3 4 5 

SiO 29 . 4  36 .9  28 . 5  32 .4 33 . 9  
Al203 16 . 9  26 . 9  1 8 . 5  19 . 3  1 8 . 6  
FeO*  3 1 . 4 1 9 . 5  30 . 5  22 . 5  22 . 7  
M gO 3 . 5  2 . 3  3 . 9  4 . 9  7 . 5  
K20 3 . 5  2 . 4  2 . 2  3 . 8  3 . 5  
Ti02 0 . 9  0 . 6  0 .4  0 . 3  0 . 1  

Total 85 . 6  88 .6  84 .0  83 . 2  86 . 3  

* F e  O r e  presents total iron .  
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Fig. 1 7. A - Detrital ilmenites altered into leucoxene (L) and rutile (R) . B - A biotite (B) altered 
into pseudomorphic illite , showing leucoxene (arrows) on the traces of cleavage planes and close to 
the grain ; the surmunding is interstitial illite (I) and chlorite (C) . C - D - A microprobe photo of Ti 
and Fe distribution of ilmenites randomly altered into Ti02 polymorph (leucoxene) .  E-F - Ilmenites 
(grey and black tint) altered into crystals of rutile and leucoxene (white tint) ; reflected light . 

different percentages of Ti02 (Table 18),  could be 
in different stages of alteration. Usually the most 
altered ones show the lowest titanium content. 

Leucoxene and/or sphene are common alteration 
minerals along the cleavage planes of biotite and in 
its immediate surroundings (Fig .  17B). The process 
of formation of these minerals begins with dissolu
tion and Ieaching. In general , and referring to no 
specific domain of condition , oxidizing environment 
may facilitate the release of titanium from the 

biotite (Gilkes et al . 1972 , Gilkes & Suddhiprakarn 
1979). The process is not weil understood , but it 
may involve first the oxidation of the octahedral 
iron , Fe2+ � Fe3+ , eausing excess charge in that 
site . The charge balance may then be equated by 
the release of same titanium, mainly as Ti(OH)4 , 
crystallizing after dehydration as Ti02 (Sherman 
1952 , Loughnan 1962 , 1969). Further discussion ab
out the alteration of biotite is presented later in the 
text . 
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Fig. 18. A-E - Microprobe photo of partially altered ilmenite which is also replaced by calcite (Ca) , 
quartz (Q) and illite (I) . F - SEM of ilmenite altered into fine-crystalline leucoxene ; the grain has 
also been replaced by illite (I) along its boundary . Rutile crystals (R) are shown projecting from the 
ilmenite surface . 

Clay minerals 

Illite and chlorite are the most common clay miner
als in the studied sandstones .  Kaolinite and mixed
layer day minerals are , however, also found in the 
sandstones that are affected by hydrothermal activ
ity . All these clay minerals have , in most cases, 

clear and distinctive X-ray diffraction patterns as 
weil as microscopic properties .  

The problem of  differentiating diagenetic clay 
minerals from detrital ones was , and still is, of 
general interest . Many authors have discussed this 
problem, e .g . , Sarkisyan (1971), Galloway (1974), 
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Fig. 1 9. A - Pore-filling chlorite (C) aggraded from fine chlorite and illite (arrows) .  B - Pore-filling 
and grain-coating chlorite (C) intergrown with each other due to high compaction.  C - SEM of 
pore-filling illite , in most of the field,  corroding detrital quartz (Q) . D - Coarse illite flakes (l) 
aggraded from illite-chlorite matrix (M) . E - Illite flakes (I) aggraded into museavite (Ms) . F - As in 
E (SEM) . 

Bj�rlykke (1980) and Morad (1983). Wilson & Pitt
man (1977) presented many criteria which can help 
in differentiating between authigenic and clastic 
day minerals. Among those , the following are con
sidered the most reliable : a) delicacy of day mor
phology , b) occurrence of day as pore tinings , ab-

sent only at grain contacts , c) composition radically 
different from that of associated allogenie days . 
These and other criteria were used in establishing 
the diagenetic mode of the studied day minerals .  

The day mineral suite in the sandstones studied 
can simply be divided into two groups . The first 
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indudes those diagenetic minerals ,  which texturally 
are space fillings . They are inter- and intragranular 
fillings induding pore fillings , grain coatings and 
fracture and vug fillings . Their mode of formation is 
crystallization from pore solution (authigenesis) 
and/or reaction of pore solution with interstitial au
thigenic and allogenie day minerals (regeneration) . 
The seeond group of day minerals indudes those 
formed by decomposition of unstable detrital 
minerals ( e . g .  feJdspars and biotite ). The processes 
invalved in the productian of day minerals from 
detrital minerals are leaching , dissolution and re
placement.  

Pore-filling clay minerals .  - Illite and chlorite are 
the important day minerals in the pore space of the 
sandstones investigated . They usually fill the pore 
space without any particular orientation in relation 
to the detrital partides . Chlorite may occur as fine 
crystals ,  about 10 11-m in size , and in some cases 
associated with illite (Fig. 19A) . It is pale green or 
pale brown , when mixed with hematite , with fair 
relief, low birefringence and green-blue to greyish 
interference colour. Pore-filling chlorite is an abun
dant cementing material in the green-coloured and 
highly altered greywackes and feldspathic sand
stones .  It is more abundant in the coarser-grained 
than in the finer ones . The chlorite cement, in its 
different textural forms , is commonly found in 
those Sandstones with relatively high content of 
altered biotite . 

Pore-filling chlorite may also occur as coarse 
flakes , 10-30 11-m in size , mostly aggrarled from the 
fine-crystalline chlorite and illite (Fig.  19A) . Due to 
high campaction of the sandstones , the fiakey pore
lining day minerals ,  chlorite and illite , are mechani
cally brought tagether to till the pore space (Fig . 
19B ) . 

Pore-filting illite is an abundant mineral in all the 
types of sandstone studied , except for some of the 
green greywackes .  The mineral is fine-crystalline 
(a bo ut 10 11-m in size) , colourless to paJe-green or 
yellow , non-pleochroic and has low relief. The in
terference colours are yellow to orange of seeond 
order , as also are those of museavite in the coarser 
flakes (about 50 11-m) . Illite is found to fill the pore 
space extensively and to corrode detrital quartz in 
some quartz sandstones (Fig. 19C) . 

The crystal form and the growth behaviour of 
individual crystals of illite and chlorite and other 
authigenic minerals (e . g .  quartz) are good argu
ments for their authigen.c origin .  The crystallization 
of these day minerals presurnably took place from 
solutions rich in K+ Si4+ AJ3+ (Fez+ Fe3+) and 
MgZ+ . The ra tios �f th� ion; (e . g .  

'
[K+)/[H+] ,  

[FeZ+ + Mgz+)/[H+] )  contro l the crystallization paths 
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(Millot 1970 , La Iglesia & van Oosterwyck-Gas
tuche 1978) . Chlorite crystallizes at high 
[Fe2+ + Mg2+)/[H+] ra tio and iii i te at high [K + )/[H+ ) 
ratio .  The cations needed for the crystallization pro
cess are mostly derived from the decomposition of 
detrital feJdspars and biotite and partly from the 
circulating meteoric water . 

Pore-filling illite and chlorite were also observed 
as coarse flakes (up to 50 11-m) , which formed by 
crystallization from solution and/or regeneration 
from fine-crystalline illite and chlorite matrix (Fig. 
19D) . In some samples the illite flakes are aggrarled 
into museavite (Figs . 19E and F) , as also evidenced 
by their chemical composition. Campared to the 
illite , the museavite contains more potassium and 
aluminium and shows higher interference colours . 

Kaolinite as pore-filling cement is rare and , if 
present, is usually associated with illite or mixed
layer illitic cia y .  I t occurs as colourless flakes,  a bo ut 
10-20 11-m in size with low relief and grey interfer
ence colour. It is often found , as mentioned above , 
at places affected by hydrathermal activity and is 
assumed to be formed from hydrathermal fluids. 

Grain-coating clay minerals. - Authigenic clay 
minerals occurring as coats around detrital grains 
have been reported in many sandstones (Hayes 
1970 , Wilson & Pittman 1977 , Morad 1983) . Illite is 
the most common coat-forming clay mineral in the 
sandstones studied . It occurs in three different tex
tures :  as single layer of platelet crystals arranged 
parallel to the grain surface (Fig. 20A) , as fiakey 
crystals arranged perpendicular or obliquely to it 
(Fig.  20B) or as lath-like crystals occurring both 
parallel and obliquely to the grain surface (Fig . 
l lD) . The latter type is found in the quartz and 
lithic sandstones which have been affected by 
thrusting in the southwestern part of the area (Fig . 
1 ) .  It is presurnably a product of recrystallization of 
earher illitic coat . 

The chlorite coat (Fig.  20C) is common in the 
greywackes and some feldspathic sandstones below 
and above the Öje Basalt . lt is often encountered as 
a multilayer coat , best observed by the SEM ex
amination (Fig .  20D) .  Both chlorite and illite coats 
are observed to corrode detrital grains (Fig. 20C) . 
They may also project through the later pore-filling 
cement and form a sort of intergrowth (Figs . l lA 
and 20D) . This manner of  growth a s  weil a s  the 
delicacy of the crystals preclude possibility of detrit
al origin . 

The grain-coating cement is the earhest cement in 
the sandstones studied . lt envelops all types of de
trital grains and is usually missing at points of con
tact . As in the pore-filting day minerals ,  the cations 
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Fig. 20. A - Illite (I) as grain-coat platelets parallel to the 
grain wall of quartz (Q) . B - Illite coat (I) occurring 
perpendicular to the grain wall of quartz (O) (SEM) . C -
Chlorite coat (C) on detrital quartz (O) and feldspar (F) . 
D - Multilayer coat of chlorite Oakes (C) on detrital 
quartz (O) (SEM) . 

needed were derived mainly from the alteration of 
biotite and feJdspars at the early stage of diagenesis .  

Fracture- and vug-filling clay minerals. - Although 
not common, illite and chlorite are observed as fill
ings in the fractures of detrital grains of quartz and 
feJdspar (Fig . 21A). These day minerals are usually 
similar to the associated pore-filling variety both 
microscopically and chemically . This observation 
adds another positive argument for their authigenic 
origin. They are presurnably late in the diagenetic 
history , at deep burial , where the increased cam
paction has initiated fracturing in some of the de
trital grains . Illite and chlorite may occasionally fill 
fractures and vugs in the rocks (Fig .  21 B ) . Most 
commonly they are encountered in areas dose to 
dolerite intrusions .  

Clay minerals as alteration products of feldspars. 
These minerals ,  especially potassium feJdspar , have 
been shown to alter into day minerals during di
agenesis ( e . g .  Walker et al . 1978 ,  Foscolos et al . 
1982, Hurst & Irwin 1982). In the sandstones in
vestigated ,  the alteration of feJdspar has resulted in 
the formation of illite and chlorite . The illite , as 
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fine flakes , 10 -20 11-m Iong , is the dominant altera
tion product of potassium feJdspars (Figs . 22 A and 
C) . The alteration may be partial or extend into the 
whole grain . 

Ch lori te ,  as flakes of 20 - 30 11-m in size or occa
sionally finer , is observed either as the only altera
tion product of feJdspars or in many feJdspar grains 
associated with illite (Fig .  22 B ) . lt is abundant in 
those greywackes and feldspathic sandstones in 
which the grain-coat is also chlorite . The Fe and Mg 
needed for the formation of chlorite were mainly 
derived from decomposition of the associated de
trital biotite . 

Among the many criteria supporting in situ al
teration of feldspars , the following could be men
tioned: 

l )  The day minerals are not bound to the deav
age and composition planes (selective alteration) as 
the y common! y are in weathered feJdspars ( e . g .  
Berner & Holdren 1979). 

2) FeJdspars which have their edges converted 
into day minerals are presurnably diagenetically 
altered because the softness and delicacy of these 

Fig. 21 . A - Illite (arrow) as fracture filling in feldspar 
grain . B - Chlorite and illite as vug filling (arrow) . 
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Fig. 22. A - Feldspar (F) altered into illite (J) . B -

Feldspar (F) allered into illite (I) and chlorite (C) . C -

SEM of part of A .  

day minerals predude extended transport . Ex
perimental work of Berner & Holdren ( 1979) also 
confirms such observations .  They found that the 
day-mineral coat formed as a result of feldspar 
weathering easily can be removed even by simple 
washing of the samples.  

3) The day minerals as alteration products of 
feldspar and as cement show the same mineralogy 
which indicates similar environment of formation, 
i . e .  diagenetic environment. If, however, alteration 
has occurred by weathering, the feldspars are ex
pected to show different alteration as they have 
been subjected to different environmental condi
tians in the source area and during transportation . 

4) Diagenetically altered feldspars show day 
minerals of uniform crystal size and rarely con
taminated with iron oxides or "dirt" as is the case in 
weathered ones . 

The literature on the degree and type of altera
tion of different types of feJdspars gives no specific 
trend. In some cases potassium feJdspar is observed 
preferentially altered compared to plagiodase ;  the 
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reverse is also reported (e . g .  Wilson & Pittman 
1977 , Walker et al . 1978 , Airnon 198 1 ,  Morad & 
AIDahan 1982b ) .  In the investigated rocks , howev
er , alteration is intensive in both plagiodase and 
potassium feldspar. 

The processes and products of alteration of feld
spars in the diagenetic zone depend on many factors 
induding the chemistry of the pore solution,  the 
degree of fluid circulation ,  pH- Eh conditions, 
temperature and pressure , and composition and 
grain size of the feldspars . Kaolinite is expected as a 
common alteration product of feldspars at high 
leaching conditions,  i . e .  high permeability , low ca
tion concentration and low pH ( <7) : 

K
N- feldspar + H20 --> kaolinile + K+ + Na +  + H4Si04.  a-

At high (K+ ]/(H+] ratio ,  illite is expected to form 
(e .g .  Garrels & Christ 1965 , Helgeson et al . 1969) : 

The amount of K+ ions produced in this reaction is 
obviously less than that in the previous one . 
However , in both reactions the produced K+ may 
be consurned in the formation of authigenic illite in 
pore spaces .  

Intermediate phase(s) , illite- expandable day, 
e . g .  illite - montmorillonite , may form during the 
diagenetic alteration of feJdspars ( e . g .  Walker et al . 
1978) , but such phases ,  however, were not encoun
tered in the studied rocks . This may be due to the 
high grade of diagenesis which has resulted in the 
elimination of the unstable day minerals (e .g .  
mixed-layer day minerals and kaolinite) . 

The alteration of feldspars into chlorite has pre
surnably occurred through direct reaction with pore 
solution rich in iron and magnesium , as 

KN- feldspar + Fe2+ + H20 -->  chlorite + N a+ + a-

or by the chloritization of the illitized feldspars , as 

illite + Fe2+ + Mg2+ + H20 -->  chlorite + K+ . 

The produced K+ may have contributed in forma
tion of authigenic illite in pore spaces . The excess 
silica from the above reaction is usually found to 
crystallize as quartz . 

Clay minerals as alteration products of biotite. -
The detritat grains of biotite in the investigated 
sandstones are rarely encountered retaining their 
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texture or chemical composition . They are altered 
either partiall y, in to hydrobiotite (Table 18) ,  or 
completely , in to i IIi te and/or chlorite . The following 
criteria permit establishment of a diagenetic mode 
of alteration : 
l) The presence of remnants of the altered biotite 
within the clay minerals formed (Fig. 23 A) . 
2) The crystal habit and composition of clay miner
als along cleavage planes of biotite are the same as 
those of the surmunding cia y cement. 
3) The occurrence of relict cleavage traces marked , 
for example , by alignment of the clay or titanium 
minerals (Fig.  23 B ) .  
4 )  Mechanically deformed biotite showing ciay
mineral alteration in areas of deformation , with 
open or campressed cleavage planes (Fig. 23 C) . 

The alteration of biotite during diagenesis contri
buted a great part of the necessary cations to the 
formation of authigenic cia y. In the rocks studied i t 
was noticed, however, that in relatively oxidized 
rocks the alteration of biotite is mainly associated 
with illite and hematite . In reduced rocks, as evi
denced by the presence of Fe2+ -rich chlorite and 
occasionally pyrite (see also Moract 1983 , AIDahan 
& Moract 1983) , the alteration product of biotite is 
predominantly chlorite . The reactions of these al
terations can roughly be written as follows : 

Biotite + H20 oxi�tion illite + K+ + Fe3+ + 

biotite + H20 red�tion chlori te + K+ + Ti4+ . 

Microprobe analyses of chlorites (Table 19) de
rived from alteration of biotite ,  show high contents 
of iron and presence of potassium. A relatively high 
content of iron is also observed in illites (Table 19) . 
The mechanism of alteration of biotite into clay 
minerals invalves opening of the interlayers associ-

Table 19. Microprobe analyses of illite ( 1 - 3) and chlorite 
( 4-5) derived from the alteration of de trital biotites .  

2 3 4 5 

Si02 44 . 3  43 .9  44 .5  25 .4  26 .9  
Al203 22.0 25 . 5  33 . 5  17 .7  1 8 . 7  
Fe O* 12 . 5  12 . 1 2 . 9  36 . 1  32 .9 
M gO 0 .6  3 . 9  1 . 1  6 .2  6 .0  
K20 6 .7  3 .6  4 . 2  0 . 5  1 . 2  
Ti02 0 .2  0 . 6  0 . 3  0 . 1  0 . 1 

Total 86 . 3  89 .6 86 . 5  86.0 85 . 8  

* FeO represents total iron. 
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Fig. 23. A - A biotile (B i) partially allered into chlorite 
(C) which merges into the surmunding pore-filling chlorite 
(Ch) . B - A biotile completely allered into fine illite ; the 
arrows show the relics of the biolite grain .  C - SEM of 
mechanically deformed biotile showing illite flakes (I) at 
areas of deformation .  
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Fig. 2 4 .  X-ray diffraction patterns of diagenetic day minerals . I = illite , c = chlorite , k = kaolinite , 
and O = quartz . NT = non-treated , EG = ethylene-glycol treated, and H = heated to 550°C . 

at ed with release of K+ and a probable subsequent 
expulsion of some octahedral cations (Fanning & 
Keramidas 1977) . The processes may also involve a 
change in the valency of iron (Fe2+ -->  Fe3+ ) ,  which 
is not yet weil understood (see Gilkes et al . 1972 , 
Norrish 1973) .  The concentration of K+ in the solu
tion plays a role in the alteration process when it is 
combined with the leaching potential of the en
vironment (Fanning & Keramidas 1977) . Lower K+ 
concentration , for example ,  facilitates the decom
position of biotite while the degree of leaching sig
nificantly controts the alteration products , e . g .  illite 
or kaolinite . However, as will be discussed later , 
the high grade of diagenesis of the investigated 
rocks may have eaused the transformation of kaoli
nite into illite . 

Crystal-chemical properties of diagenetic 
clay minerals 

X-ray diffraction patterns. - As mentioned before , 
the diffraction peaks of the diagenetic day minerals 
were in most cases separable and characteristic of 
the mineral in question . In some samples , however ,  
the identification of the mixed-layer phases was 
somewhat problematic . They occur in small 
amounts and their peaks are masked by the more 
intensive ones . The occurrence of only one textmal 
form of day minerals (pore-filling , coating or al
teration products) in one sample is uncommon . 
Hence the discussion hereafter deals with the diffe
rent minerals apart from their textures . 

The chlorite is characterized by a major peak at 7 
Å and occasionally at 14 Å (Fig.  24 A) . The whole 
spectrum , however,  matehes both the Fe - Mg chlo
rite (Shirozu 1969) and the chamosite (Brindley 
195 1 ,  1961 ) .  Upon heating, all the peaks dis
appeared except the basal 14 Å reflection, which 
was not affected and even , in some samples , inten
sified (Fig . 24 A) . The ethylene-glycol (EG) treat
ment did not show any significant changes in the 
intensity of the peaks . The characteristic higher in
tensity of the even peaks relative to the odd ones of 
the investigated chlorite indicates that they have 
high iron contents (Brindley 1961 ) .  The sharpness 
of the 002 and 004 peaks may also suggest that the 
chlorite is weil crystallized . 

Illite was identified in most of the investigated 
rocks . The mineral is characterized by its basal re
flections at about 10 Å, 5 . 0  Å and 3 . 32 Å. Another 
important reflection noticed is at about 4 .48 Å (Fig . 
24 B ) .  All the analyzed samples are presurnably 
weil crystallized as indicated by the narrow peak 
width . The peaks were not affected by treatment 
with EG or by heating . Compared to the illites pre
sented by Hower & Mowatt ( 1966) , the ones in
vestigated here may contain some expandable 
layers (less than 10 %) , w h ich we re not detectable 
upon EG treatment or heating.  lt is, however , sug
gesled that the occurrence of pure illite (without 
expandable layers) is not common (Weaver & Pol
lard 1973) . The pronounced reflections at about 
4 .48 Å and 1 .99 Å may suggest the presence of 3T, 
lM and lMd polytypes (see Levinson 1955 ) .  
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Table 20. Microprobe analyses o f  authigenic illite . a = flaky i n  altered feldspar; b = flaky o f  different 
origin ;  c =  partide coating ; d =  interstitial (vermicular) ; e = interstitial (microcrystalline ) .  

1b  2b  3b  4b se 6b 7c 8b 9b l Ob 1 1 b  

Si02 5 1 .55 50 .22 45 .35 45 .57 44 . 73 44 . 14 43 . 70 46 . 73 46.30 47. 16 50. 17 
Al203 24 .29 26. 1 0  3 1 . 40 29 . 63 29 . 96 23 .62 30. 1 1  29 . 87 22 .59 25 .0 1  23 . 82 
Fe O*  4 . 25 5 . 56 1 . 30 2 . 97 1 . 9 1  3 . 40 12 .28 2 . 4 1  3 . 28 9 . 73 5 . 41 
M gO 1 . 24 1 . 34 0 . 64 0 . 94 0 .58  0 .69 2 . 62 0 .78 0 .95 2 . 55 1 . 66 
K20 8 . 88 8 . 57 10 . 98 10 . 88 6 . 93 9 . 95 8 . 67 1 1 . 17 1 1 . 22 8 . 83 9 . 40 
Ti02 0 . 03 0 . 1 7  0 . 1 7  0 .09 0 . 1 7  0 . 55 0 . 1 3  0 .05 0 .20 0 .02 0 .02 
MnO 0 . 04 0 .07 0 . 03 0 .04 0 .07 0 .04 0 . 38 0 .00 0 .00 0 .00 0 .00 
Na20 0 . 00 0 . 00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 

Total 90 .28 92 . 03 90 .21  9 1 . 84 84 . 02 88 . 73 9 1 . 40 9 1 . 25 91 . 82 90 .88 91 . 97 

Number of ions based on 22- charges 
Tet .  Si 3 . 6 1  3 . 48 3 . 20 3 . 18 3 . 3 1  3 . 2 1  3 . 23 3 . 27 3 . 25 3 . 42 3 . 5 1  

Al 0 . 39 0 . 52 0 . 80 0 . 82 0 . 69 0 .79 0 .77 0 .73 0 .75 0 .58 0 .49 
Oct . Al 1 . 6 1  1 . 6 1  1 . 84 1 . 77 1 . 89 1 . 77 1 . 29 1 . 76 1 . 72 1 . 35 1 . 56 

Fe 0 . 25 0 . 32 0 . 08 0 . 1 7  0 . 1 2  0 .2 1  0 . 76 0 . 14 0 . 1 9  0 . 59 0 . 3 1  
Mg 0 . 1 3  0 . 1 4  0 . 07 0 . 1 0  0 . 06 0 .07 0 .29 0 .08 0 . 1 0  0 .28 0 . 1 7  

Oct . total 1 . 99 2 . 07 1 . 99 2 . 04 2 .07 2 .05 2 . 34 1 . 98 2 .01  2 .22 2 .04 

Int . K 0 . 79 0 . 76 0 . 99 0 . 97 0 . 65 0 . 92 0 . 82 1 .00 1 .00 0 . 82 0 . 83 

Charge balance 
In ter. 0 . 79 0 . 76 0 . 99 0 . 97 0 .65 0 .92 0 . 82 1 .00 1 .00 0 . 82 0 . 83 
Oct . 0 . 39 0 . 25 0 . 1 8  0 . 1 5  0 . 03 0 . 13  0 .03 0 .28 0 .26 0 .2 1  0 . 36 
T et .  0 . 39 0 . 52 0 . 80 0 . 82 0 .69 0 . 79 0 .77 0 . 73 0 .75 0 .58 0 .49 

1 2b 13e  1 4e 15d  1 6d 17d 1 8" 19" 20" 

Si02 46 .74 45 . 75 50 .86 5 1 . 16 52 .64 5 1 . 37 53 .08 44 .41  47 .05 
Al203 23 . 82 22 . 95 25 . 93 26 .33 23 . 7 1  24 . 13 22 . 89 29 .44 23 . 16 
Fe O*  9 . 22 9 . 72 2 . 96 3 . 58 3 . 03 3 . 68 3 . 38 3 . 27 3 . 38 
M gO 2 . 54 2 . 46 2 . 90 2 . 82 3 . 63 3 . 73 4 . 28 0 . 54 3 . 8 1  
K20 9 . 45 0 . 1 3  9 . 84 9 . 22 9 . 88 9 .43 9 .03 9 . 93 9 .03 
Ti02 0 . 02 0 . 02 0 . 02 0 .02 0 .00 0 .00 0 .00 0 .00 0 .00 
M nO 0 . 00 0 . 00 0 . 00 0 . 00 0 . 1 0  0 . 10 0 . 00 0 .40 0 . 1 0  
Na20 0 . 00 0 . 00 0 . 00 0 .00 0 . 1 0  0 . 1 0  0 . 00 0 .00 0 .00 

Total 9 1 .79 90 . 03 92 . 5 1  93 . 13 92. 89 92 .52  92 .66 87 . 99 86 . 52 

Number of ions based on 2T charges 
Tet .  Si 3 . 36 3 . 36 3 . 48 3 . 48 3 . 59 3 . 53 3 . 6 1  3 . 24 3 . 47 

Al 0 . 64 0 . 64 0 . 52 0 . 52 0 . 4 1  0 .47 0 . 39 0 .76 0 . 53 
Oct. Al 1 . 37 1 . 35 1 . 58 1 . 58 1 .49 1 .49 1 . 45 1 . 77 1 . 48 

Fe 0 .55  0 . 60 0 . 1 7  0 . 20 0 . 1 7  0 .2 1  0 . 1 9  0 .20 0 .2 1  
Mg 0 . 27 0 . 27 0 . 30 0 . 29 0 . 37 0 .38  0 .43 0 . 06 0 .42 

Oct . total 2 . 1 9  2 . 22 2 . 05 2 . 07 2 . 03 2 .08 2 .07 2 .03 2 . 1 1  

lnt . K 0 . 87 0 . 86 0 . 86 0 . 80 0 . 86 0 . 83 0 .78 0 . 92 0 . 85 

Charge balance 
Inte r .  0 . 87 0 . 86 0 . 86 0 . 80 0 . 86 0 . 83 0 . 78 0 .92 0 . 85 
O et. 0 .25 0 . 2 1  0 . 32 0 . 28 0 . 45 0 . 35 0 .4 1  0 . 1 7  0 .30 
T et .  0 . 64 0 . 64 0 . 52 0 . 52 0 . 4 1  0 .47 0 . 39 0 . 76 0 . 53 

• FeO represents total iron . 

Small changes in the sharpness of the 10 Å peak Chemical composition. - The microprobe analyses 
upon heating as weil as relatively broad peaks are of illite and chlorite (Tables 20 and 22) are a repre-
observed in illites of sandstones near by dolerites . sentative selection from about 60 analyses of illite 
These observations suggest relatively higher content and 40 analyses of chlorite . The calculation of the 
of expandable layers in these illitic minerals com- structural formula is based on 28- and 2r charges 
pared to those described above . for chlorite and illite , respectively , following Foster 
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( 1956, 1962) . All Si is referred to the tetrahedral cause of their negligible amounts Ti , Na and Mn 
sheet tagether with additional Al in order to bring were excluded from the structural formulae . 
the sum up to 4 . 00 .  The rest of the Al and all Fe The microprobe analyses of diagenetic illite 
and Mg were assigned to the actahedrat sheet . Be- (Table 20) show no visible earrelation between 

Table 21 . Correlation matrix for cations and cation ratios of illites .  

2 3 4 5 6 7 8 9 10 

l Si 0 .00 
2 Alte, -0 .99 0 .00 
3 Aloet -0 .65 0 .63 0 .00 
4 Fe 0 .21  - 0 . 1 9  -0 .79 0 .00 
5 Mg 0 .60 -0 . 58 -0 . 82 0 .38 0 .00 
6 K  -0 .39 0 .40 0 . 1 8  -0 . 15  -0 .25 0 .00 
7 Fe/(Fe+ Mg) -0 .32 0 . 3 1  0 . 14  0 .40 -0 .65 0 . 13 0 .00 
8 Fe/Octoee 0 .23 -0 .22 -0 .79 1 . 00 0 .38 -0 . 1 5  0 .41  0 .00 
9 Al,.,/ Aloet -0 .87 0 . 89 0 .22 0 .25 -0 .30 0 .38 0.38 0 .22 0 .00 

lO Al,.,ffetoec - 1 .00 0 .99 0 .65 - 0 .22 -0 .60 0 .37 0 .31  -0 .24 0 .86 0 .00 
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Table 22. Microprobe analyses of authigenic chlorite . a = pore lining and pore 
filling ; b =  interstitial (microcrystalline) ;  c =  flaky in altered feldspar . 

1b  2a 3a 4a se 6c 7c 

Si02 29 .25 21 .38 22 . 32 2 1 . 82 24 . 59 29 . 89 24 . 47 
Al203 1 8 . 5 1  22 . 32 20 . 84 18 . 48 17 .95 18 . 1 8  17 .94 
Fe O* 29 . 88 31 .29 32.59 34 . 80 38 .04 37 .24 38 .02 
M gO 4 . 15 6 .39 5 . 90 6 .41  5 . 90 5 . 62 5 . 58 
K20 2 . 19  0 . 10 0 . 1 0  0 . 10 0 .00 0 .00 0 .00 
Ti02 0 . 34 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 
M nO 0 .46 0 . 57 0 .66 0 .76 0 .65 0 .66 0 .66 
Na20 0 .00 0 . 1 1  0 . 10  0 .00 0 .00 0 .00 0 .00 

Total 84 . 78 82 . 16 82 . 5 1  82 . 37 87 . 13 9 1 . 59 86 . 67 

Number of ions based on 28- charges 
T et .  Si 3 . 35 2 . 54 2 . 66 2 . 66 2 . 83 3 . 18 2 . 84 

Al 0 .65 1 .46 1 . 34 1 . 34 1 . 17 0 . 82 1 . 16 
Oct . Al 1 . 84 1 . 66 1 . 59 1 . 3 1  1 . 27 1 .47 1 .29 

Fe 2 . 86 3 . 1 1  3 . 25 3 . 54 3 . 66 3 . 32 3 . 68 
Mg 0 .71  1 . 13 1 .05 1 . 16 1 .01 0 . 89 0 .96 

Oct . total 5 .4 1  5 . 90 5 . 89 6 .01  5 . 94 5 . 68 5 . 93 

Charge balance 
T et .  0 .65 1 .46 1 . 34 1 . 34 1 . 17 0 .82 1 . 16 
Oct . 0 .66 1 .46 1 . 37 1 . 33 1 . 15 0 . 83 1 . 15 

* FeO represents total iron .  

textural types and composition. They show, howev
er , a range of variation in chemical composition 
similar to other data on illites (see Weaver & Pol
lard 1973 , Merino & Ransom 1982) . In general , the 
total layer charge is higher than that suggested , 
-0 .75 per farmula unit , by Bailey ( 1980) . 

The matrix of earrelation (Table 21)  shows three 
types of correlation : 

l) First expectedly significant correlations , which 
may include , for example,  the relation between 
Al,e,-Si ,  Fe - Aloct ' Mg- Aloct and Fe -Aloct ' in
dicating the common substitutions between these 
elements to maintain charge balance . As to the ear
relation between Al,e/Ai10, and Al1e , ,  the higher 
amount of Al replacing Si , the lower is the amount 
that occupies the octahedral position ,  also indicated 
by the Al,e,- Aloct correlation. 

2) The seeond type includes significant earrela
tions which are not clearly understandable ,  for ex
ample the cases Al,erffetoccupancy- Mg and Mg
Altet · 

3) In the third group (remaining correlations) , 
the earrelations are non-significant and do not per
mit reliable interpretations . It should be mentioned , 
however ,  that despite reporting iron as only Fe2+ 
and the uncertainty in the structural assignment of 
some elements, e . g .  Fe3+ �Al1e1 , Fe3+ �K,  
Mg2+ �K, the earrelation trends seem to  be almost 
the same as those presehted by Weaver & Pollard 
( 1973) .  

Observable differences between diagenetic and 
hydrathermal il! i te are shown in Figures 25 A - I .  
The hydrathermal illites constantly contain !arge 
amounts of aluminium and sodium . It seems that , 
on the basis of the Al , Fe and Mg contents , the 
illites in general are separated into two groups 
(Figs . 25 A, D and H) . This may mean that the 
amount of iron and probably magnesium rather 
than that of silicon may exert contra! on the sub
stitution Al�Si in illites . In other words,  the lower 
the Fe content , the higher the substitution of Al for 
Si . Purther discussion on the conditions of forma
tion of illites as reflected by their chemistry will be 
presented in the seetian on paragenesis . 

The composition of the chlorites (Table 22) is 
relatively more homogeneous than that of the 
illites .  Although high K20 contents were observed 
in the microcrystalline interstitial chlorite , most 
probably due to presence of illitic impurities , the 
fiakey chlorites show no remarkable variation in 
composition . However, all the different textural 
types fit more or less weil into the farmula of the 
tri-octahedral Fe-Mg chlorites (chamosite , Fig .  26) . 
Chlorites having chamosite composition are known 
as authigenic minerals in sedimentary environments 
(e .g .  Velde 1977) . 

The significant earrelations between the 
octahedral cations, e .g .  Fe -Mg, Fe/(Fe+ Mg) - Mg 
(Table 23) reflect the common substitution between 
these elements . The particularly observable correla-
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Table 23. Correlation matrix for cations and cation ratios of chlorites .  

2 3 4 5 6 7 8 9 

l Si 0 . 00 
2 Al,., - 1 .00 0 . 00 
3 Aloct 0 . 09 - 0 . 05 0 . 00 
4 Fe - 0 . 19  0 . 20 - 0 . 1 8  0 . 00 
5 Mg - 0 . 04 0 .0 1  - 0 . 32 -0 . 86 0 .00 
6 Fe/(Fe + Mg) -0 .0 1  0 . 03 0 . 1 5  -0 .93 -0 .98 0 . 00 
7 Fe/Octocc 0 . 10  0 . 1 1  -0 . 09 0 . 99 -0 .9 1  0 .97 0 . 00 
8 Al,e.f Alto, 0 . 1 6  - 0 . 1 3  0 . 62 -0 .42 
9 Al1e/fetocc - 1 .00 1 . 00 -0 .08 0 .20 

tion between Fe and Mg may indicate the common 
substitution of Fe2+ � Mg2+ rather than Fe3+ in 
octahedral position .  The occurrence of Fe , as main
ly Fe2+ , in chlorite is also evident from the total 
chemical analyses of chlorite-rich sandstones. In 
these rocks the ratio Fe0/Fe203 is found positively 
correlated with the chlorite content (Fig. 5) (see 
also Morad 1983) . 

In some analyses (Table 22) the tetrahedrat Al is 
almost equivalent to the octahedral trivalent cations 
(in this case only Al ; the octahedral sum is then 
close to 6 atoms per formuta unit) . The correlation 
between the amount of tetrahedrat Al and the total 
octahedral occupancy was pointed out by Foster 
(1962) . She interpreted the deviation of the 
octahedral sum from the theoretical value of six as 
due to lower occupancy of the octahedral position 
by an amount equal to one-half the excess of the 
octahedral trivalent cations , in this case only Al , 
over tetrahedrat Al . This is weil demonstrated by 
samples 1 ,2 ,3  and 6 in Table 22. 

"' 
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Bayliss 1975) ; o = diagenetic and x = hydrothermal. 

0 .09 -0 . 17  -0 . 35 0 . 00 
0 .03 0 .02 0 . 1 1  -0 . 15  0 .00 

tions and cation ratios of the diagenetic and the 
hydrathermal chlorites .  The trend of distribution is 
very similar for both types of chlorite , indicating 
almost the same cation relations . 

Authigenic feldspars 

Authigenic feJdspars are rare in the investigated 
sandstones.  They occur mainly in the feldspathic 
sandstones of the lower layers of the upper part and 
in sandstones affected by hydrathermal solutions . 
Their composition is generally albitic (Table 24) ; a 
few crystals show potassic composition ." Authigenic 
albite occurs as single crystals or as overgrowth on 
cores of detritat albite (Figs . 28 A, B and C) . No 
marked chemical difference is observed between 
the core and the authigenic part . The authigenic 
part may grow either in optical and textmal con
tinuity with the detritat core with the same twinning 
habit (Fig. 28 A) or show differing growth habit . 

The formation of the authigenic feJdspars is pre
surnably very late in the diagenetic history judging 
from the presence of associated pressure solution in 
the quartz and common occurrence of quartz over
growth . In the same rocks the authigenic illite 
shows high degree of crystallinity. 

The crystallization of feJdspars is not temperature 

Table 24. Microprobe analyses of authigenic albites and 
their detrital cores. 

De trital Rim Detrital Rim Detrital Rim 
core core c o re 

Si02 66.25 66.00 66 . 10 66 . 1 4  65 . 84 66 .75 
Al203 20.53 19 . 98 19 . 52 19 . 39 19 .93 19 . 88 
Fe o• 0 .00 0 .06 0 . 16  0 . 38 0 .04 0 .07 
Ca O 0 . 13  0 . 09 0 . 09 0 . 04 0 .07 0 .06 
K20 0 .03 0 .09 0 . 09 0 . 10  0 .05 0 .02 
Na20 1 1 .50 1 1 . 45 1 1 . 18 1 1 . 45 1 1 .23 1 1 . 15 

Total 98. 44 97 . 76 97 . 14 96 .50 97 . 16 97 .93 

• FeO represents total iron. 
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Fig. 2 7. A - F .  The relation between the different cations and cation ratios o f  chlorite ; x =  diagenetic 
and o = hydrothermal . 

dependent in the diagenetic environment (see Meri
no 1975 , Huang 1977) . Instead , the chemistry of 
pore solutions exerts the important control .  Many 
authors , however ,  have s tressed t hat in saturated 
solutions the ratio [N a+ , K+ ]/[H+] is most critical in 

the formation of feldspars relative to other chemi
cally compatible minerals (e . g .  kaolinite , mica , Feth 
et al . 1964 , Garrels & Christ 1965 , Helgeson et al . 
1969) . The sodium needed for the formation of au
thigenic albite is presurnably derived from the de-

Fig. 28. A - Authigenic albite (arrows) over
growth on detritat albite (A) . B - SEM of A. C -
Authigenic albite (A) . 
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Table 25. Modal composition of some epidote-bearing sandstones . 

Sample Quartz Potassium Plagioclase Quarts Interstitial Calcite Rock Epidote Others 
No .  feldspar fe Idspar cement cia y 

455 27 . 7  2 . 7  1 5 . 3  22 .0 7 .0  
617b 18 . 3  0 . 6  3 . 4  1 4 . 3  5 . 0  
533 3 1 . 3  1 . 0 2 . 3  2 1 . 7  10 .3  
578 33 . 0  1 . 6 2 . 3  2 1 . 7  1 5 . 0  
9620 40 . 0  l. O 2 .0  19 .7  5 . 7  
588b 37 .0  2 . 7  9 . 3  2 1 . 7  10 .3  
754a 37 . 3  1 . 7  2 . 7  1 5 . 3  1 4 . 0  
620a 27 . 7  1 . 3  6 . 4  28 . 7  8 . 3  
579c 34 .3  2 .0  0 .7  29 . 3  2 . 0  
886c 28 . 7  0 . 6  0 . 3  1 7 . 3  7 . 4  
503h 25 . 0  0 . 3  25 .0  2 .7  

Others = Ti-minerals and  Fe-oxides . 

composition of detrital plagioclases .  These were , as 
previously mentioned , replaced by illite and/or 
chlorite . 

Hydrathermal alteration 

In areas close to or in the vicinity of the dolerites 
(Fig . l) systematic sampling showed that the hyd
rathermal effect on the sedimentary rocks may con
tinue to about 10  m away from the contact with the 
dolerite . Howeve r, the intensity of alteration and 
presence of epidote decrease drastically when cam
paring those samples at about 10-50 cm from the 
contact to those at about 10 m; in fact , only traces 
of epidote are observed in the latter.  Nevertheless , 
i t is found that in all areas marked in Figure l ,  the 
shales were slightly metamorphosed and developed 
banded textmes while the sandstones became hard
er and sometimes fractured.  The fractures may ex
tend to about 30 m away from the contact between 
dolerite and sedimentary rocks and are usually fil
led by epidote or calcite . Pyrite as crystals of about 
0 .2  mm is also observed in fractures filled by calcite 
and a green chlorite-like mineral , as shown by 
XRD . The minerals of hydrathermal origin in the 
basalts are calcite , chalcedony , chlorite , epidote , 
quartz , prehnite and pumpellyite . Prehnite was 
observed by v. Eckermann ( 1937) and prehnite and 
pumpellyite by Nyström (1982) . These are found 
mainly as fillings in the amygdales of the basalt . 

The mineralogical and chemical composition of 
hydrothermally altered sandstones,  which contain 
different amounts of epidote , are shown in Tables 
25 and 26. They differ characteristically from the 
sandstones already described, which have not been 
affected by hydrathermal solutions . They have low
er amounts of detrital quartz , only traces of or no 
detrital mica and generally contain more plagioclase 

cement fragments 

10 .6  4 .7  6 .0  4 .0  
14 .3  24 .4  8 . 7  1 1 . 0 
5 . 0  16 .0  8 . 7  3 . 7  
1 . 7  5 . 7  10 .4  8 . 6  

12 .6  1 1 . 7 7 .3  
3 . 7  14 . 0  1 . 3  

2 .3  2 . 7  15 . 3  8 . 7  
3 . 0  24 . 3  0 . 3  
l .  O 30.0 0 .7 
3 . 6  34 .4  7 .7  
l .  O 44 . 3  1.7  

than potassium feldspar . Epidote in  these sand
stones occurs as single crystals or aggregates (Fig . 
29A) . Crystals showing prismatic or lath-like habits 
are also observed . The mineral has pale yellowish
green colour and is samewhat pleochroic with high 
relief and variable birefringence . It usually fills the 
pore space and replaces the earher illite and quartz 
cement . Epidote also often replaces detrital quartz 
and feJdspar (Fig . 29B ) .  The replacement may be 
partial where epidote appears as crystals protruding 
into the detrital grains . More intense replacement 
also occurs ; only remnants of the detrital grains are 
found (Fig . 29C) . 

The epidote has presurnably formed through 
direct crystallization from the hydrathermal fluids 
and/or by reaction of these fluids with feldspar , 
quartz and illite . The common presence of epidote , 
calcite , titanium minerals ,  hematite and occasional
ly magnetite indicates that the hydrathermal fluids 
were rich in Fe , Ca , Ti and Mg. Magnesium, 
however , is found to be common in hydrathermal 
chlorite . Aluminium is another important element 

Table 26. Bulk chemical composition of epidote-bearing 
sandstones .  

455 578 579C 886C 

Si02 79 . 3  76 . 3  79 . 3  75 . 9  
Ti02 0 .40 0 . 7 1  0 . 23 2 . 0  
AI203 7 . 7  8 . 0  9 . 0  6 .4  
Fe203 3 . 3  4 . 8  1 . 7  4 .6  
Fe O 0 . 54 0 . 69 0 . 28 1 . 5  
M nO 0 .01  0 . 00 0 . 00 0 .05 
M gO O .Q7 1 . 6  0 . 32 0 . 89 
Ca O 3 . 0  1 . 8  4 . 2  6 . 2  
Na20 1 . 3 1 .2 0 . 66 0 . 85 
K20 3 . 0  2 . 7  2 . 2  0 . 70 

Total 98 . 62 97 . 80 97 . 89 99 . 09 
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which probably has been derived m�>inly from the 
interstitial day minerals and the feldspars of the 
sandstones ; i t ma y, however,  have been partiall y 
supplied by the hydrathermal fluids . The same 
sources as above , besides quartz , also supplied Si 
for the formation of epidote . The presence of cal
cite and hematite as weil as the high content of Fe3+ 
in epidote (Table 27) suggest high to moderate f02 
and fco, during the crystallization of epidote (see 
Brown 1977 , Bird & Helgeson 1980) 

The hydrathermal chlorite differs in composition 
from the diagenetic ones (Table 28 ; cf. Table 22) . 
High magnesium content characterizes the hyd
rathermal chlorites .  They occur in the solid solution 
area of Figure 26 as ripidolite , brunsvigite and di
abantite . These have , in thin section , pale-green 
colour, and are usually pleochroic with dark grey or 
violet interference colour (Fig. 30A) . 

The chemical composition of hydrathermal illite , 
on the other hand , does not differ much from that 
of diagenetic illite(Table 29 ; cf. Table 20) . Higher 
content of aluminium in the tetrahedrat position is ,  
however, found in hydrathermal illites .  They show, 
in thin section , interference colours similar to those 
of muscovite . The crystals are relatively large , ab
out 0 .05 - 0 . 10 mm in size , compared to those of 
diagenetic illite , mostly <0 .02 mm (Fig. 308 ) .  

Kaolinite and a mixed-layer day mineral with 
basal spacing at 17 Å are observed in some sand
stones,  which do not contain much epidote . These 
minerals occur in minor amounts ; their X-ray dif-

Fig. 29.  A - Epidote , with high relief, occurring in diffe
rent crystal forms within detritat quartz and quartz ce
ment , with low relief; arrows are leucoxene . B - Epidote 
(E) replacing detritat quartz (Q) and feldspar (F) . C -
Epidote (E) replacing almost completely a feldspar (e .g .  
at arrows) . 

Table 2 7. Microprobe analyses of epidote . 

3 

Si02 34 . 2  37 . 7  
AI203 2 1 . 3  26 . 1  
Fe203* 2 1 . 7  10 . 1 
Ca O 20 . 1  23 . 3  
M gO 0 . 0  0 .0 
M nO 0 . 1  0 . 1  
Ti02 0 . 1  0 .0  
Total 97 . 5  97 . 3  

Number o f  ions o n  the basis o f  12 . 5  oxygens 
Si 2 . 8 1  2 . 98 
Al 2 . 06 2 . 43 
Fe 1 . 34 0 . 60 
D 1 . n  1 .� 

Fe
3
+ + 1001l 

Pst % Fe
3
+ + Al 0 . 39 

Interstitial 
finely crys
talline with 
hematite pig
ment 

* Total Fe calculated as Fe203 . 
L) Pistacite content of epidote . 

0 . 20 
Radiating 
crystals 

4 5 

38 .3  38 . 1 
24 .4  24 . 3  
1 2 . 3  12 .6  
22 .6  23 . 2  

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

98 . 4  98 .6  

3 . 03 3 . 0 1  
2 . 28 2 . 26 
0 . 73 0 .75 
1 . 92 1 . 96 

0 .24 0 . 25 
Fine prisma- Large crys-
tic crystals tal aggre-
replacing gate filling 
quartz pore space 
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Table 28. Microprobe analyses of hydrathermal chlorite . 

2 3 4 5 6 

Si02 29 . 23 27 .74 30 .07 28 . 76 24 . 99 2.5 .53 
Al203 1 8 . 37 20 . 80 1 6 . 99 1 7 . 44 1 8 . 28 26.22 
Fe O*  22 . 2 1  25 . 25 22 . 5 1  26 . 48 22 . 70 20 .06 
M gO 1 1 . 07 1 2 . 66 1 5 . 74 1 5 . 22 1 6 . 34 14 . 76 
K20 ! . 54 0 . 02 0 . 57 0 . 04 0 . 03 0 .04 
Ti02 0 . 1 7  0 . 1 0  0 . 02 0 .02 0 . 30 1 . 06 
M nO 1 . 24 1 . 37 0 . 00 0 .00 0 . 44 0 . 1 9  
Na20 0 . 00 0 . 00 0 . 00 0 .00 0 .06 0 .0 1  

Total 83 . 88 84 . 94 85 . 90 87 . 96 83 . 14 87 . 87 

Nu m ber of ions based on 23· charges 
T et .  Si 3 . 25 2 . 74 3 . 1 8  3 . 02 2 . 79 2 .63 

Al 0 . 75 1 . 26 0 . 82 0 .98 1 . 2 1  1 . 37 
Oct. Al 1 . 65 1 . 46 1 . 30 1 . 1 8 1 . 1 9 1 . 80 

Fe 2 .06 2 . 34 1 . 99 2 .33  2 . 1 1  1 . 72 
Mg 1 . 83 2 09 2 . 48 2 .38  2 . 7 1  2 .26 

Oct . total 5 . 54 5 . 89 5 . 77 5 . 89 6 . 0 1  5 . 78 

Charge balance 
T et .  0 . 75 1 . 26 0 . 82 0 . 98 1 . 2 1  1 . 37 
Oct . 0 . 73 1 . 24 0 . 84 0 . 96 1 . 2 1  1 . 37 

* FeO represents total iron .  

fraction peaks appear only when separating them 
within the clay fraction . The X-ray peaks of kaoli
nite were differentiated from those of chlorite by 
treatment with diluted hydrochloric acid .  In thin 
seetian kaolinite is very similar to illite but has low
er relief and grey interference colour . The mixed
layer clay mineral resembles kaolinite but is more 
greenish in colour (Figs . 3 1 A ,  B and C) . lt may be 
an interstratified illite - kaolinite or illite - chlorite 
mineral . 

Paragenesis 
The term paragenesis has been widely used in meta
morphic petrology to denote the co-existence of 
specific mineral phases under specified conditions 
(e .g .  Winkler 1979) . The state in sedimentary rocks 

Fig. 30. A - Hydrathermal chlorite (C) . B - Hydrother· 
mal illite (I) . 
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Table 29. Microprobe analyses of hydrathermal illite . 

2 3 4 5 6 

Si02 44 . 77 45 . 74 46 .58  46 . 7 1  45 . 43 47 . 89 
Al203 33 . 87 36 . 6 1  36 .39 36 . 8 1  34 . 77 3 1 . 12 
Fe O*  4 . 1 1  2 . 76 1 . 59 1 .3 0  2 .04 2 . 85 
M gO 2 . 77 1 . 2 1  0 . 47 0 . 83 1 . 06 1 . 6 1  
K20 1 0 . 47 1 0 . 1 4  9 . 95 10 . 1 1  1 0 . 1 3  9 . 1 8  
Ti02 0 .03 0 . 1 3  0 . 1 3  0 . 58 0 . 84 0 . 0 1  
MnO 0 .00 0 .03 0 . 02 0 .06 0 .00 0 .00 
Na20 0 . 1 6  0 . 44 0 . 48 0 . 35 0 .43 0 .20 

Total 96. 1 8  97 . 06 95 . 6 1  96. 1 2  94 . 70 92 . 86 

Number of ions based on 22· charges 
T et .  S i  3 . 0 1  3 . 02 3 . 09 3 . 07 3 . 09 3 . 27 

Al 0 . 99 0 . 98 0 . 9 1  0 . 93 0 . 9 1  0 .73 
Oct. Al 1 . 69 1 . 86 1 . 93 1 . 92 1 . 86 1 . 77 

Fe 0 .23 0 . 1 5  0 . 09 0 .07 0 . 1 2  0 . 16  
Mg 0 .28 0 . 1 2  0 . 05 0 . 08 0 . 1 1  0 . 1 5  

Oct . total 2 . 20 2 . 1 3  2 .07 2 . 07 2 .09 2 .08 

Int .  K 0 . 90 0 . 85 0 . 84 0 . 85 0 . 87 0 . 80 

Charge balance 

Inter.  0 .90 0 . 85 0 . 84 0 . 85 0 . 87 0 .80 
O c t .  0 .09 0 . 1 3  0 . 07 0 .06 0 .04 0 .07 
T et .  0 .99 0 . 98 0 . 9 1  0 . 93 0 . 9 1  0 .73 

* FeO represents total iron .  

i s ,  however, different . The conditions of their 
formation are greatly limited in terms of tempera
ture and pressure and only in few cases are they 
reflected in the mineralogy ( e . g .  evapari tes , car
bonates) . Regarding clastic sequences ,  e . g .  sand
stones , there is much information about the relation 
of their diagenetic assemblages to temperature and 
pressure (e .g .  Dunoyer De Segonzac 1970 , Velde 
1977 , Hower 198 1 ) .  In this respect , it seems that the 
term paragenesis can also be applied to sedimentary 
rocks when there is a possibility to characterize 
their diagenetic parageneses in terms of tempera
ture and pressure (see also Haftman & Hower 
1979) . Depending on the properties of single di
agenetic minerals and/or association of many miner
als , the zone of diagenesis may be divided inta the 
following parageneses (information gathered from 
Frey 1970 , Dunoyer De Segonzac 1970 , Hower 
198 1 ,  Bales 198 1 ) :  

l - Montmorillonite - kaolinite 

2 - Kaolinite - mixed-layer clays 

3 - lM-lMd illite - chlorite 

4 - 2M illite - museavite - chlorite 



Bull . Geol . Inst . Univ. Uppsala ,  N . S .  12 ( 1 985) 

The sensitivity of day minerals to minor changes in 
temperature and pressure within the intervals 
25 -200°C and O to about 1 . 5  kb (see the references 
mentioned a bo ve) has led several authors to u se 
them as indicators of diagenetic grade . The discus
sion hereafter , on the diagenetic paragenesis ,  aims 
to show the chemical and structural changes in di
agenetic day minerals in relation to their para
geneses . The associated mineral phases will also be 
discussed . 

Principal transformations at normal T - P gradients 

There is a wealth of data and evidence showing the 
effect of temperature and ,  to a lesser extent , that of 
pressure on the transformations of day minerals 
(e .g .  Burst 1959 , Dunoyer De Segonzac 1970, Hoff
man & Hower 1979) . The increase of temperature 
with depth , the geothermal gradient , is considered 
normal and gradual when it falls in the range of 
20- 30°C/km (Dunoyer De Segonzac 1970 , Winkler 
1979 , Hoffman & Hower 1979 , Monnier 1982) . In 
the studied area,  direct measurements of tempera
ture gradients are not available and therefore 
temperature gradients from the nearby areas have 
been adopted .  Eriksson & Malmqvist ( 1979) gave 
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Fig. 31 . A - Hydrathermal kaolinite (K) 
and mixed-layer clay mineral , 
illite - kaolinite? (ms) ; (F) is feldspar and 
(Q) is quartz . B - SEM of kaolinite . C -
SEM of mixed-layer illite- kaolinite? (ms) . 

values of geothermal gradients between 13 and 
20°C/km in the area just southeast of the one stu
died.  Malmqvist (pers . comm. 1984) believes that 
20°C/km could be accepted as an average gradient , 
on a regional scale , in the area studied.  He also 
assumes that values up to 30°C/km are not out of 
the question . For the purpose of this work and to 
account for the magmatic activity during the forma
tion of the Öje Basalt and the intrusions of the 
dolerites , a regional temperature gradient of 25°C/ 
km was considered.  

Smectite. - Smectite is thermodynamically stable at 
the earth's surface conditions , being transformed 
with advancing diagenesis (increasing burial depth) 
as follows : smectite�mixed-layer day�illite and/or 
chlorite�muscovite and /or chlorite (Perry & How
er 1970 , Velde 1977, Boles & Franks 1979 , Lahann 
1980 , Hower 1981 , Garrels 1984) . The type of 
phase formed depends on the chemistry of the pore 
solution . The ra tios [K+]/[H+] ,  [Fe2+ + Mg2+]/[H+] 
or simply [K+]/[Fe2+ + Mg+] determine whether 
illite or chlorite will be formed . As mentioned , the 
source of these cations is mainly the diagenetic al
teration of the detrital feldspars and biotites .  
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Experimental work and natural observations indi
cated that the transformation smectite�illite starts 
at about 50°C, which means at about 2 km burial 
depth (e . g .  Eberl & Hower 1976 , Inoue 1983) . The 
illitic layers begin to dominate and the expandable 
smectite layers diminish and become less than 10  % 
at temperatures above l20°C (e . g .  Hower 198 1 , 
Boles 1981 ) .  The appearance of museavite tagether 
with illite indicates a more advanced stage of di
agenesis ,  approaching the boundary to metamorph
ism (e .g .  Velde 1977) . 

In the diagenetic environment of the investigated 
rocks, smectite and mixed-layer clays were not 
identified . This may complicate the judgement on 
the extent to which illite and chlorite are trans
formations from smectite or discrete diagenetic en
tities . A survey of literature discussing mostly rocks 
of diagenetic grades lower than the studied ones , 
shows that mixed-layer clay minerals are very com
mon in most clastic sedimentary rocks ( e . g .  
Dunoyer De  Segonzac 1970 , Weaver & Pollard 
1973 , Wilson & Pittman 1977 , Walker et al . 1978 , 
Foscolos et al .  1982 , Morad 1983) . This may favour 
the assumption that at !east mixed-layer clay miner
als as authigenic and alteration products of biotite 
and feldspar were present at an early stage and 
were transformed to their discrete entities during 
diagenesis .  This is also in good agreement with the 
fact that mixed-layer clays were observed in sand
stones and shales having almost similar source 
rocks , environment and age as those of the Dala 
Sandstone (see Morad & AIDahan 1982b , Morad 
1983) . The diagenetic illite and chlorite in the stu
died rocks are therefore presurnably the results of 
both direct crystallization and/or transformation of 
unstable expandable clay minerals ,  e . g .  smectite 
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and/or mixed-layer clay minerals .  In their present 
form , however , their crystallinity and chemistry re
fleet their diagenetic grade (paragenesis) . 

It is observed that the diagenetic ciay-mineral 
assemblage in shales shows higher degree of di
agenetic development than the associated sand
stones (e . g .  Hower et al. 1976, Hoffman & Hower 
1979 , Howard 1981 ) ,  one important reason being 
differences in permeability . Sandstone has high per
meability and the PH,o = Phydraulic • whereas low 
permeability and PH,o = Plithostatic characterizes 
shales, especially at a burial depth more than one 
kilornetre (e . g .  Velde 1977) . This difference in the 
partial pressure of water will change the thermal 
stability of more hydrous ciay-mineral phases . The 
result is development of clay minerals with low wa
ter content, e .g .  illite , in a shale , and clay minerals 
with high w ater content (illite- smectite) in a sand
stone , even when the rocks are buried at the same 
depth . In the rocks studied no marked differentia
tion is observed between the clay mineral assemb
lage in the sandstone and that of the shales .  Due to 
low permeability of the shales they may show low 
contents of expandable layers in illite . This was not 
possible to verify in the rocks studied , because , as 
mentioned above , the illite does nor contain 
appreciable amounts of expandable layers either in 
the shales or in the sandstones .  

lllite. - The diagenetic illites studied are dominated 
by phengitic and sericitic types (Fig. 32) . Although 
data on the chemical composition of authigenic 
illites are scarce , illite of phengitic composition is 
considered common in deep burial diagenetic en
vironment (Kossovskaya & Drits 1970 , Dunoyer De 
Segonzac 1970 , Velde 1977) .  Al-rich illite (sericite) 

M u s c ov i t e  

0.8 

l ,.. 0. 2 
l ! l l ..,� l 

C e l a d o n i t e  0.8 +- l n c . o c t. c hg.  0. 2 P y ro p hy l l i lo 

0 . 6 5  0 . 1 5  

Fig. 32. The distribution of the studied diagenetic illites in the compositional triangle , 
muscovite-pyrophyllite-celadonite (the triangle is from Hower & Mowatt 1966) . Inc. oct . chg . 
increasing octahedral charge . Inc. tet. chg . = increasing tetrahedral charge . 
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Fig. 33. The relation between peak-width and intensity 
ra tio (002)/(001 )  in illites , A - in s hales ( • ) and sand
stones (x) , B - in the sandstone types . • = quartz sand
stone , x = lithic sandstone , o = feldspathic sandstone , 
+ = arkose , J'., = lithic graywacke , and o = feldspathic 
greywacke . • = illite in epidote-bearing sandstones from 
the hydrathermal areas , T = illite from the thrusted zone 
in the southwestern part of the area studied.  

and muscovite were observed in samples at dolerite 
areas (see Fig . 1 ) ,  in the deeper part of the rock 
sequence and in the thrust zon e, respectively , w hi ch 
indicates high grade of diagenesis (2M 
illite-muscovite- chlorite paragenesis ; see also 
Velde 1977) . In the rest of the studied sequence , 
the low temperature polytypes of illite (3T, lM and 
1Md) are observed as previously described on p. 30. 

The crystallinity index of illite (CI) is a commonly 
used indicator for diagenetic conditions (Ktibler 
1964 , Dunoyer De Segonzac 1970, Islam et al . 
1982) . The plot of the I(002)/I(001)  against the lOÅ 
peak width at half height of glycolated <2J.tm frac
tion (Fig. 33A and B) shows that the rocks of the 
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Dala Sandstone grade from the zone of diagenesis 
into the epizone . The samples in the epizone came 
from localities in hydrothermally affected areas and 
from the thrust zone in the southwest . Disregarding 
these localities ,  the rest of the sam p les have a range 
of illite crystallinity between 0 . 35 and 0 .80 28. It 
seems that there has been no sharp crystallinity 
change between the different parts of the forma
tion , although a general trend of increasing crystal
linity with depth is observed (Fig . 3) . Despite the 
small number of the plotted points , the trend of 
increasing crystallinity with decreasing porosity 
(Fig . 34) also points towards a high grade of di
agenesis .  Deterioration in the CI is found in some 
samples as they come close to the dolerites (Fig . 3) 
because of the earher mentioned existence of ex
pandable mixed-layers in the illitic minerals (p . 30) . 
In Figure 33B the CI in the different types of sand
stones shows no marked differences.  The epidote
bearing sandstones,  however, show relatively li
mited values of CI and fall within the anchizone .  

The relation between the composition of  illite 
and its crystallinity has been investigated ( e .g .  Es
quevin 1969 , Velde 1977) ; a general trend of higher 
potassium and lower silica , iron and magnesium 
contents is observed with increasing temperature . 
This may be true in the studied illites if they are 
compared to illites from higher- or lower-grade 
rocks (see Moract & AIDahan 1982b) , but within 
the studied rocks there is no special correlation . 

Chlorite. - Iron-rich chlorites ,  such as those in
vestigated , were frequently observed in diagenetic 
environments (Grim 1970 , Weaver & Pollard 1973 , 
Velde 1977) . Such chlorites ,  having chamosite earn
position and both 7 Å and 14 Å reflections , are 

1 o '  o jo e .§. 
l :::: 8 . o  o "' 

l 'iii 

Iao 
o 

.c ' 
öl 6 . o  s o 
.c; l d o 

o o 
f: 4 . 0  o l ::e o :> o x o l o ., 

2 . o  a. 

o <(  ' 
C> 

1 . 0  2 .0 3 .0 4. 0  5 . 0  6 . 0  

To ta l p o r o s i t y %  
Fig. 34. The relationship between total porosity and crys
tallinity of illite in some of the samples studied.  
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expected to transform towards the more stable 14 Å 
ch lori te structure at increasing T- P conditions 
(Hayes 1970 , Velde 1977) . This transformation 
takes place at a thermal energy leve! where mixed
layer clays are no longer stable , i . e .  about l20°C . 

The weil crystallized habit of the studied chlorites 
is another indicator of high T- P conditions encoun
tered by their host rocks (cf. Hayes 1970) . 

The partitioning of homologous tons 
(Fe2+ -Mg2+)  between the co-existing il lite and 
chlorite depends upon variation in temperature and 
pressure conditions (Ramberg 1952) . At low 
temperature the partitioning is not very clear and 
instead segregation occurs (Velde 1977) . The Fe2+ 
will concentrate in one phase , chlorite , and Mg2+ in 
the other , illite . This segregation may have occur
red in the studied co-existing phases ,  but as the 
valency of the iron in the microprobe analysis is not 
known , the problem cannot be solved.  However, it 
is generally found that the chlorite contains much 
more iron , predominantly as Fe2+ ,  than the illite 
(Fig . 35) . The ratio Fe/Mg seems generally to be 
low in illites campared to chlorites .  It is particularly 
observed in those illites co-existing with chlorites 
(Table 20 , analyses 14 ,  16 and 20) . This suggests that 
the illite concentrates Mg in preference of Fe2+ 
whereas the chlorite does the reverse . 

In brief, the crystal-chemical properties of the 
studied diagenetic clay minerals suggest diagenetic 
temperature above 150°C and at the most around 
200°C. This is indicated from the presence of 
phengitic and sericitic illites with practically no ex
pandable layers , as weil as with an absence of 
mixed-layer clay minerals and kaolinite , tagether 
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Fig. 35. Ternary p lo t of Fe- Mg-Al of diagenetic illite (o) 
and chlorite (x) . 
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with the presence of weil crystallized and iron-rich 
chlorite . These associations are characteristics of 
parageneses 3 and 4 ( 1M-1Md illite -chlorite and 
2M illite - muscovite -chlorite ; p. 38) . This implies 
a minimum depth of burial of about 4000 m; if an 
average geothermal gradient is assumed at about 
25°C/km. 

Principal transformations at high T- P gradients 

In the areas of dolerite intrusions there has obvious
ly been higher increase in temperature and possibly 
pressure as weil . The case was no longer a normal 
burial diagenesis ; higher temperature and supply of 
hydrathermal fluids invalved a change . 

The evidence at hand , presence of epidote and 
illite , preserved sedimentary texture and dissolu
tion-replacement of the detritat grains by epidote 
and calcite (see also p. 36) , suggests a maximum 
temperature of 300°C . The important transforma
tion in the clastic rocks in the hydrothermally 
affected area are : 

l) Transformation of illite into mixed-layer clays 
(an illite- kaolinite or illite- chlorite phase) and/or 
increasing amount of expandable layers and de
teriorating degree of crystallinity . 

2) Formation of Mg-rich chlorite from the inter
stitial illite and chlorite . 

3) Recrystallization of some illite into coarser 
crystals of museavite habit . 

These transformations are arranged with increas
ing distance from the dolerites and may also vary 
depending on the original interstitial cia y (ch lori te 
or illite dominating) . In the first two transforma
tions it seems that the hydrathermal fluids were an 
im portant factor , w h e reas in the latter the tempera
ture played a greater role . The formation of mixed
layer clays in hydrathermal environment is not as 
clearly understood as in the diagenetic environ
ment . Howeve r, mixed-layer clays we re reported as 
either associated directly with volcanic activity or 
occurring in geothermally active areas (e . g .  Sudo & 
Shimoda 1978) . 

Summary of diagenetic events and conditions 

Due to progressive burial , the sediments will en
counter new conditions after deposition . The re
latively more sensitive minerals will obviously start 
to adjust themselves to these new conditions . The 
first , darninating type of alterations to take place 
are redox reactions (e .g .  Berner 1971 , Dapples 
1979) . Highly oxidizing conditions and high per-
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meability are expected at the early stage of burial ; 
therefore the alteration of biotite and feldspar is ,  to 
a great extent , a function of them . 

Hydrolysis of feldspar results in productian of K+ 
(Wollast 1967 , Siegel & Pfannkuch 1984) ; the rate 
of the hydrolysis was found to be pH dependent . 
The produced potassium may be mobilized . The 
rate of leaching will then contra! the alteration pro
duct of feldspar. High rate usually favoured the 
formation of kaolinite relative to the illitic clay 
minerals .  Part of the octahedral Fe2+ in biotite may 
be oxidized at this stage of diagenesis and is expel
led from the octahedra .  It contributes to the forma
tion of the red colour of the rocks,  occurring as 
hematite . The hydrolysis of biotite may also cause 
the extraction of K+ and formation of hydrobiotite . 
lt is suggested , however, that the further oxidation 
of biotite may increase the bond strength , which 
holds K + ,  due to conversion of the OH- to 02-
(e .g .  Ross & Rich 1974) . This may reduce the furth
er alteration of biotite at this diagenetic stage . The 
alteration also depends highly upon the leaching 
rate , as in feldspar. 

At the early stage of burial the formation of clay 
coats of illite or chlorite and hematite coats as weil 
as pigment on the detritat grains is assumed to take 
place . The high concentration of the released ca
tions around the detritat particles , due to adsorp
tion , has probably favoured the formation of the 
authigenic i !lite , chlorite and hematite . 

With increasing thickness of the overburden the 
sediments become more compacted with continuous 
decrease of porosity and permeability . The circula
tion of the pore fluids is reduced and the concentra
tion of the cations derived from the alteration of 
unstable particles is increased .  The dewatering of 
argillaceous sediments results in an addition of 
fluids to the more permeable sandstone beds (see 
e . g .  Rieke & Chilingarian 1974) . The detritat parti
cles begin to be subjected to pressure solution . The 
result is precipitation of quartz overgrowth which is 
shown to envelop the earlier clay coats . The forma
tion of pore-filling clay cement betongs also to this 
stage of diagenesis . The alteration of detritat feld
spar and biotite presurnably continues but probably 
at a lower rate . The cations released at this stage 
are presurnably kept in the close vicinity of the de
trital grains . This conclusion is based on the 
assumption that illitization of kaolinite took place at 
this stage , hence its absence due to increase of the 
[K+]/[H+] ratio .  However , due to supply of more 
potassium than required for illite authigenesis and 
excess of silica,  authigenic potassium feJdspar is ex
pected to crystallize (Helgeson et al. 1 969) . As 
mentioned earlier, a few crystals of authigenic 
potassium feldspar were in fact observed . Accord-
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ing to Niehalls (1976) this may indicate that ratios 
as high as log [K+]/[H+ ]�5 . 5  at log [H4Si04] =4 
rarely were reached in the studied rocks . lnstead , 
the ra tio of [N a +]/ [H+] see m s to have rea ch ed the 
concentration leve! of crystallization of albite . The 
two parageneses , kaolinite - mixed-layer clays and 
IM-lMd illite - chlorite , may betong to this stage 
of diagenesis . In the rocks studied only the latter 
was observed. 

The third important event in the diagenetic his
tory of the studied rocks is the increasing influence 
of temperature and pressure , in addition to solution 
chemistry , as in paragenesis 4 (2M illite 
muscovite - chlorite) . This stage is characterized 
by almost complete diminishing of porosity and 
permeability where diagenetic reactions were 
accomplished on a micro-environmental scale .  The 
kaolinite and mixed-layer clays are completely ab
sent (see Morad & AIDahan 1982b) . The prevailing 
diagenetic changes are transformation and recrystal
lization reactions . Illite is found to recrystallize into 
coarser crystals and in some cases into muscovite . 
The process presurnably invalves the extended fixa
tian of K+ in the illite as proposed by Kazintsev 
(1968) . At this stage of diagenesis a possible in
crease of the effective porosity may set in , due to 
release of an appreciable amount of bound water 
associated with relative decrease of the partide size 
of the clay minerals (Rieke & Chitingarian 1974) . 
This will enhance and speed up the reactions by 
supplying additional fluids . The local transport of 
silica from the high pressure zone (with sutured 
quartz-grain contacts) to that of lower pressure 
( overgrowth area) ma y have been facilitated by the 
new additional pore fluids (cf. Houseknecht 1984) . 
Table 30 summarizes the sequence of major di
agenetic events described above . 

The expected maximum diagenetic temperature 
and pressure conditions which have affected the 
rocks of the Dala Sandstone Formation are about 
200°C and 1 . 5  kb . This estimation is based on 
observations such as absence of mixed-layer clays 
and kaolinite , recrystallization of illite into musco
vite and development of triple junction and quartz
ite-like textures in some of the quartz sandstones . 
Such developments in clastic sequences are related 
to approximately the same T- P conditions by other 
authors in other areas (e .g .  Hoffman & Hower 
1979 , Boles 1981 , Islam et al. 1982) . 

The conditions of diagenesis were influenced by 
the dolerites at their areas of intrusion . This has 
eaused both increase in the temperature of the pore 
fluids and addition of new mineralizing solutions . 
The present evidence , as mentioned earlier,  sup
ports the estimation of temperature around 300°C 
and relatively shallow depth for the alteration of the 
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Table 30. Sequence of major diagenetic events in the rocks studied .  

Advancing diagenesis - - - - - - - - - - - - - - ·� 
Diagenetic 
minerals sutured 
Quartz 

III i te 

- - - - - overgrowth - - - - - - -
contacts 

Chlorite 

Hematite 

Titanium 
minerals 

alteration 
products of 
detritat biotile , 
feJdspar and 
ilmenite 

grain
coatings 

interstitial 

Calcite cement and 
replacement 

Museavite 

F eldspar 

clastics (sandstones and shales) . In other words , the 
injection of the dolerites has occurred during the 
continuing burial of the sediments , i . e .  before they 
reached their final burial as estimated at a minimum 
depth of about 4000 m. The circulating hydrather
mal fluids gave rise to formation of epidote,  calcite ,  
titanium minerals ,  chlorite , kaolinite , albite , quartz , 
hematite and minor amounts of magnetite and 
mixed-layer clay minerals .  

If ,  however ,  temperatures higher than 300°C and/ 
or deep burial conditions were attained , other 
minerals ,  e . g .  pumpellyite , prehnite , actinolite and 
andradite , are expected to occur.  Besides , the rocks 
would show textures of metamorphic grades rather 
than their present sedimentary ones. 

Conclusions 

The mineralogy of the Dala Sandstone rocks, being 
mainly quartz-dominated , suggests derivation most
ly from acidic igneous rocks , gneisses and sand
stones . These are common constituents of the base
ment rocks in the area studied and its surroundings. 
The domination of biotite over muscovite in the 
sandstones studied is weil related to composition of 
the basement rocks .  The scarcity of heavy minerals 
in the sandstones is presurnably related to intra
stratal dissolution . 

The diagenetic clay minerals were formed by au
thigenesis ,  alteration of detrital biotite and feJd
spars and aggradation crystallization of interstitial 
clay minerals .  The sources of cations for their 
formation were mainly decomposition of the detrit-

interstitial 
(from il! i te) 

overgrowth 

al biotite and feJdspar and partly circulating 
meteoric water . Detrital biotites and ilmenite were 
important sources of Ti for authigenic anatase , 
rutile and sphene . The alteration of Si-bearing de
trital grains , the transformation of diagenetic clays 
and pressure solution were the main source of silica 
in the rocks studied . 

A high grade of diagenesis characterizes the rocks 
studied which is best suggested by common absence 
of illite - smectite and kaolinite .  These minerals are 
known to transform to the more stable phases,  i . e . , 
illite and/or chlorite , by increasing temperature and 
pressure , i . e . ,  increasing depth of burial . Other fea
tures that suggest high grade of diagenesis are su
tured contacts between quartz grains , presence of 
authigenic sphene and the almost complete loss of 
porosity . 

The high grade of diagenesis in the rocks studied 
has resulted in the generally low content of expand
able layers in the illitic minerals as weil as in their 
high iron content . This effect , high grade of di
agenesis ,  is also reflected by the good crystallinity 
of the illites .  The chlorites also show good crystal
linity and high content of iron , occurring as Fe -Mg 
trioctahedral chlorites and chamosite . 

The sequence of diagenetic minerals as it is 
shown in Table 30 represents a series of processes 
which were finally controlied by a temperature of 
about 150 to 200oc and a pressure of about 1 . 5  kb . 
These estimations are based on the chemistry and 
the paragenesis of diagenetic minerals .  The clastic 
rocks in areas close to the dolerites have been ex
posed to temperature and possibly pressure higher 
than those which affected the other parts of the 
rock sequence . This has resulted in the formation of 
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metamorphic minerals (e . g .  epidote , chlorite) and 
texture . The hydrathermal fluids have been affect
ing both the detritat and diagenetic minerals eausing 
their replacement or alteration . Epidote and calcite 
are among the important replacement minerals ,  
whereas chlorite , kaolinite and mixed-layer 
il! i te - kaolinite (?) are the im portant alteration pro
ducts . Maximum temperature reached at the areas 
of hydrathermal alteration might be about 300°C . 
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