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B U R I A L  DIAGENETIC PROCESSES A N D  CLAY M I N E R A L  
F O R M A T I O N  IN THE M O L A S S E  Z O N E  OF U P P E R  A U S T R I A  
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Abs t r ac t~Cores  of pelitic sediments (Eocene-Miocene) of the drillings Puchkirchen 1 and Geretsberg 1 
(Molasse Basin, Upper Austria) have been studied to determine the mineralogical and chemical changes 
taking place during burial diagenesis. Mineralogical and chemical investigations of the bulk samples show 
that the deepest samples of the profiles are derived from a different source area. In particular, there is an 
increase in kaolinite and chlorite with depth and a decrease in quartz related to the initial sedimentology 
and provenance. 

Investigations of the <2 p~m and <0.2 p~m fractions of the profiles Puchkirchen 1 and Geretsberg 1 
reveal the diagenetic overprint of the mineral constituents: The gradual illitization of mixed-layer illite- 
smectite, also reflected in an increase of K20 and AI203, is displayed most prominently in the <0.2 p~m 
fraction. The source for the A1 and K is the dissolution of K-feldspar (<2  ixm fraction), as indicated in 
many previous studies. 

The I-S mixed-layer phases are randomly interlayered to a depth of 1600 m; from there on a regular 
interstratified I-S phase appears in coexistence with the randomly interlayered I-S mixed layer. The 
randomly oriented phase is still present in major amounts to depths of 2500 m, presumably as a result 
of the low geothermal gradient (2.9 ~ m) in the Molasse Basin. 

The calculation of the structural formula of the end members illite and smectite from this series of I-S 
mixed-layer phases gave the following results: 

Smectite: 

K 0.14X+ 0.44 (AI l.l 0 Mgo.46Feo.36Tio.m )Si4.030 lo(OH)2 

Illite: 

K0.a4X+0.19(A11.26Mg0.42Fe0.3sTi0m)(Si3.5~A10.zs)O10(OH)2 

The end-member interlayer charge for the smectite component (+0.58) is higher than reported for typical 
smectites (+0.32 to +0.47). It is suggested that the I-S phases of the Molasse Basin are probably inter- 
growths of 3 layer-silicate members: illite, low-charged smectite and high-charged smectite. The deter- 
mined smectite end-member composition represents, therefore, an average for a variable 2-component 
smectite system. The charge-differences of the 2 smectites would likely reflect the differences in source 
material, which in turn would have led to the formation of different early, highly smectitic I-S phases in 
the sedimentary basin. 
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I N T R O D U C T I O N  

Bur ia l  d iagenet ic  p rocesses  of  pel i t ic  sed iments  
have  b e e n  the subjec t  of  n u m e r o u s  minera log ica l  in- 
ves t iga t ions  in  Ter t iary  bas ins  wor ldwide  ( Johns  and  
Kurzwei l  1979; A w w i l l e r  1993; Sucha  et al. 1993; 
L y n c h  1997). Re la ted  to oil explora t ion ,  the  ini t ial  in- 
ves t iga t ions  were  in tens ive  in the G u l f  Coas t  reg ion  
and  the  d iagenet ic  reac t ion  o b s e r v e d  was:  Smect i t e  + 
A P  + + K + = il l i te + Si 4+ (Hower  et al. 1976). T he  
t r ans fo rma t ion  f rom smect i te  to ill i te was  also re la ted  
to pe t ro l eum migra t ion  processes  due to the  re lease  of  
in ter layer  wate r  (Powers  1967; Burs t  1969; P e r r y  and  
H o w e r  1972; Bruce  1984). 

The  pub l i shed  data  f rom the G u l f  of  M e x i c o  sedi- 
m e n t a r y  bas in  were  re in te rpre ted  by  Eber l  (1993).  
Three  reac t ion  zones  for  i l l i te fo rma t ion  wi th  increas-  
ing dep th  were  identif ied:  K- ion  exchange  resu l t ing  in 
smect i te  t r ans fo rma t ion  to i l l i te in  a sha l low zone  
(1.85 to 3 km),  i l l i te n e o f o r m a t i o n  f rom d isso lu t ion  o f  
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coarser  K-bea r ing  phases  and  smect i te  by  organic  ac- 
ids in a midd le  zone  (3 to 4 km)  and  il l i te recrys ta l -  
l izat ion f rom d isso lu t ion  of  less s table  i l l i te c rys ta ls  
and  g rowth  of  more  s table i l l i te c rys ta ls  dur ing  min-  
eral r ipen ing  in the  deepes t  zone  ( > 4  kin).  

In Austr ia ,  c lay minera l  d iagenes i s  was  s tudied  in 
the  V i e n n a  B a s i n  by  Kurzwei l  and  Johns  (1981)  and  
Hor ton  et al. (1985).  The  presen t  s tudy invo lves  dia- 
genet ic  d e v e l o p m e n t  of  the  c lay minera l s  in  the  Mo-  
lasse Bas in  o f  U p p e r  Austr ia ,  whe re  d i f fe rent  s ed imen t  
sources  are involved .  The  Mola s se  Z o n e  (Figure  1) is 
s i tuated nor th  of  the Alps ;  it b e longs  to the  A lp ine -  
Carpa th i an  o rogen ic  belt .  The  par t  of  the Mola s se  Ba-  
sin in  Aus t r i a  is 300 k m  long  and  its wid th  var ies  
be tween  5 and  50 km. Dur ing  orogenesis ,  the  bas in  
accep ted  first the  detr i tal  s ed imen t s  f rom the  no r the rn  
B o h e m i a n  M a s s i f  and  then,  as the a lp ine  o rogen  rose,  
the  sed imen t s  were  der ived  f r o m  the  south. The  M o -  
lasse sed imen t s  were  par t ly  ove r th rus ted  by  the n a p p e  
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GEOLOGICAL SETTING 
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Figure 1. Geologic map and the locations of the drillings Puchkirchen I (PI) and Geretsberg 1 (GB 1). 

system o f  the Kalkalpen (Nor them Calcareous Alps). 
The thickness of  the Molasse  sediments increases f rom 
north to south to 3000 m (qbllmann 1985). The  age 
of  the sediments ranges f rom Tertiary, where sedimen- 
tation started in Upper  Eocene, to Quaternary (Malzer  
et al. 1993). 

Two cores (Puchkirchen 1 and Geretsberg 1, Figure 
I) of  the Molasse Basin were analyzed to determine 
mineralogical  and chemical  changes with depth. The  

well  cores were made available by the Roh61-Aufsu- 
chungs A G  (RAG),  an oi l-explorat ion company of  this 
region. The samples studied belong to the Haller, 
Puchkirchener and Rupelien series, to the Fishshale 
and to the Top l imnic series of  the Molasse  Basin (Ta- 
ble 1). The  depth interval investigated covers  590 to 
2625 m. The geothermal gradient of  the dril l ings 
Puchkirchen 1 and Geretsberg i is 2.9 ~ m (Fig- 
ure 2). This gradient was calculated f rom data provid-  

Table 1. Stratigraphy and depths of the core samples P (Puchkirchen 1, 2) and GB (Geretsberg I). 

Sample Depth (m) Stratigraphy Series 

1PI 590 Haller S. L-Miocene 
2P1 801 Hailer S. L-Miocene 
3P1 1004 Haller S. L-Miocene 
4Pl 1130 U. Puchkirchener S. U-Oligocene-L-Miocene 
5P I 1274 U. Puc/~kirchener S. U-O~igoce~e-L-Miocene 
6PI 1560 U. Puchkirchener S. U-Oligocene-L-Miocene 
7P1 1622 U. Puchkirchener S. U-Oligocene-L-Miocene 
8PI 1885 U. Puchkirchener S. U-Oligocene-L-Miocene 
9PI 2065 L. Puchkirchener S. U-Oligocene 
10PI 2297 L. Puchkirchener S. U-Oligocene 
11PI 2378 L. Puchkirchener S. U-Oligocene 
12Pl 2475 Rupel M-Oligocene 
13P2 2583 Fishshale Latdorfian 
14P2 2625 Top Linmic S. U-Eocene 
27GB 1 912 Haller S. L-Miocene 
28GB1 1093 Hailer S. L-Miocene 
29GB 1 1323 Hailer S. L-Miocene 
30GB 1 1530 U. Puchkirchener S. U-Oligocene-L-Mioeene 
31GB 1 1709 U. Puchkirchener S. U-Oligocene-L-Miocene 
32GB 1 1918 L. Puchkirchener S. U-Oligocene 
33GB 1 2110 L. Puchkirchener S. U-Oligocene 
34GB I 2247 Tonmergel Rupel M-O/igocene 
35GB l 2420 Fishshale Latdorfian 
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Figure 2. Calculated geothermal gradient based on data 
from P1 and GBI. 

ed by RAG AG. The temperature in the wells was 
measured after temperature equilibration. 

The main investigations concentrate on the <2 txm 
and <0.2 txm fractions, where mixed-layer formation 
is best revealed. The <0.2 ~xm fraction was character- 
ized mineralogically and chemically in detail for the 
purpose of calculating the structural formulas of the 
mixed-layer minerals and their end members smectite 
and illite. 

SAMPLE PREPARATION 

The outer 0.5 cm of each core was removed to avoid 
possible contamination from drilling fluid. The sam- 
ples were crushed to a size of 3 mm and the carbonates 
and free iron oxides were dissolved and removed with 
0.1 M EDTA solution (pH 4.5) at 50 ~ (Glover 1961; 
Kohler and Wewer 1980). They were also treated 6 
min with a 400 W ultrasonic probe (approximately 30 
g sample in 300 mL fluid) for further disaggregation. 
The samples were saturated with 1 M NaC1 solution 
to exchange the naturally adsorbed cations by Na to 
avoid flocculation, and afterwards washed repeatedly 
to remove excess chloride. The <2 p~m fractions were 
separated by sedimentation, the <0.2 txm fractions by 
timed centrifugation. The resulting suspensions were 
concentrated by evaporation and the still wet samples 
were freeze-dried. 

Oriented preparations of the <0.2 txm fractions for 
XRD were made by dispersing approximately 3 mg of 
clay separate in 1 mL of water, pipetting the suspen- 
sion onto a round glass slide (diameter 2.5 cm) and 
drying at room temperature. Oriented XRD mounts 
were analyzed air-dried and after vapor solvation with 
ethylene glycol at 60 ~ for 12 h. 

M I N E R A L O G Y  

Bulk Samples 

The mineralogical compositions of the bulk samples 
were determined by X-ray powder diffraction (XRD). 

Diffraction data were collected with a Philips diffrac- 
tometer (PW 1710, goniometer PW 1820), CuKet ra- 
diation (45 kV, 35 mA), step scan (step size 0.02, 1 s 
per step). Semiquantitative estimates of the mineral 
constituents were made following the method of 
Schultz (1964), which implies error limits of 4-10% 
for phases present in an amount greater than 15% of 
the sample. The composition of the shallower samples 
(Miocene to Middle Oligocene) is very uniform, con- 
taining quartz, plagioclase, K-feldspar, calcite, dolo- 
mite, gypsum, pyrite and the clay minerals smectite, 
kaolinite, mica and chlorite. The mineralogical com- 
position of the 2 deepest samples of the profile Puch- 
kirchen (Lower Oligocene and Upper Eocene) and the 
deepest sample of the profile Geretsberg (Lower Oli- 
gocene) is different: these samples have a very high 
content of kaolinite. This difference in the mineral- 
ogical compositions of the shales is due to paleogeo- 
graphically different source areas. At the time of the 
Upper Eocene and part of the Lower Oligocene, the 
sediments were derived from the north, the Bohemian 
Massif, but with the uplift of the Alps, the direction 
and provenance of sedimentation changed, coming 
from the alpine area in the south (Kurzweil 1973). The 
source of kaolinite was the weathering of feldspar-rich 
rocks as they occur in the Bohemian Massif. Because 
of the different mineralogical composition of the older 
sediments, only the samples derived from the alpine 
source area were used for the investigations concern- 
ing the diagenetic changes in clay minerals with depth. 

<2  ixm Fraction 

The mineralogy of this size fraction is similar to the 
composition of the bulk samples, except for the con- 
tents of calcite and dolomite, which were dissolved 
during the preparation with EDTA. In the XRD dia- 
grams the mixed-layer mineral I-S is revealed for the 
first time. 

Figure 3 shows the depth distribution of non-clay 
minerals in the 2 drillings. Quartz and K-feldspar de- 
crease somewhat with depth in both profiles, while to- 
tal clay mineral content remains essentially constant in 
the <2  txm fractions. 

Figure 4, showing clay mineral distribution with 
depth, indicates an increase in discrete illite and chlo- 
rite with concomitant decrease in I-S mixed layer 
phase in the <2  txm fractions in both the Puchkirchen 
and Geretsberg profiles. The increase in kaolinite in 
the older sediments was noted previously. 

<0.2 Ixm Fraction 

Figure 5 shows XRD patterns of <0.2 txm fraction 
samples from different depths (801 m, 1622 m, 2378 
m). The <0.2 txm fractions are essentially I-S mixed- 
layer phases with minor amounts of discrete mica, ka- 
olinite and chlorite present. The strong, broad reflec- 
tion at 17 ,~ indicates random interstratification of the 
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Figure 3. Distribution of the non-clay minerals of the <2 txm fraction with depth in P1 and GB1. 

I -S  mixed layer (Moore and Reynolds 1989). Addi- 
tionally, the deeper samples show a weak reflection at 
around 27 ,~, which could be the 001 of the super- 
structure reflection, but there is no other evidence for 
R1 ordering. The percentage of illite in the mixed lay- 
er mineral I -S  was determined by the ~ difference 
values of the peak positions 001/002 and 002/003 
(Moore and Reynolds 1989). The precise peak posi- 
tions were found with support of the "fit profile" op- 
tion of the Philips APD-software 3.5B (1992). 

As shown in Figure 6, the relative proportions of 
illite layers in the I-S phases increase with depth to a 

maximum of 70% illite layers. The I -S  mixed layers 
are randomly oriented to a depth of  1600 m and an 
illite content in I -S  of about 52%. In the depth range 
1600 to 2500 m of the profiles, there is evidence of 
ordered I -S  in coexistence with the randomly inter- 
stratified I-S. The randomly oriented phase is still present 
in major amounts in a depth of  2500 m, presumably a 
result of the low geothermal gradient (2.9 ~ m) 
in the Molasse Basin. 

Both the mixed-layer I -S  and impurities had to be 
quantified for the chemical formula calculations. The 
XRD peaks selected for the quantification of  the <0.2 
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Figure 4. Clay mineral-distribution of the <2 ~cm fraction with depth in P1 and GB1. 

txm fraction were the 1002-8003 peak, the illite 002 peak 
(17.7 ~ the chlorite 003 peak (18.8 ~ and the 
kaolinite 003 peak (37.7 ~ The peak value for the 
mineral was corrected by dividing its area by its min- 
eral intensity factor (MIF) (Reynolds 1989; Moore and 
Reynolds 1989). To verify the calculated quantities, 
the experimental diagrams were compared with theo- 
retical ones produced by NEWMOD�9 (Reynolds 
1985), a computer program for the simulation of  
mixed-layer patterns and admixing of  layer silicate im- 
purities. 

Examination of the d(060) values for this clay frac- 
tion indicates dioctahedral phases only: the d-values 
range from 1.4968 ,~ to 1.5026 A. There appears to 
be a slight trend with depth to higher values, as ex- 
pected with increasing tetrahedral substitutions. 

CHEMISTRY 

Major-element chemistry of  whole-rock samples 
was measured by X-ray fluorescence (XRF) analysis 
(Philips PW 2400) for all major oxides. The results 
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Figure 5. XRD patterns of oriented, EG-saturated <0.2 txm fraction samples. US = illite-smectite, I = illite, K = kaolinite, 
C = chlorite. Arrows show locations of I-S peaks. 
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from bulk analysis reflect mineralogical changes with- 
in each profile. 

In order to focus attention on compositional changes 
during diagenetic smectite-to-illite transformation, 
chemical analyses of the <0.2 Ixm fractions are em- 
phasized. Because these samples, consisting of very 
pure I-S, were very small, it was necessary to use 
dissolution with NaOH (K6ster 1979) coupled with in- 
ductively coupled plasma-atomic emission spectros- 
copy (ICP-AES) (Jobin Yvon JY70 Plus) analysis for 
these <0.2 txm samples. The quality of the analyses 
was assured by preparing and analyzing 2 standards, 
TB (Clay shale, Association Nationale 1989) and 
Brick clay (NBS standard reference material 679), ex- 
actly the same way as the samples. The relative error 
of the ICP analysis data for the elements was about 
+5%. 

The results of these analyses are plotted as a func- 
tion of depth in Figure 7 for the Puchkirchen and Ger- 
etsberg profiles, There is an increase in A1203 and K20 
in both profiles and also a slight increase in MgO and 
F%O3, whereas SiO2 stays about constant. 

CATION EXCHANGE CAPACITY (CEC) 

The CEC of the <0.2 Ixm fractions should give a 
measure of the interlayer charge of the smectite corn- 
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Distribution of the chemical components of the <0.2 Ixm fraction with depth for Puchkirchen 1 and Geretsberg 1. 

ponents of the I-S phases. The CEC of the <0.2 ixm 
clay fraction was determined after Busenberg and 
Clemency (1973). This method involves saturating the 
clay with ammonium ions, liberating the ammonium 
ions from the clay with sodium hydroxide and mea- 
suring the liberated NH3 with a specific electrode. The 
CEC values (meq/100 g) measured are plotted as a 
function of percent smectite layers in Figure 8. The 
linearity of the plot shows that the ammonium ex- 
change capacity is a function of the amount of smec- 
rite. When extrapolated to 100% smectite and 100% 
illite, the CEC value for smectite is 94.2 meq/100 g 
and 32.8 meq/100 g for illite. 

This was the first evidence to suggest that the smec- 
titic component of these I-S clays has an anomalously 
high interlayer charge, especially when compared to 
analogous sediments from the Vienna Basin (Horton 

et al. 1985). Because of the significance of this infer- 
ence, the measurements were repeated and confirmed. 

CALCULATION OF THE STRUCTURAL 
FORMULAS OF I-S AND THE END MEMBERS 

ILLITE AND SMECTITE 

The chemical analyses of the I -S component of the 
<0.2 tzm fractions provide the basis for calculation of 
structural formulas. For the calculations of the struc- 
tural formulas of the pure mixed-layer minerals I-S, 
the determined amounts of the impurites kaolinite and 
chlorite (Table 2) had to be subtracted first from the 
chemical analyses of the <0.2 txm samples. Kaolinite 
was assumed to have the ideal composition (Jasmund 
and Lagaly 1993): SiO2 46.55%, A1203 39.50%, H20 
13.95%. For the correction of chlorite, a mineral of 
the following composition was used (Deer et al. 1962): 

https://doi.org/10.1346/CCMN.1998.0460606 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1998.0460606


Vol. 46, No. 6, 1998 Burial diagenetic processes and clay mineral formation in the Molasse Zone of Upper Austria 665 

90 

80 

70 

d 

60 

5O 

40 
20  

Figure 8. 
tion. 

y = 32.823 + 0.61361x R^2 = 0.609 

�9 �9 �9 �9 

! i i i i 

3 0  4 0  5 0  6 0  7 0  8 0  

% Smect i te  

CEC vs. % smectite in I-S of the <0.2 Ixm frac- 

S i t 2  33.46%, A1203 10.96%, Fe203 2.56%, F e O  
24.72%, M n O  0.4%, M g O  16.52%, C a t  0.92%, Na20 
0.29%, H20 9.96%. This composi t ion  was chosen as 
best representing the i ron-bearing chlorites so often 
found in sediments and sedimentary rocks. Because  of  
the small amounts present of  each of  these impurities,  
the corrections had very  little effect  on the ult imate 
composi t ion of  the extrapolated smecti te  end member.  

The impuri ty-corrected chemical  data of  the <0 .2  
~ m  fractions were  taken to calculate the structural for- 
mulas (Marshall  1949) of  the pure I - S  mixed- layer  
minerals on the basis of  10 oxygens  plus 2 hydroxyls  
and a total negat ive charge of  22. Since the samples 
were saturated with Na  during preparation, the deter- 
mined  CECs of  the <0 .2  p~m fractions were  recalcu- 
lated to Na20 and included in the formula  calculation. 
Because  the pr imary  interlayer cations are not  known,  
the term " X  +' '  instead o f  " N a  +' '  is used in the for- 
mulas. 

Detrital mica of  an appropriate composition and pres- 
ent in the <0 .2  p~m fraction, was l ikewise subtracted 
f rom the composi t ion of  the structural formulas  of  the 
mixed  layers. Ideal muscovi te  was first considered,  but  
i f  indeed present would  have been degraded during 
weathering and transport before deposition. Therefore,  
it seemed likely that a detrital illite was most  appro- 
priate. A composi t ion represented by the mean  of  21 
sericites (Eberl et al. 1987) was chosen. Its formula  is: 
Ko.76Nao.02Sro.04(Al 1.sFeo.06Mgo. 13)(8i3.30A10. 70)O10OH2. 

The est imation o f  small  amounts  of  detrital mica  in 
the presence of  I - S  phases with modera te  to high illite 
content  by means  of  X R D  analyses is difficult, i f  not  
impossible.  For  that reason a constant value of  6% 
sericitic mica,  which is equivalent  to the uppermost  
sample of  the dri l l ing Puchkirchen,  was r emoved  f rom 
all samples. That  is, it was assumed that detrital illite 

Table 2. Kaolinite and chlorite variation with depth in the 
<0.2 Ixm fraction (wt%). 

Sample Depth (m) Kaolinite Chlorite 

2P1 801 1.5 1.5 
6P1 1560 2.5 1.5 
7P 1 1622 3 3 
8PI 1885 2.5 2.5 
9P1 2065 3 3 
10P 1 2297 3 3 
12P1 2475 2.5 2.5 
27GB1 912 3 3 
28GB 1 1093 l l 
29GB 1 1323 1.5 1.5 
32GB 1 1918 4.5 5.5 
33GB1 2110 5.5 6.5 
34GB 1 2247 8.5 7.5 

is essential ly constant in these fine fractions. Further  
calculat ions showed that variations o f  a few percent  
of  the sericite content  are possible without  greatly in- 
f luencing the composi t ion  of  the formulas.  Similarly,  
assuming a muscovi te  composi t ion  and varying the 
content  a few percent  l ikewise had no significant effect  
on the ult imate composi t ion  of  the mixed- layer  phases 
and, more  importantly,  the extrapolated smect i te  end- 
member  composi t ion.  The  very  small  amounts  of  chlo- 
rite present  precluded the possibil i ty o f  observ ing  any 
diagenetic  changes in chlorite. 

The  resulting formulas  of  the I - S  mixed  layers o f  
the Molasse  Basin are listed in Table 3 and the distri- 
bution o f  the cationic charges on tetrahedral,  octahe-  
dral and interlayer posit ions is plotted in the triangular 
d iagram muscov i te -ce ladon i te -pyrophyl l i t e ,  Figure  9 
(Yoder and Eugster  1955). Figure  9 also shows the 
diagenet ic  trend f rom smecti t ic to illitic composi t ion.  
The  smecti tes do not plot  in the field calculated for 
typical  montmori l loni tes  (K6ster  1981), but show a 
h igher  interlayer charge. This is quite significant, as 
will  be discussed later. 

Gains and Losses During Burial  Diagenesis  

To establish the overal l  composi t ional  changes of  
the clay minerals  during diagenesis,  the chemica l  com-  
ponents  o f  the bulk chemical  formulas  for the mixed-  
layer  phases were  plotted as a function o f  smect i te  
percent.  Percent  smect i te  was chosen,  because  its dis- 
appearance is an indicator o f  diagenesis.  The results 
o f  l inear regression analyses are shown in Figures  10 
and 11. 

Figure  10 shows a significant increase in tetrahedral 
charge and, therefore,  tetrahedral AP  + and a decrease 
in octahedral  charge during illitization. The  interlayer 
charge increases only slightly, indicating that the tet- 
rahedral  and octahedral  substitutions essential ly bal- 
ance one another. 

During smecti te-to-i l l i te  transition, inter layer  K + in- 
creases, whereas  X +, calculated f rom the CEC,  de- 

https://doi.org/10.1346/CCMN.1998.0460606 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1998.0460606


666 Gier Clays and Clay Minerals 

Table 3. Structural formulas of the I-S mixed-layer phases (based on O10(OH)2). Z § = interlayer charge, O = octahedral 
charge, T = tetrahedral charge, Fe = F& +. 

Sample Z (+) O ( - )  T ( - )  Z (K) Z (X+) O (A1) O (Fe) O (Mg) O (Ti) T (Si) T (A1) 

2P1 0.60 0.50 0.10 0.28 0.31 1.18 0.38 0.39 0.01 3.90 0.10 
6P1 0.67 0.46 0.21 0.26 0.40 1.22 0.32 0.44 0.01 3.79 0.21 
7P1 0.64 0.44 0.20 0.34 0.32 1.26 0.36 0.33 0.01 3.80 0.20 
8P1 0.59 0.39 0.20 0.26 0.34 1.27 0.34 0.37 0.01 3.80 0.20 
9P1 0.59 0.38 0.21 0.22 0.33 1.23 0.37 0.37 0.02 3.79 0.21 
10P1 0.66 0.39 0.27 0.31 0.30 1.20 0.37 0.41 0.02 3.73 0.27 
12P1 0.62 0.32 0.30 0.33 0.25 1.19 0.37 0.48 0.01 3.70 0.30 
27GB1 0.57 0.55 0.02 0.21 0.38 1.14 0.33 0.50 0.01 3.98 0.02 
28GB1 0,61 0.61 0.00 0.22 0.35 1.02 0.41 0,53 0.01 4.00 0.00 
29GB 1 0.59 0.48 0.11 0.25 0.32 1.09 0.39 0.52 0.01 3.89 0.11 
32GB1 0.55 0.20 0.35 0.33 0.27 1.15 0.43 0.49 0.02 3.65 0.35 
33GB1 0.64 0.37 0.27 0.28 0.30 1.19 0.40 0.39 0,02 3.73 0.27 
34GB1 0.67 0.48 0.19 0.37 0.27 1.17 0.33 0,49 0.01 3.81 0.19 

creases (Figure 11), a l though the total inter layer  
charge barely increases  (Figure 10), indicat ing K + ex- 
change  and fixation in highly  charged  layers. In spite 
o f  substantial  r ep lacement  o f  octahedral  M g  2+ by A13+ 
(Figure 12), the coupled  rep lacement  of  tetrahedral  
Si 4+ by A13+ (Figure 10) results  in only slight change  
in interlayer  charge,  

By ex t r apo la t ion  o f  these  data  to 100% smec t i t e  
and 100% ill i te,  it was  pos s ib l e  to ca lcu la te  the  c o m -  
pos i t i on  o f  the 2 end  m e m b e r s  f r o m  the resul ts  o f  
l inear  r e g r e s s i o n  ana lyses ,  as s h o w n  in F igure  13. 
S h o w n  here  also are the gains  and losses  of  the 

c h e m i c a l  c o m p o n e n t s  dur ing  d iagenes i s .  A b a l a n c e d  
c h e m i c a l  reac t ion ,  b a s e d  on  r eac t ion  b e t w e e n  s m e c -  
t i te and K - f e l d s p a r  to f o r m  ill i te,  can  be  wri t ten:  

Ko.14Xo.44 (A11.1o Mgo.46Feo.36Tio.o1)Si40 lO (OH)2 

+ 0.64[KA1Si308] + 0.02Fe 3+ + 4 .48H20 + 0.64H + 

Ko.44Xo.19 (A11.26Mgo.42Feo.38Tio.o1)Si3.52Alo.4801o(OH)2 

+ 0 .34K + + 0.25X + + 0 .04Mg 2+ 

+ 2.4[H4SIO4] 

Ce 

�9 Molasse Basin 
�9 Vienna Basin 

I 

- -  A A / \  A A A A A A ' 

Mu Py 

Figure 9. Comparison of the diagenetic trends of the Molasse Basin and Vienna Basin. Variation in octahedral and tetrahedral 
charge of the I-S plotted in the muscovite-celadonite-pyrophyllite diagram. O = end members, * = mean composition, arrow 
= diagenetic trend, illite (I) and smectite (S) fields (K6ster 1981). 
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DISCUSSION 

Detailed studies of these Molasse Basin clay-silt 
sediments have revealed a diagenetic overprint, in- 
volving gradual transformation of  smectite to illite 
through mixed-layer I -S  intermediates within the fine 
clay mineral matrix. This is in agreement with the 
shallowest zone 1 (1.85 to 3 kan) described by Eberl 
1993, where the gradual decrease in expandability is 
thought to result from K + ion exchange transformation 
mechanism for illite layer formation, in which high- 
charged smectite layers coalesced around interlayer 
K +. The increase in layer charge is due to substitution 
of AI 3+ for Si 4+ in the smectite tetrahedral sheet. 

The illitization of  the investigated I-S clay minerals 
of the Molasse Zone of Upper Austria has produced 
up to 70% illitic layers in the mixed-layer I-S.  The I -  
S phases are randomly interlayered to a depth of 1600 

m; below that, to a depth of 2500 m, there is evidence 
of  ordered I -S  coexisting with randomly ordered I-S.  
These results are slightly different from other investi- 
gations of  I -S  mixed-layer minerals of  Tertiary basins 
of  the world (Hower et al. 1976; Johns and Kurzweil 
1979; Awwiller  1993; Sucha et al. 1993; Lynch 1997), 
because of the continuing existence of  randomly in- 
terlayered I -S  to a depth of  2500 m. 

The main factor controlling the extent of  conversion 
of smectite to illite is the temperature and also the 
length of time the shale has been buried (Hower et al. 
1976). The calculated geothermal gradient for the 
wells Puchkirchen 1 and Geretsberg 1 is 2.9 ~ 
m. This is in accordance with the general gradient of  
3 ~ m for the Molasse Basin (Kunz 1978). In the 
East-Slovak Basin, the transition from random to or- 
dered I -S  interstratification takes place at a depth of 
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1800 m at an expandable layer content of  35-40%. 
The geothermal gradient there is about 5 ~ m 
(Sucha et al. 1993). By comparison, the geothermal 
gradient of the Molasse Basin is low and this is prob- 
ably the reason why there are still randomly interlay- 
ered I -S  mixed-layer minerals at depths of  2500 m. 

In another respect, the I -S transformation here is 
quite different from that observed previously else- 
where. In particular, the detailed chemical studies of 
the I -S  phases indicate that the initial smectite com- 
ponent exhibits a high interlayer charge (+0.58), ap- 
proaching that of a vermiculite (dioctahedral) with 
more celadonitic composition and higher Fe 3+ content 
than conventional low-charged smectites. 

Also as emphasized in Figure 9, where the diage- 
netic trend is indicated, there is only a very slight in- 
crease in interlayer charge, indicating that the coupled 
substitution of AP + for tetrahedral Si 4§ and octahedral 
Mg 2+ results in interlayer charge maintenance, accom- 
panying K+-fixation. 

This is in marked contrast to the Vienna Basin of  
Austria (Horton et al. 1985), Figure 9, where the illi- 
tization trend involves increasing interlayer charge, re- 
suiting from substitution of AP + for Si 4+ and to a much 
lesser extent for Mg 2+, thus resulting in progressive 
increase in interlayer charge, starting with a low- 
charge smectite (+0.38) precursor. 

Earlier studies of  K-fixation (Eberl et al. 1986) and 
NH4-fixation (Sucha and Siranova 1991) in smectites 
after saturation and repeated wetting and drying cy- 
cles, had indicated that, in the case of pure smectites, 
high-charged varieties (>0.40 per O10(OH)2 ) are usu- 
ally a mixture of  a high- and low-charged component. 
Also, alkylammonium ion orientation studies in smec- 
tites revealed a mixed-layer type structure of higher 
and lower charged smectite layers (Lagaly and Weiss 
1976; Stul and Mortier 1974). 

ILLITE 
Ko.~ X'o.19 (AII.~ Mg~42 Feo~ TIo.o0 (Si~.s2 AIo.4a) Olo (OH)2 

Koa4 X*o.~ (Altlo Mga.,w Feo.~ TIo.o0 S14.~ O~o (OH)2 
SMECTITE 

Figure 13. End members smectite and illite, gains and losses 
of the chemical components during diagenesis. 

This supports the growing realization that many I -  
S phases involved in burial diagenesis comain a smec- 
tite component with high interlayer charge and that 
these I -S  phases are indeed intergrowths of 3 layer- 
silicate members: illite, low-charged smectite and 
high-charged smectite. It appears likely that the high- 
charged end-member smectite from the Puchkirchen 
and Geretsberg series is also a mixture of 2 smectite 
components of widely different layer charge. The 
high-charged component, vermiculite-like in terms of 
charge, would presumably have readily transformed to 
illite during diagenesis, except for a lack of sufficient 
K § The low-charged, normal smectite component 
would require more extensive transformation, addi- 
tional K+-fixation and AP § for Si 4§ substitution to 
change to illite. Two mechanisms for illitization would 
be required. 

It is likely that future studies will show similar var- 
iations, which undoubtedly reflect differences in 
source material leading to the formation of different 
early, highly smectitic I -S  phases in sedimentary ba- 
sins. 

To confirm these presumptions, further detailed in- 
vestigations of K-fixation and alkylammonium ion ori- 
entation in this I -S  series are in progress by the author. 
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