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Abs t rac t - -Two clay fractions of a Cambrian claystone from Estonia, consisting essentially of illite and 
20% expandable illite-smectite, (I-S) were treated with C~2 and C]s alkylammonium cations for K-ex- 
change. Both the untreated and treated samples were dated by the K-Ar method. The treated clays lost 
several percent of their original K20 , with greater losses for longer-chain cations and for longer reaction 
time, in accordance with previously published studies. The dates of the treated clay fractions were 20 -  
30 Ma lower than those of the untreated clays. The decrease in the dates suggests preferential opening 
of older, detrital clays. The K-At dates of the illite layers susceptible to K extraction by the various 
treatments were calculated by subtracting K~O and radiogenic 4~Ar values of the consecutive step products, 
and they were plotted against the total % KzO removed, used as an indicator of the reaction progress. 
Extrapolation of the plot revealed a detrital (1550 Ma) and a diagenetic (380 Ma) age for the 2 illitic 
minerals present in the investigated shale sample. The inferred Devonian age of diagenesis of the Estonian 
clay corresponds to the period of massive dolomitization in the area. Both alteration processes can be 
related to a Devonian incursion of hot or alkaline fluids, which helps to explain the occurrence of 20% 
expandable I-S in claystones that have never been buried more than 1000 m. 

Extrapolated K-Ar ages and K20 contents of the illitic minerals, estimated from the X-ray diffraction 
(XRD) data, were used to model the experimental data. A good agreement was reached when dilution 
effects (chlorite and expanded illite) were taken into account. 
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I N T R O D U C T I O N  

Def in ing  re l iable  d iagenet ic  ages  o f  i l l i t izat ion in 
shales,  where  a lmos t  invar iab ly  d iagene t ic  clay min-  
erals  are in t imate ly  mixed  wi th  detr i tal  clay minera ls ,  
still r emains  a fo rmidab le  cha l l enge  in isotope geo- 
chemis t ry  of  s ed imen ta ry  rocks,  even  i f  rad iogenic  
4~ is not  preferen t ia l ly  lost  by  smal l  i l l i te crystals ,  
e i ther  in  na tu re  or dur ing  t r ea tmen t  (Clauer  et al. 1997, 
and  re fe rences  therein) .  In mos t  s ed imen ta ry  basins ,  
the detr i tal  mater ia l  of  shales  conta ins  no t  only  first- 
cycle  coarse  mica  f rom crys ta l l ine  rocks,  but  also 
e roded d iagenet ic  i l l i te and  I -S .  In such  s i tuat ions,  
separa t ion  of  the pos t s ed i m en t a r y  d iagenet ic  compo-  
nen t  is imposs ib le ,  even  i f  it is carr ied out  d o w n  to 
grain  sizes as smal l  as < 0 . 0 2  p.m (Clauer  et  al. 1997). 
Di f fe ren t  aspects  of  this  p r ob l em  have  been  covered  
in severa l  pub l i ca t ions  (Bur ley  and  Fl i sch  1989; Eh-  
r enbe rg  and  N a d e a u  1989; G l a s m a n n ,  Lar ter  et al. 
1989; G l a s m a n n ,  L u n d e g a r d  et  al. 1989; M o s s m a n  
1991; Pevea r  1992; Clauer  and  Chaudhur i  1996; 
C laue r  et al. 1996). 

A n  approach  t r ied in this  s tudy explores  the effect  
of  open ing  the in ter layer  sites by  a l k y l a m m o n i u m  cat- 
ions  on  K - A r  sys temat ics  o f  illite. A l k y l a m m o n i u m  
cat ions  are k n o w n  to replace  K cat ions  in mica  and  
illi te s to ichiometr ica l ly .  In general ,  t r ioc tahedra l  m ica  
is more  suscep t ib le  to K deple t ion ,  and  longer -cha in  
a l k y l a m m o n i u m  cat ions  d i sp lace  more  K than  the  
shor t  ones  (Weiss  1963; M a c k i n t o s h  and  Lewis  1968; 

Laga ly  and  Weiss  1969; M a c k i n t o s h  et al. 1971, 1972; 
Ruh l i cke  and  N i e d e r b u d d e  1985; Lai rd  et al. 1987). 
Addi t ional ly ,  unpub l i shed  H R T E M  obse rva t i ons  o f  
Srodofi  and  Vali indicate  that  the process  is very  se- 
lective:  even  in apparent ly  h o m o g e n o u s  illi te or  I -S ,  
some  crys ta l s  unde rgo  open ing  and  some  r e m a i n  un-  
touched.  Moreover ,  they o b s e r v e d  that  the r e p l a c e m e n t  
of  K by a l k y l a m m o n i u m  cat ions  is no t  res t r ic ted  to 
c rys ta l  edges,  but  ex tends  to the ent i re  interlayer,  im-  
p ly ing  favorab le  cond i t ions  for  r emova l  of  K and  its 
daugh te r  4~ f rom these  sites. A l k y l a m m o n i u m  treat- 
men t  fo l lowed by K-Ar  da t ing  was  then  t r ied on size 
f rac t ions  f rom a c lays tone  k n o w n  to cons is t  of  detr i ta l  
and  au th igen ic  illite. It was  hoped  that  one  of  the  com-  
ponen t s  wil l  be  more  suscept ib le  than the o the r  to 
open ing  by  a l k y l a m m o n i u m  cat ions.  

M A T E R I A L  A N D  A N A L Y T I C A L  P R O C E D U R E S  

The  clay sample  se lected for  the  a l k y l a m m o n i u m  
ion -exchange  s tudy was separa ted  f rom a c lays tone  of  
the L o w e r  C a m b r i a n  L o n t o v a  uni t  tha t  is exposed  in 
a qua r ry  nea r  Ko lgaku la  town  in nor the rn  Estonia .  The  
loca t ion  of  the quar ry  and  the genera l  geo logic  se t t ing 
of  this  s t ra t igraphic  uni t  were  g iven  in G o r o k h o v  et al. 
(1994).  Fo l l owing  d i saggrega t ion  of  the c lays tone  
sample  b y  shak ing  it in  dis t i l led water, the ini t ia l  ex-  
t rac t ion o f  the  < 2  p.m f rac t ion  was  done  by sed imen-  
ta t ion  and  f iner  s ize  f rac t ions  were  co l lec ted  by  ul tra-  
cent r i fugat ion .  Por t ions  of  the <0 .1  and  0 . 1 - 0 . 4  ixm 
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Figure 1. XRD patterns of oriented (A) and random (B) 
preparations of clay f'ractions of the Lontova shale. Peak po- 
sitions are given for the reflections of I-S used for the ex- 
pandability measurement. Diagnostic peaks of 2M~ and lMd 
(predominantly trans-vacant) illite polytypes are marked as 
dot and dash lines, respectively. Ch = chlorite, Q quartz, 
P = pyrite, A = anatase. 

size fractions of sample 807/8, which were analyzed 
earlier by Gorokhov et al. (1994) for their Rb-Sr sys- 
tematics, were investigated. 

XRD analysis of the oriented preparations (Figure 
1A) indicated that a dioctahedral, Fe-poor illitic clay 
is the dominant component of  both fractions. It is 
slightly expandable, as shown by the changes of the 
peak shape after ethylene-glycol treatment. A weak, 
broad reflection at 34.2 ~ appearing on the glyco- 
lated pattern of the <0.1 Ixm fraction, permits the iden- 
tification of the swelling component of the illitic frac- 
tion as R1 ordered I -S  having 19-20% S (smectitic 
layers, Srodofi 1984, Figure 7). The shoulder appear- 
ing after glycolation on the low-angle side of the 001 
illite peak at 7.3 ~ confirms this identification. Low 
values of the Ir index (1.48 and 1.47 for <0.1 and 
0.1-0.4 ~m fractions respectively) indicate that I -S  is 
accompanied by a large amount of discrete illite (Sro- 
doff 1984). The intensity ratio of the 34.2 ~ and 36 
~ peaks confirms this interpretation and shows clear- 
ly that illite is more abundant in the coarser fraction. 

The illite and I -S  are accompanied by a small 
amount of chlorite, identified as trioctahedral and Fe- 
rich, based on the relative intensities of  the 002 re- 
flections (Moore and Reynolds 1997). The chlorite is 
present in trace amounts in the <0.1 txm fraction and 
is more abundant in the coarser fraction. The XRD 
patterns of random mounts (Figure 1B) allow for iden- 
tification of small admixtures of quartz, anatase and 
pyrite in the coarser fraction. The illitic clay is dioc- 
tahedral (d(060) = 0.1503 nm). The dominant variety 
of  illite can be characterized, according to the criteria 
summarized by Moore and Reynolds (1997), as 1Md 
predominantly trans-vacant, with a high degree of ro- 
tational disorder, including some n60 ~ disorder. Its 
XRD pattern resembles very closely the pattern of 
20% S R1 I -S  from a Paleozoic K-bentonite presented 
by Moore and Reynolds (1997, Figure 10.18). Less 
than 10% admixture of 2M1 polytype (based on inten- 
sity ratio of the reflections at 30 and 35 ~ can be 
identified in the XRD pattern of the coarser sample. 

The clay fractions were treated either with dode- 
cylamine (C~2) or octadecylamine (Cts) hydrochloride 
for periods of 4 or 72 h. The alkylamine hydrochlo- 
rides and the treatment solutions were prepared by fol- 
lowing the method of Ruhlicke and Kohler (1981). 
Each approximately 0.25-g clay portion was mixed 
with 10 mL of the appropriate 0.1 N alkylamine hy- 
drochloride solution, and then the mixture was incu- 
bated at 60 ~ for either 2 or 36 h, after which the 
suspension was centrifuged and the supernatant sepa- 
rated from the solid and discarded. The incubation was 
repeated once more with the same solution for the 
same length of time. The samples were recovered by 
centrifugation, washed in 95% ethanol until the super- 
natant was found to be free of  chloride, as determined 
by the AgNO 3 test, and then dried in air. 

All samples, both untreated and treated, were ana- 
lyzed for their Ar concentration in a glass line con- 
nected to a mass spectrometer, closely following the 
method described by Bonhomme et al. (1975). The 
samples were preheated under vacuum at 80 ~ for 
several hours to release the atmospheric Ar added to 
the particles during handling. The reproducibility of 
the method was controlled by periodic determinations 
of the GLO standard, the blank in radiogenic 4~ in 
the extraction line and mass spectrometer, and the 
4~ ratio of the atmospheric Ar. The amount of 
radiogenic 4~ in the standard averaged 24.81 _+ 0.30 
(2o-).10 -6 cm3/g (STP) for 6 independent determina- 
tions during the course of the study, which is within 
the admitted value (Odin 1982). The amount of radio- 
genic 4~ present as blank in the extraction line and 
mass spectrometer never exceeded 1.10 -8 cm 3. The 
4~ ratio of the atmospheric Ar averaged 287.0 
_+ 2.0 (2~r) for 5 independent measurements made dur- 
ing the study. These reproducibility tests and the ob- 
tained values were considered to be satisfying, and no 
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Table 1. K-Ar data before and after alkylamine hydrochloride treatments. 

K~_O 4~ Age 
K~O depletion Ar* 4~ removal Age (• decrease 

Samples (%) (%) (%) (10- 6 cm)/g) (%) (Ma) (%) 

<0.1 txm 
Untreated 7.07 
CI8 (72 h) 6.26 -11.5 
C12 (72 h) 6.71 5.1 

0.1-0.4 ixm 
Untreated 6.69 
C18 (4 h) 5.73 -14.3 
C18 (72 h) 5.35 -20.0 
C12 (72 h) 6.39 -4.5 

94.9 124.07 475.9 • 10.5 
95.7 103.96 --16.2 453.3 • 10.0 -4.7 
97.5 112.14 -9 .6  455.9 +- 9.8 -4 .2  

95.7 136.32 542.1 ~- 11.9 
97.2 108.68 -20.3 509.4 • 11.2 -6 .0  
95.8 103.35 -24.2 517.6 2 11.6 -4.5 
84.6 121.48 - 10.9 510.4 -~ 12.6 -5 .8  

Ar* and ~~ stand for radiogenic Ar and radiogenic 4~ respectively. 

corrections were  applied to the raw data. The  concen-  
trations of  K were measured by emission flame pho- 
tometry  with a reproducibil i ty of  _-L-1.5% (2tr). The K- 
Ar  dates were  calculated with the usual decay con- 
stants (Steiger and J~iger 1977), the overal l  accuracy 
being about ---2% (2(r). 

R E S U L T S  

The fo l lowing observat ions  may  be made f rom the 
K-Ar  data for the untreated samples and for the solids 
recovered  after the different treatments (Table 1): 
1) The K-Ar  dates of  the finer untreated fraction were 
found to be lower  than those of  the coarser  untreated 
fraction, a trend which agrees with that of  the Rb-Sr  
dates of  the same fractions g iven by Gorokhov  et al. 
(1994, Table 4). These dates are within the range o f  
Rb-Sr  and K-Ar  dates obtained earlier for the Lontova  
clays (Gorokhov et al. 1994 and references cited there- 
in). The higher  K - A t  dates for the coarser  fraction 
(0.1-0.4 Ixm) than for the finer (<0.1 Ixm) may be 
attributed to the former  having lower  K20 and higher 
radiogenic 4~ contents. 
2) K20 content  of  the clays decreased by 4.5 to 20% 
after the a lky lammonium treatments. 
3) For  a given fraction, the loss of  KzO is higher  for 
longer-chain a lky lammonium cations and for longer  
reaction times, a trend that is consistent with obser- 
vations previously reported on such exchange reac- 
tions. 
4) The  K-Ar  dates obtained for the a lky lammonium-  
ion treated fractions are lower  by 20 to 30 Ma  com- 
pared to that for the starting material,  greater decreases 
occun ' ing in the coarser  fraction. 

I N T E R P R E T A T I O N  

The lower  K-Ar  date of  the untreated <0.1 Ixm frac- 
tion compared  to that of  the untreated 0 :1-0 .4  Ixm 
fraction suggests a higher  concentrat ion of  authigenic 
illite in the finer fraction, a phenomenon  which has 
been  repeatedly observed  for clay minerals in shales 
due to finer crystal  size o f  authigenic illite or I -S .  This 
interpretation for variations of  isotope dates o f  the 

same material  has already been presented by Gorok-  
hov et al. (1994). It is consistent with the transmission 
electron microscopy (TEM) observat ions  of  two illite 
morphologies  and the presence o f  2M~ and 1Md mica  
polytypes in the Lontova  samples. As  the K - A r  dates 
of  the finest fractions are lower  than the sedimentary 
age of  the shale, the clay mineral  assemblage must 
contain a diagenetic  (postsedimentary)  fraction. 

For  interpretation o f  the K-Ar  dates of  the clays 
treated variously by different a lky lammonium ions, we 
have assumed that no preferential  removal  of  K or 
radiogenic 4~ occurred during the treatment. Al-  
though this assumption needs to be thoroughly veri-  
fied, it seems justif ied at present by the high-resolut ion 
T E M  (HRTEM)  observat ions  of  the mechan ism of  
layer opening by the a lky lammonium- ion  exchange.  If  
this assumption is accepted, then the decrease  of  K- 
Ar  dates after the a lky lammonium treatments indicates 
that the detrital component  is preferential ly opened by 
exchange  with the a lky lammonium cations. I f  % ra- 
diogenic  4~ removed  is plotted against % K20 re- 
moved,  it becomes  clear that the rate of  this prefer- 
ential opening is not  constant (Figure 2). The detrital 

Figure 2. Relation between % K20 and % 4~ removed 
by different treatments, indicating a selective opening of older 
material at the early stages of the reaction. 
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Table 2. Ages of illite opened by alkylammonium cations 
between the consecutive treatments, calculated from the dif- 
ferences in % K20 and radiogenic 4~ values reported in 
Fable 1. 

Samples ~ K20 zX 40At* Age (Ma) 

<0 .1  ixm 
Untreated--C]2 0.36 11.93 813 
C]2--C]8 0.45 8.18 490 

0.1-0.4 Ixm 
Untreated--C f 2 0.30 14.84 1110 
CI2--C]8(4 h) 0.66 12.80 519 
C~8(4 h)--C]8(72 h) 0.38 5.33 390 

Figure 3. Relation between the reaction progress, measured 
by % K20 removed at the end of a given step, and the age 
of illite opened during this step, that is, between the consec- 
utive treatments (data from Table 2). The detrital age of about 
1550 Ma and the diagenetic age of 380 Ma are inferred by 
extrapolation from this plot. 

c o m p o n e n t  is opened  at a h igher  rate at the b e g i n n i n g  
of  the react ion,  as ev idenced  by  the  decreas ing  s lope 
o f  the curve.  

The  K-Ar  dates  of  the ill i te f rac t ions  opened  at the 
subsequen t  steps of  the  t r ea tment  can  be  ca lcu la ted  by  
consecu t ive  subt rac t ions  of  K20  and  rad iogenic  4~ 
values  f rom the data  p resen ted  in Table 1. The  resul ts  
have  to be  in terpre ted  caut iously,  because  the analyt-  
ical uncer ta in t ies  cumula te  in the  ca lcula t ions  (Table 
2). In F igure  3, these K - A r  dates  are plot ted aga ins t  
% K 20  r e m o v e d  by  the a l k y l a m m o n i u m  t rea tments .  
The  plot  for  the 0 .1 -0 .4  Ixm f rac t ion  is a smooth  cu rve  
w h i c h  drops  f rom 1550 M a  ex t rapola ted  for  zero re- 
m o v e d  K20  to a lmos t  no  change  at ca. 380 Ma,  cor- 
r e spond ing  to the r emova l  of  about  20% K20. This  
date is 162 M a  younge r  than  that  of  the un t rea ted  frac- 
tion. The  2 data  points  ob ta ined  for  the <0 .1  Ixm frac- 
t ion plot  be low,  p robab ly  on  a paral lel  line. F igure  3 
is cons i s ten t  wi th  the  in terpre ta t ion  of  se lec t ive  open-  
ing of  detr i tal  i l l i te layers  at the ear ly stages o f  the 
exchange  react ion.  It still can be  a mix ing  cu rve  in the 
s teep part,  bu t  it seems  to be  approach ing  a true dia- 
genet ic  age in its fiat part. This  in terpre ta t ion  impl ies  
tha t  the detr i tal  mater ia l  of  L o n t o w a  shale  is at least  
as o ld  as La te  Pro terozoic  and that  the  d iagenet ic  ill i te 
is not  older  than  Devon ian ,  tha t  is, 150 M a  y o u n g e r  
than  the  s t ra t igraphic  age (Tommot ian :  5 3 0 - 5 3 4  Ma,  
see M e n s  et  al. 1990). Our  in te rpre ta t ion  of  the Lon-  
tova  illite dates  differs  f rom that  of  G o r o k h o v  et al. 
(1994)  in tha t  we are ex t rapo la t ing  a detri tal  age of  
> 1 5 5 0  M a  ins tead  o f  > 7 0 0  M a  and  a d iagenet ic  age 
o f  --<380 M a  ins tead  of  < 4 7 0  Ma,  w h i c h  a l lows us to 
expla in  the i so tope  data  wi thou t  m a k i n g  an a s sumpt ion  
o f  the p resence  of  a synsed imen ta ry  illi te c o m p o n e n t  
as G o r o k h o v  et al. (1994)  did. Recent ly ,  Ki r s imae  et 
al. (1997)  repor ted  addi t ional  R b - S r  dates  of  ve ry  fine 

f rac t ions  ( < 0 . 0 6  txm) of  the  L o n t o v a  shales  y ie ld ing  a 
r ange  of  ages  wi th  the m i n i m u m  values  tha t  are s imi la r  
to our  es t imated  d iagene t ic  age (150 M a  after  sedi- 
menta t ion) .  

In te rpre ta t ions  p resen ted  in the last  2 pa ragraphs  are 
based  on K 2 0  and  rad iogen ic  4~ con ten t s  measu red  
wi th  respec t  to a var iab le  mass  o f  the clay (Table 1): 
af ter  the a l k y l a m m o n i u m  t rea tments ,  the mass  of  the 
clay increases ,  because  h e a v y  organic  ca t ions  subst i -  
tute for  K and  the  exchange  cat ions.  In fact,  this  mass  
increase  has  no effect  on the K-Ar  dates  ca lcu la t ions  
of  d i f ferent  fract ions,  bu t  F igure  2 and  the  ca lcu la t ions  
p resen ted  in Table  2 and F igure  3 are affected.  The  
error  resu l t ing  f rom this s impl i f ica t ion  was eva lua ted  
as fol lows:  the clay was  a s s u m e d  to be  pure  I -S ,  com-  
pletely dehydra ted  w h e n  ana lyzed  untreated.  F r o m  the 
K 2 0  content ,  a s t ructural  f o rmu l a  was  a s s u med  us ing  
the data  o f  Srodofi  et al. (1986).  Then ,  us ing  an Exce l  
spreadsheet ,  all exchange  ca t ions  and  an appropr ia te  
par t  of  K was subs t i tu ted  wi th  an  a l k y l a m m o n i u m  cat- 
ion in order  to obta in  the m e a s u r e d  K20. T h e n  a cor- 
rec ted  K 2 0  con ten t  was  ca lcu la ted  wi th  respec t  to the 
s t ructural  f o rmu l a  of  the  un t rea ted  clay, thus  put t ing  it 
on  the  same  basis  as K20  of  the  un t rea ted  sample .  The  
rat io  of  m e a s u r e d  K20 /co r rec t ed  K20  was  used  to cor- 
rect  the rad iogen ic  4~ measu remen t s ,  and  f rom the 
cor rec ted  va lues  a new Table  1 was  prepared.  This  
opera t ion  was repea ted  for  2 s l ight ly  d i f ferent  I - S  
compos i t i ons  (dif fer ing by  the  con ten t  of  exchange  
cat ions) .  It was  found  that  the cor rec t ion  would  pro- 
duce  cu rves  of  the same  shape  as p resen ted  in F igure  
3, ex t rapo la t ing  to even  h i g h e r  detr i ta l  ages,  but  con-  
s is tent ly f la t tening at abou t  380  Ma.  Thus ,  the  last  val-  
ue  can  be  cons ide red  rel iable,  bu t  the detr i ta l  age eval-  
ua ted  by  this  t echn ique  is ve ry  imprec i se  and  should  
be  cons ide red  as a m i n i m u m  value.  T h e  true effect  
shou ld  be  smal le r  than calcula ted,  because  the  untreat -  
ed sample  is mos t  p robab ly  hydra t ed  to some  extent .  
Future  expe r imen t s  a long these  l ines  should  be  more  
r igorous  in this respect .  

The  p resen ted  t echn ique  a l lowed  for  d i sc r imina t ion  
of  detr i tal  vs. d iagenet ic  ill i te in  one  par t icular  sample .  
W h e t h e r  mixed- i l l i t e  a s semblages  in o ther  samples  
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Table 3. Modeling the experimental data (ages and radiogenic 4~ and calculation of the percentage of detrital illite (% 
detr.) resulting from the mixing of detrital 1550 Ma illite of 8 or 9% K20 with diagenetic 380 Ma illite-smectite of 7% KzO. 
The 4~ corr. are modeled values, corrected for the effect of dilution (see text). 

Experimental data Model I (8/7% K20) Model 2 (9/7% K O) 

Age % Age % Age 4~ 
Samples (Ma) 4OAr* del~ (Ma) 4~ de/r. (Ma) 4~Ar* corr. 

Untreated <0.l i~m 475.9 124.07 5.3 476 124 4.7 476 125 
Untreated 0.1-0.4 Ixm 542,1 136.32 9.1 542 145 8.2 542 146 
C~s(72 h) <0.1 p,m 453,3 103.96 4.0 453 117 3.6 454 118 104 
C~s(72 h) 0.1-0.4 p,m 517.6 103.35 7.7 518 140 6.9 518 138 103 

may be dated by a process of alkylammonium ion ex- 
change remains to be verified. The study by Sears et 
al. (1995) seems to indicate an effect that is opposite 
to what we have observed, that is, preferential opening 
of the detrital component by the same C~s alkylam- 
monium cation. 

Table 3 presents the modeling of  the experimental 
data performed according to the procedure for "mixed 
ages" developed by Srodori (1998). A detrital end- 
member age of 1550 Ma and a diagenetic end-member 
age of 380 Ma were assumed. The K20 content of  the 
diagenetic component (20% S in I-S)  was set at 7% 
according to the data of Srodofi et al. (1986), while 8 
or 9% K20 contents were assumed for the detrital il- 
lite. Values of the "mixed ages",  proportions of the 
components and contents of radiogenic 4~ of the 
mixtures were calculated for the untreated and the 
treated fractions. In case of the untreated samples, both 
models produced excellent results for the <0.1 mm 
fraction, predicting 4.7 to 5.3% of detrital illite in the 
clay assemblage. For the coarser fraction, 8.2 to 9.1% 
detrital clay was calculated, but the content of radio- 
genic 4~ was overestimated. This is expected, be- 
cause the model assumes the occurrence of  100% il- 
litic material, whereas the coarse fraction also contains 
significant amounts of  dilutant minerals (mostly chlo- 
rite). Normalizing the calculated radiogenic 4~ to the 
measured one, we could evaluate the content of chlo- 
rite in the coarse sample at 7%. 

Repeating the same calculation for the treated sam- 
pies produced an overestimated amount of  radiogenic 
4~ in both fractions. This is expected because both 
fractions contain dilutant minerals, that is, the illitic 
clay expanded by alkylammonium cations, which is as 
much as 11.5% of the total illite amount in the fine 
fraction and 20% in the coarse fraction (based on % 
K20 depletion, Table 1). If  the calculated 4~ values 
are corrected for the contents of the dilutants, includ- 
ing 7% chlorite in the coarse fraction, a good agree- 
ment is obtained with the experimental values. Thus, 
about 5% of detrital component in the <0.1 txm frac- 
tion and 8-9% in the 0.1-0.4 ixm fraction can explain 
the measured ages, the detrital component being the 
2M~ illite. Up to 5% of any clay being hardly detect- 
able by XRD, the <0.1 Ixm fraction appears as mono- 

mineralic in the random XRD mount (Figure 1B), even 
though the TEM observations indicate its heteroge- 
neity (Gorokhov et al. 1994). The dominant 1Md dia- 
genetic component appears in the oriented prepara- 
tions as a mixture of illite and R1 clay, a phenomenon 
that has been documented in detail by HRTEM (Elsass 
et al. 1997). 

GEOLOGICAL IMPLICATIONS 

An illitic clay from a shale with 20% expandability 
corresponds normally to burial temperatures of about 
135-140 ~ This estimate is based on the reasoning 
presented by Srodofi (1995), using the data of Sucha 
et al. (1993) from the East Slovak Basin as a reference. 
The thermal history of this basin is well known 
(Clauer et al. 1997) and the maximum paleotempera- 
tures were 5-10 ~ higher than the present-day tem- 
peratures reported by Sucha et al. (1993, Figure 3). 
Such maximum paleotemperature estimation based on 
%S seems to apply also to Precambrian rocks. For in- 
stance, Price and McDowell  (1993) have shown that, 
without experiencing sufficiently high temperatures 
sometime during their geological history, clays as old 
as Precambrian stay highly expandable. 

According to the geological record, the Lontova 
shales have never been buried to depths corresponding 
to such a degree of illitization (>4 km at the average 
geothermal gradient). The maximum burial of these 
rocks is estimated as 800-1000 m (Kalle Kirsimae, 
personal information). Based on the current knowl- 
edge of  the illitization mechanism, 2 processes could 
produce the observed degree of diagenetic illitization 
in Lontova clays: 1) a Devonian thermal event or the 
penetration of  hot fluids in the study area, that is, pro- 
cesses which would significantly raise the rock tem- 
peratures at shallow depths, and 2) a Devonian incur- 
sion of highly alkaline fluids (pH -->10). It has been 
shown by field evidence (Hay et al. 1991) and by lab- 
oratory studies (Eberl et al. 1986, 1993) that alkaline 
fluids are capable of promoting illitization at low tem- 
peratures. 

Both processes are feasible from the regional geol- 
ogy standpoint, and both have been considered already 
(Pichugin et al. 1977) as possible explanations for ma- 
jor  tectonically controlled metasomatic dolomitization 
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in a zone  s i tuated some 2 0 - 3 0  k m  SE of  our  s tudy 
area. The  do lomi t iza t ion  is da ted  by  field ev idence  for  
the end  of  Si lur ian  or Ear ly  Devon ian ,  wh ich  corre-  
sponds  precise ly  to our  es t imate  of  the d iagenet ic  age 
(380 Ma) .  The  processes  i nvoked  by  P ichug in  et  al. 
(1977)  are 1) pene t ra t ion  of  p o s t m a g m a t i c  waters ,  l ike 
in the  ca rbona t i t es  of  Kola  Peninsula ,  w h i c h  were  ge-  
net ica l ly  re la ted to the Ca ledon ian  a lkal ine  in t rus ions  
k n o w n  in centra l  S w e d e n  and  a long  the sou thern  coast  
of  the  G u l f  of  Bo thn i a  (a lkal ine  waters) ,  and  2) dis- 
cha rge  of  subsur face  waters  in the course  of  the  Si- 
l u r i an -Devon i an  con t inen ta l  b r e a k d o w n  (hot  waters) .  
Pe rhaps  fur ther  i sotope s tudies  wil l  so lve  this  alter- 
nat ive ,  bu t  c lear ly  the reg ion  was an  area of  long- l ived  
fluid d i scharge  a long tec tonic  d iscont inui t ies ,  as evi-  
denced  by  He rcyn i an  P b - Z n  minera l i za t ion  super im-  
posed  on  o lder  do lomi t i za t ion  (P ichug in  et  al. 1977). 

C O N C L U S I O N  

A l k y l a m m o n i u m  t rea tmen t  of  shale  samples ,  w h i c h  
r e m o v e s  K f rom the illi te inter layers ,  can  be  se lec t ive  
wi th  respec t  to detr i tal  vs. d iagenet ic  componen t .  In 
the s tudied  sample ,  the detr i tal  2M, il l i te was  prefer-  
ent ia l ly  opened  at the b e g i n n i n g  of  the exper iments ,  
i nduc ing  a decrease  in the K-Ar  dates  o f  the t reated 
mater ia l .  The  dates  of  ill i te opened  dur ing  subsequen t  
steps of  the exper iment ,  ca lcu la ted  by  subt rac t ion  of  
the co r r e spond ing  K 20  and  rad iogenic  4~ va lues  
measu red  for  the solids and  p lo t ted  agains t  the reac t ion  
progress  (% K20  removed) ,  ex t rapola te  to values  for  
a m i n i m u m  detri tal  age of  1550 M a  and  a d iagenet ic  
age o f  380 Ma.  

The  ex t rapola ted  detr i ta l  age is feas ib le  for  this site, 
and  the  d iagenet ic  age co r responds  wel l  to the Devo-  
n ian  mass ive  do lomi t i za t ion  even t  in the  area. Diage-  
net ic  i l l i t izat ion due to fluid migra t ion  expla ins  a h igh-  
er degree  of  i l l i t izat ion than expec ted  f rom an  area tha t  
n e v e r  wen t  t h rough  a deep  bur ia l  phase  af ter  the  de-  
pos i t ion  of  shales.  

M o d e l i n g  the  un t rea ted  and  t rea ted  samples  as mix-  
tures of  3 8 0 - M a  and  1550-Ma illi te p roduces  an ex- 
ce l lent  fit o f  measu red  dates  and  rad iogenic  4~ con-  
tents,  i f  the  di lu t ion effects  are t aken  into account .  The  
con ten t  of  the  detr i tal  mater ia l  ca lcu la ted  by  the  mode l  
co r responds  wel l  wi th  the  X R D  es t imat ions .  T he  an- 
alyt ical  t echn ique  p resen ted  in this  paper  is far  f rom a 
ma tu re  stage, bu t  it offers  a new  perspec t ive  for  ex-  
t rac t ing  d iagenet ic  ages  f rom shales.  
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