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SHALE DIAGENESIS IN THE BERGEN HIGH AREA, NORTH SEA 
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Abstract--Illite diagenesis in Tertiary and Mesozoic shales in the Bergen High area, northern North Sea, 
was studied using mineralogic, isotopic, and computerized thermal modeling techniques. The Tertiary 
shales are dominated by smectite, with lesser amounts ofillite, kaolinite, and chlorite. At present burial 
temperatures of > 70~ smectite is absent, and the shales contain abundant lath-shaped illite which yields 
a mixed-layer illite/smectite (I/S) X-ray powder diffraction (XRD) pattern. Transmission electron mi- 
croscopy (TEM) indicates that the illite laths increase in abundance and thickness with increasing depth; 
XRD patterns indicate a progressive increase in the illite component of the I/S. The deepest samples 
were found to contain long-range ordered (R=3) I/S, which showed platy particle morphology with the 
TEM. K-Ar ages of most of the < 0.1-#m-size illite separates imply that illitization was a relatively brief 
event affecting a thick sequence of sediments during late Cretaceous to early Paleocene time (65-87 Ma); 
however, measured ages were affected by trace levels of detrital Ar contamination and do not represent 
the true age of diagenesis. 

Several methods of quantifying Ar contamination were used to correct measured ages to obtain a 
reasonable estimate of the true age of diagenesis. The corrected ages are imprecise due to uncertainties 
in quantifying the levels of sample contamination, but generally suggest a Paleogene (38-66 Ma) period 
of illitization. In contrast, simple kinetic models of smectite-illitization suggest much younger ages of 
diagenesis (0-40 Ma at the Veslefrikk field; 0-60 Ma at the Huldra field). The timing of the diagenesis 
and the morphologic aspects of the authigenic illite suggest that illite precipitated before late Tertiary 
compaction and resulted in a decrease in fluid permeability. Low trapping efficiency of early Tertiary 
sediments, vertical escape of warm fluid from the Brent sandstone, and high heat flow may have promoted 
illite diagenesis in the shales prior to deep late-Tertiary burial. 
Key Words--Diagenesis, Illite, Illite/smectite, K-Ar ages, Shale, Transmission electron microscopy. 

INTRODUCTION 

Tertiary and Mesozoic sediments overlying Brent 
Group sandstones in the Bergen High area, northern 
North Sea, consist largely of hemipelagic mudstones 
and marls, the combined thickness of which locally 
ranges from 2 to 4 km and exceeds 4-5 km in the 
adjacent Viking graben (Glasmann et aL, 1989a; 
Thomas et al., 1985; Golf, 1983) (Figure 1). Organic- 
rich shales of the Humber  Group (K_immeridge- 
Draupne formations) comprise the major source rocks 
for hydrocarbons in the northern North Sea and have 
been widely studied to determine maturation history 
(Dahl and Speers, 1985; Field, 1985; Thomas et al., 
1985; Go ff, 1983). Fewer studies are available on the 
diagenetic changes affecting shale mineral assemblages 
in the northern North Sea, but reconnaissance work 
indicates  progressive dep th - t empera tu re - re la t ed  
changes in the clay mineralogy (Dypvik, 1983; Pearson 
et aL, 1982). A general assumption in these studies has 
been that the clay mineral assemblages are in equilib- 
r ium with the present thermal-chemical environment  
and that progressive changes in mineralogy (i.e., smec- 
tite-to-illite reaction) arise from progressive changes in 
the burial environment  through time; however, in ba- 
sins such as the North Sea that have complex thermal 
or fluid-migration history, changes in the clay mineral 
Copyright �9 1989, The Clay Minerals Society 

assemblage may record older diagenetic episodes, not 
the present environment,  as has been shown elsewhere 
(Elliott and Aronson, 1987; Aronson and Lee, 1986; 
Morton, 1985; Hoffman et aL, 1976). 

This paper is part of a study of clay mineral diagen- 
esis in the Bergen High area and focuses on the dia- 
genesis of Tertiary and Mesozoic shales overlying Brent 
Group sandstones at the Huldra, Veslefrikk, and Ose- 
berg fields in the Norwegian sector of the northern 
North Sea (Figure 1). The goals of the study were: (1) 
to characterize the clay mineral assemblages of post- 
Brent shales and to determine their present relation- 
ships to basin temperature and organic maturation; (2) 
to determine the history of illite diagenesis by means 
of K - A r  dating of illitic clay separates; (3) to model the 
process of shale diagenesis and its relation to fluid mi- 
gration in the Brent sandstone; and (4) to contrast North 
Sea shale diagenesis with diagenetic trends in shales 
from other sedimentary basins. 

SAMPLES AND ANALYTICAL METHODS 

Cuttings and conventional core from eight wells from the 
Huldra, Veslefrikk, and Oseberg fields were studied. Samples 
were analyzed by a variety of techniques, including petro- 
graphic, transmission electron microscopic, X-ray powder dif- 
fraction (XRD), and K-Ar analyses. Standard petrographic 
thin sections of conventional core samples from five wells 
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Figure 1. Location of major fields and wells studied in the 
Bergen High area, North Sea. 

were prepared after impregnating the samples with blue-dyed 
epoxy. Feldspars were stained according to the method of 
Friedman (1971), and calcite was stained according to the 
method of Dickson (1965). The samples collected for this 
study were cleaned of hydrocarbons by a reflux-solvent tech- 
nique, if  appropriate. The modal composition of sandstone 
samples was determined by point counting at least 300 points 
per slide. 

Clay minerals were separated after disaggregation of the 
samples by gentle grinding and mild sonic treatment. Hydro- 
carbons were extracted by treating the disaggregated samples 
several times with a solvent containing 70% toluene, 15% 
acetone, and 15% methanol. The samples were washed with 
this solvent using a blender and centrifuged, and the extract 
was decanted, repeating this procedure until the extract was 
clear. Following hydrocarbon extraction, the samples were 
dried at room temperature and then dispersed in distilled 
water. The clays were separated by centrifugation using spin 
times calculated for the settling of spherical particles. The 20- 
2-, 2--0.5-, 0.5-0.2-, 0.2--0.1-, and <0.1-t~m-size fractions were 
isolated and saturated with Mg by several washes with 0.5 M 
MgCI2. Excess salt was removed by washing the samples with 
water and absolute methanol, and slides for XRD analysis 
were prepared by a smear method (Theisen and Harward, 
1962). Slides were analyzed in a constant humidity environ- 
ment (54% relative humidity) on a Norelco diffractometer 
(CuKa, 43 kV, 28 mA) using the characterization treatments 
outlined by Glasmann and Simonson (1985). 

Clay mineral abundances were estimated from measured 
peak heights, and the composition of  mixedqayer clays was 
determined by the method of  Reynolds (1980). Illite/smectite 
structures were modeled using the NEWMOD computer pro- 

gram developed by R. C. Reynolds (Department of Earth 
Sciences, Dartmouth College, Hanover, New Hampshire), and 
calculated diffractograms of mineral mixtures of illite and I/  
S were generated to assess levels of illite contamination of 
< 0.1-ttm-size I/S separates. For the samples selected for K-Ar 
dating, more detailed sample characterization was undertaken 
using transmission electron microscopy (TEM). Dilute Mg- 
saturated clay suspensions were pipeted onto glow-discharged 
carbon/Formvar-coated copper grids, and particle morphol- 
ogy and sample purity were assessed at magnifications ranging 
from 10,000 to 200,000 x. Several specimens were shadowed 
with gold/palladium using a shadow angle of 20* to measure 
particle thickness, following the method of Nadeau et al. ( 1984) 
and McHardy et al. (1982). All samples were analyzed on a 
Hitachi H-600 instrument, operated at 75-100 kV and 15 
#A. 

Illite K-Ar isotope analyses were made by Paul Damon, 
University of Arizona, Tucson, Arizona. Potassium analyses 
were made by atomic absorption on a minimum of three splits 
of each size-fraction. Argon was analyzed using about 100 mg 
of clay after pre-baking for 10-12 hr at 250~ Several du- 
plicate samples were analyzed without pre-baking in another 
laboratory and showed no significant difference in age com- 
pared with the pre-baked samples. Ages were calculated using 
the abundance and decay constants of Steiger and Jager (1977). 
All clays were Mg-saturated to minimize interference of ex- 
changeable K (Perry, 1974) and rinsed in absolute methanol 
until free of chloride. 

Geohistory and maturation models were obtained by com- 
puter using both constant-thermal-gradient and rift-basin 
models based on published basin models (Falvey and Mid- 
dleton, 1981; Sclater and Christie, 1980; McKenzie, 1978). 
The beta values used to estimate thinning of the continental 
crust (McKenzie, 1978) were varied from 1.2 to 1.4 in rift 
models, and present heal flows were varied from 65 to 75 roW/ 
mL Thermal gradients of 35~ and 40~ were used 
for the constant gradient models. Organic maturation param- 
eters were calculated using Lopatin-style integration on both 
decompacted and non-decompacted burial curves, as sug- 
gested by Waples (1980). The calculation of vitrinite reflec- 
tance was based on the conversion of the time temperature 
index (TTI) (Royden et al., 1980), modified as suggested by 
Ritter (1985). 

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

Clay diagenesis in Mesozoic  shales 

Tert iary  shales f rom Huldra  and Veslefrikk have  a 
clay minera l  assemblage conta in ing abundant  smecti te ,  
wi th  lesser amoun t s  o f  illite, kaolini te,  and chlori te  
(Table 1). R a n d o m l y  interstratified I /S  (R=0,  Reyn-  
olds, 1980) was found to be a ma jo r  c o m p o n e n t  o f  the 
lower Pa leocene-upper  Cretaceous shales, and graded 
into  weakly ordered  to modera te ly  ordered  I /S (R = 1) 
in the mid -  to lower  Cretaceous section as the pro-  
por t ion  o f  illite layers progressively increased with  in- 
creasing depth  o f  burial  (Figure 2). Pre-Cretaceous  
shales were character ized by the presence o f  R = 1 I/S, 
kaolinite,  illite, and chlorite.  Triassic mudrocks  com-  
mon ly  conta ined  a clay minera l  assemblage o f  long- 
range ordered  I/S (R = 3 or  Kalkberg  ordered), and more  
chlorite,  less kaolinite,  and no K-feldspar,  compared  
wi~h the shales. In several Triassic samples,  kaol ini te  
was absent,  and the rock conta ined  only chlori te  and  
illite. Clay assemblages character ized by the presence 
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Figure 2. X-ray powder diffraction patterns of representative 
< 0.1 -ttm-size clay separates from Mesozoic shales, Veslefrikk 
field, northern North Sea. All patterns represent Mg-saturat- 
ed, ethylene glycol solvated clays analyzed under constant 
54% relative humidity. 

of  R=3 I/S generally had vitrinite reflectances (VR) o f  
>0.7-0.8% (Table 1). 

The relationship between measured well tempera- 
ture and the percentage of  smectite layers in the US 
smectite-rich shales indicates low-temperature burial 
environments  in the Bergen High area (T < 60~ 
(Figure 3). Because the clay data  were based on the 
analyses of  cuttings, this temperature l imit  may have 
been affected by sample contaminat ion due to caving 
of  the well. The difficulty in identifying smectite in 
mixtures containing highly expandable I/S also hin- 
dered the determination o f  the upper temperature range 
o f  smectite stability. Low-temperature,  smectite-rich, 
<0.  l -#m-size clay samples consisted largely of  minute, 
extremely thin, lath-shaped crystals (Figure 4), which 
were contaminated by traces of  electron dense iron 
oxides and platy minerals (e.g., detrital mica and ka- 
olinite, Figure 4A). Variable flocculation of  the tiny 
smectite laths apparently resulted in high density areas 
in the TEM images (Figure 4A), in which minute  laths 
were resolved at higher magnification (Figure 4B). Es- 
t imates o f  smectite particle thicknesses made  from Pt- 
shadowed samples indicate that  many individual  
smectite laths were about 10/~ thick. 

As shown by the data in Figure 5, ordering o f  the I /  
S component  developed over a present-day tempera- 
ture range o f  80~176 coinciding with a depth in- 
terval from about  2300-2560 m a t  Veslefrikk and Ose- 
berg and 2650-2900 m at Huldra. XRD analyses suggest 
that  the <0.1-#m-size clay fraction consisted almost  
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Figure 3. Expandability of illite/smectite (US) vs. temper- 
ature for shales in the Bergen High area, North Sea. Bottom- 
hole temperatures were extrapolated from maximum-record- 
ed well log temperature. 

entirely of  R = 1 I/S, with the percentage o f  expandable 
layers decreasing from 40 to 20% with increasing depth 
and temperature (Table 1; Figures 3 and 5). The major  
morphologic changes o f  the clay particles within this 
depth interval were the disappearance of  smectite laths 
and the progressive increase in abundance of  lath- 
shaped illite (Figures 4C, 4D, and 4E). Particle thick- 
nesses for Pt-shadowed samples suggest that  typical 
illite particles ranged in thickness from 20 to 30 /~ .  
Smectite laths were completely absent from the <0.  l -  
#m-size clay fraction at Veslefrikk by a depth o f  2760 
m, which corresponds to a present-day temperature of  
about  110*C. A similar temperature relationship was 
found at Huldra; here, the <0.1-#m-size clay consisted 
o f  well-crystallized illite laths, having no apparent  
smectite component  (Figure 4E). Thus, the TEM anal- 
yses suggest the presence o f ( l )  a low-temperature clay 
mineral  assemblage o f  randomly interstratified and 
weakly ordered I/S, which apparently formed from 
mixtures of  discrete smectite and lath-shaped illite; and 
(2) a higher temperature assemblage o f  R =  1 I/S, which 
apparently formed from samples containing only illite 
laths. These observations o f  US X R D  mineralogy and 
particle morphology are consistent with the hypothesis 
ofinterparticle diffraction developed by Nadeau (1985), 
which suggests that smectite-like behavior  may result 
from the surface properties of  minute illite crystals. 

The occurrence o f  long-range ordered US in the deep- 
est samples from both the Huldra  and Veslefrikk fields 
coincides with present-day temperatures of  150 ~176 
This temperature range is somewhat cooler than that 
reported by Hoffman and Hower (1979) and consid- 
erably cooler than those reported for R=3  US in mod-  
e m  geothermal environments  (Inoue et aL, 1987). The 
R=3 I/S-chlorite assemblage is very common in hy- 
drothermal environments at temperatures between 180* 
and 230~ (Yau et aL, 1987a; Jennings and Thompson,  
1986). Thus, calculated temperature gradients based 
on clay mineral  geothermometry are different from re- 
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Table 1. Clay minera logy of  shale samples,  Bergen High area, nor thern  Nor th  Sea. 

Vitrinite 
Smectite reflect- 

Sample depth Particle size Smeetite I/S layers Illite Kaolin Chlorite anee 
(m) 0zm) (%) (%) (%) (%) (%) (%) (% Ro) Others 

Huldra  field 
30/3-1 Well  

2473 15-2 tr  -- --  25 45 30 Q3, P1, C1 
2-0.5 - 20 40 20 35 25 Q1, P0, C1 

< 0 . 1  - -  90 40 <5  tr  <10  
2806 15-2 --  10 < 4 0  30 45 15 Q2, PO, c o  

2-0.5 - 15 35 20 40 25 Q1, PO 
< 0 . 1  - 90 35 <5  tr  < 1 0  

3265 15-2 - - - 31 46 23 Q2, PO, C2 
2-0.5 - 5 35 25 35 35 Q3, C2 

< 0 . 1  - 90 25 <5  tr  <10  
3703 15-2 - 10 30 30 30 30 Q2, P l ,  CO 

2-0.5 - 20 20 20 30 30 Q 1, P0, CO 
< 0 . 1  - 95 20 <5  tr  <5  0.9 

3 0 / 2 - 2 W e l l  
3908 

4132.8 

15-2 --  --  -- 30 50 20 Q3, P l ,  D1, PY0 
< 0 . 1  - -  90 20 5 tr  5 0.9 
1 5 - 2  - -  - -  - -  30 50 20 Q2, P0, PY0 
<0.1 - 90 5 ? - 10 0.88 

Veslefr ikk field 
3 0 / 3 - 2 W e l l  

1520 <2  70 --  100 10 
1670 <2  80 --  100 10 
1740 <2  85 -- 100 5 
1820 < 2  80 -- 100 10 
1520-1820 c o m p o ~  sample  

15-2 30 --  100 25 
2-0.5 60 -- 100 15 

0.5-0.1 75 -- 100 10 
<0.1 99 --  100 -- 

1880 <2  --  80 80 5 
1974 <2  -- 65 80 15 
2019 <2  85 --  100 5 
2070 <2  90 --  100 5 
2172 <2  65 --  100 10 
2265 <2  --  55 70 15 
2298 <2  -- 45 60 15 

casing point  
2361 <2  --  20 38 15 
2436 <2  --  10 35 20 
2508 < 2  --  15 35 20 
2553 <2  -- 15 35 15 

< 0 . 1  - -  90 35 tr  
2562 <2  --  15 30 20 
2616 < 2  -- 15 30 20 
2667 <2  -- 15 30 20 
2706 <2  --  15 30 20 
2715 <2  --  15 30 20 
2733 < 2  --  15 25 20 
2751 < 2  -- 15 25 20 
2760 < 2  -- 15 25 15 

< 0 . 1  - -  80 35 < 5  

2784 <2  --  15 25 20 
2820 <2  -- 10 25 20 
2862 < 2  -- 15 20 15 
2955 < 2  --  15 20 20 

20 tr  0.35 
l0  tr  0.36 
10 
10 <5  0.42 

35 30 0.51 
40 30 
40 25 
45 25 

10 
35 30 0.48 
40 25 
40 25 0.54 
40 25 0.49 
35 30 0.47 
40 25 
35 30 0.46 
60 10 
10 5 
35 30 0.44 
40 30 0.46 
60 10 0.65 
55 10 0.67 

25 20 
25 <5  
1 5  tr  
tr  
15 <5  
15 5 

<5  5 0.38 
tr  5 
15 10 
15 15 0.37 
15 25 
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Table 1. Con t inued  

vitrinite 
smectite reflect- 

Sample depth Particle s ize  Smectite I/S layers Illite Kaolin Chlorite ance 
(m) (um) (%) (%) (%) (%) (%) (%) (% Ro) Others 

Veslefrikk field 
3 0 / 3 - 2 W e l l  

3006 

3054 
3198 
3204 
3477 
3504 

3 0 / 3 - 4 W e l l  
2968.6 

2972 

3 0 / 6 - 1 W e l l  
2355 

2371-2373  

3 0 / 9 - 2 W e l l  
2644 

2676.5 

2770 

10-2 - -  <5  20 25 60 10 
< 2  - -  15 20 15 60 10 
< 0 . 1  - -  85 20 <5  10 < 5  

<2  --  15 20 20 40 25 
< 2  - -  15 12 25 40 20 
< 2  - -  15 10 25 35 25 
< 2  - -  35 10 50 tr 15 
10-2 --  10 15 75 tr 15 
< 2 --  40 10 40 tr 20 
< 0 . 1  - -  9 5  8 t r  - -  tr  

20 -2  --  tr <40  35 45 20 
2-0.5 --  10 15 25 50 15 

< 0 . 1  - -  85 20 < 5  5 5 

20-2  --  --  - -  25 50 25 
2-0 .5  --  10 15 30 45 15 

< 0 . 1  - -  80 17 10 tr 10 

Oseberg field 

15-2 --  5 20 15 70 10 
2-0.5 --  10 30 5 70 15 

< 0 . 1  - -  70 30 5 25 tr 
1 5 - 2  - -  t r  - -  2 5  5 5  20 

2-0.5 --  15 20 20 55 10 
< 0 . 1  - -  60 20 15 10 15 

0.69 
0.67 

0.72 

0.40 

Q0, P0 

Q2, K0, P0 

Q2, K0, P0 
QO 

Q0, CO 
Vm? 

Q 1, P0, K0, Vm?  

15-2 --  5 30 20 65 10 Q2, K0, P0, SO 
2--0.5 --  20 25 15 55 10 Q0 

0 .5-0 .2  --  25 20 20 55 tr 
0.2-0.1 --  50 20 20 30 tr 
< 0.1 --  80 20 5 15 tr 
15-2 - -  5 25 30 60 5 Q1, K0, P0 

2-0 .5  - -  15 25 15 70 tr Q0, K0, P0 
0 .5-0 .2  - -  20 15 20 60 tr 
0.2-0.1 --  50 18 20 30 tr 

< 0 . 1  - -  85 20 5 10 - -  

1 5 - 2  --  5 25 25 60 10 Q1, P0, CO, PY 
2-0.5 - 10 20 15 65 10 Q0, P0, PY 

0 .5-0 .2  --  20 15 15 55 10 
0.2-0.1 --  55 13 15 25 5 
0 .1-0 .05 --  80 15 10 10 - -  

< 0 . 1  - -  95 20 < 5  < 5  - -  

Q = quartz,  K = K-feldspar,  P = plagioclase, C = calcite, D = dolomite ,  S = siderite, PY  = pyrite, V m  = vermiculi te .  
N u m b e r  following minera l  symbol  refers to peak intensity: 3 = very intense,  2 = modera te ly  intense,  1 = low intensity,  0 = 
very low intensi ty or  trace. Clay percentages were de te rmined  by s u m m i n g  first order  clay minera l  peak intensit ies and  dividing 
indiv idual  peak intensit ies by the  sum.  Values thus  de te rmined  were rounded  of f to  the nearest  5%. 

p o r t e d  b o t t o m - h o l e  t e m p e r a t u r e s  i n  t h e  B e r g e n  H i g h  
a r e a  ( F i g u r e  6). 

T h e  c l ay  m i n e r a l s  h a v i n g  R = 3  I / S  X R D  c h a r a c t e r  
w e r e  f o u n d  ch ie f ly  a s  p l a t y  p a r t i c l e s  o f  v a r i a b l e  e l e c t r o n  
d e n s i t y ,  r e s u l t i n g  f r o m  f l o c c u l a t i o n  a n d  o v e r l a p p i n g  
p l a t e s  ( F i g u r e  4F) .  T h e  e x t r e m e l y  e l e c t r o n  d e n s e  p a r -  
t i c l e s  s h o w n  in  F i g u r e  4 F  a r e  p r o b a b l y  i r o n  o x i d e s .  T h e  
a b s e n c e  o f  l a t h - s h a p e d  p a r t i c l e s  m a y  b e  d u e  to  t h e  f ac t s  

t ha t :  (1) L a t h s  w e r e  n e v e r  p r e s e n t  i n  t h e s e  d e e p  s a m -  
p les ,  a n d  t h e  p l a t y  p a r t i c l e s  w e r e  r e l a t e d  to  T r i a s s i c  
d e t r i t a l  m i n e r a l o g y .  T h i s  h y p o t h e s i s  i s  n o t  s u p p o r t e d  
b y  K - A r  d a t a  r e p o r t e d  in  T a b l e  2, w h i c h  i n d i c a t e  a la te  
C r e t a c e o u s  age  fo r  t h e  < 0 . 1 - # m - s i z e  i l l i te  o f  T r i a s s i c  
sha l e s .  (2) T h e  p l a t y  p a r t i c l e s  w e r e  diagenetic, b u t  w i t h  
u n k n o w n  p r e c u r s o r  m i n e r a l s .  (3) T h e  p l a t y  p a r t i c l e s  
w e r e  d i a g e n e t i c  a n d  r e c r y s t a l l i z e d  f r o m  a n  ea r l i e r  l a t h -  
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Figure 4. Transmission electron microscope photomicrographs of <0. l-~zm-size fractions from shales, Bergen High area, 
northern North Sea. (A, B) Sample 30/3-2 1520-1820 m, highly smectitic shale. Smectite occurs as extremely thin laths and 
irregular plates. Larger platy material is probably detrital mica. (C) Sample 30/3-2, 2553 m, illite laths mixed with irregular 
platy smectite. Illite laths are generally 20-40/~. thick and produce electron images with greater contrast than the thin smectite 
flakes. (D, E) Abundant, well crystallized illite laths that characterize R= 1 illite/smectite (I/S) samples. (D) Sample 30/3-2, 
2760 m, lower Cretaceous shale. (E) Sample 30/3-1, 2860 m, very well crystallized laths common in upper Cretaceous 
shale. (F) Sample 30/3-2, 3504 m, fine clay from Triassic shale at Veslefrikk is characterized by fine platy illite and chlorite. 
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Figure 5. Expandabitity of illite/smectite (I/S) vs. depth for 
shales in the Bergen High area, North Sea. Development of 
ordered I/S occurs at shallower depth at Veslefrikk and Ose- 
berg than at Huldra, reflecting the higher heat flow in the 
vicinity of these fields. 

rich illite assemblage. Studies of  hydrothermal  min-  
eralization indicate that platy R=3 I/S-chlorite assem- 
blages apparently formed diagenetically by the recrys- 
t a l l i za t ion  o f  lower  t e m p e r a t u r e ,  l a th - r i ch  i l l i te  
assemblages (Inoue et al., 1987; Yau et al., 1987a; 
Glasmann, 1987b), thereby supporting the idea that 
the R=3 I/S in the Bergen High area is diagenetic. The 
diagenetic origin of  Bergen High R=3 I/S is also sup- 
ported by the K-Ar  isotopic data (vide infra). 

Composit ional  trends in [/S have been used as geo- 
thermometers  in several sedimentary basins (Dypvik, 
1983; Hoffman and Hower, 1979). Temperatures rang- 
ing from 80 ~ to 140~ have been correlated with the 
occurrence of  R = 1 I/S, suggesting that temperature is 
not the only factor affecting the illitization of  shales 
(Ramseyer and Boles, 1986); however, given the sim- 
ilar Tertiary burial history of  oilfields in the Bergen 
High area, approximate thermal  gradients should be 
obtainable from clay composit ional  trends. Calculated 
thermal gradients in the Bergen High area were con- 
structed using isograds based on temperatures of  the 
disappearance of  smectite (70~ the first occurrence 
of  R = 1 I/S (100~ and the first occurrence of  R = 3 I/  
S (180~ Hoffman and Hower, 1979). A comparison 
of  measured and calculated thermal gradients from the 
Huldra  and the Veslefrikk fields suggests that the cal- 
culated gradients provide a reasonable estimate of  cur- 
rent well-bore temperatures in the upper part of  the 
section; however, the agreement between measured and 
calculated gradients is poor for deeper, older shales that 
contain R=3 I/S (Figure 6). The calculated gradients 
suggest that the thermal gradients at Veslefrikk were 
higher than those at Huldra,  as evidenced by the shal- 
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Figure 6. Measured vs. calculated thermal gradients in the 
Bergen High area, North Sea. Calculated temperature gradi- 
ents were based on the mineral temperature correlations sug- 
gested by Hoffman and Hower (1979). 

lower depth of  the onset of  R =  1 I/S at Veslefrikk (Fig- 
ure 5), but nowhere on the Bergen High have burial 
temperatures been measured that approach the 180~ 
level suggested by the occurrence of  R=3 I/S. Inter- 
pretations of  clay mineral- temperature correlations 
usually assume that the clay assemblages are in equi- 
l ibrium with existing thermal-chemical  condit ions 
(Dypvik, 1983; Pearson et al., 1982); however, clay 
composit ional  variations can also reflect diagenetic 
condit ions of  past burial environments.  In sedimentary 
basins with complex heat-flow history (i.e., rifted ba- 
sins), diagenetic reactions may be driven by relatively 
short-lived thermal events reflecting either regional high 
heat flow or local hydrothermal  processes. To interpret 
clay mineral / temperature relationships properly, the 
t iming of  the diagenesis must  be established and the 
nature of  the burial environment during diagenesis must 
be reconstructed (Morton, 1985). 

K-Ar  age o f  illitic clays in Mesozoic  shales 
Potassium-argon dating of  illitic minerals in shales 

has been used to help interpret the t iming ofi l l i t izat ion 
and the thermal and diagenetic history of  sedimentary 
basins (Aronson and Lee, 1986; Elliott et al., 1986; 
Lee, 1984; Aronson and Hower, 1976). Complete iso- 
lation of  the diagenetic and detrital components  in 
shale clay separates is much more difficult than in sand- 
stones, where diagenetic components are typically much 
finer-grained than the detrital clasts. Because of  size 
similarities between detrital and diagenetic illitic clays 
in shales, sample contaminat ion is an ever-present 
problem, and measured K-Ar  ages generally have ques- 
t ionable geologic significance (Hower et al., 1963), un- 
less the K-Ar  contribution of  the contaminating ma- 
terial is quantified. 

https://doi.org/10.1346/CCMN.1989.0370201 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1989.0370201


104 Glasmann, Larter, Briedis, and Lundegard Clays and Clay Minerals" 

1500 

200( 

2500 g 
3000 

Q 
3500 

400( 

I K-ArAGEOF >lumCLAY I 
BERGEN HIGH AREA 

NORTH SEA 

i i i  

c i =  

=i= [ ~ OSEBERG 

I VESLEFRIKK 
c:~ ~ HULDRA 

, i , i , . i  . . . .  i . ,  i . ,  i , I . ,  i , i , i , i , i 

100 150 200 250 300 350 400 
MEASURED K-Ar AGE (Ma) 

Figure 7. Plot of illite measured K-Ar age vs. depth for > I- 
tem-size fractions from Veslefrikk (A) and Huldra (B) fields. 

Detrital illite. Detrital illite was found to be most abun- 
dant in the coarser size fractions (> 2-um), as evidenced 
by a relationship of increasing age with increasing par- 
ticle size (Table 2). In most samples, measured ages 
were older than depositional ages, but typically much 
younger than the 400 + Ma muscovites obtained from 
Brent sandstones in the northern North Sea by Glas- 
mann et al. (1989a, 1989b) and Hamilton et al. (1987). 
The oldest measured K-Ar ages were obtained from 
coarse fractions of highly smectitic shales (361 Ma for 
sample 30/3-2 at 1820 m and 388 Ma for sample 30/ 
6-1 at 2373 m; Table 2), in which contaminating dia- 
genetic illite was minimal.  These ages approach the 
Caledonian age characteristic of detrital muscovites 
and overlap ages of slightly chloritized biotite from the 
Brent (Glasmann et al., 1989a), suggesting that the non- 
diagenetic fine-silt fraction of the North Sea shales re- 
flects a Caledonian provenance that was slightly altered 
by pre-depositional weathering. Post-depositional bio- 
tite alteration may also give rise to non-stoichiometric 
loss of Ar (Clauer, 1981); however, post-depositional 
diffusion of Ar, commonly observed in metamorphic 
environments (Hunziker et al., 1986), probably did not 
affect significantly the measured K-Ar ages, given the 
relatively low burial temperatures encountered in the 
post-Jurassic sedimentary section in the Bergen High 
area (Glasmann, 1987a). 

The measured ages of illitic silt separates from the 
Triassic section at Huldra and Veslefrikk were found 
to be younger than the depositional age (Table 2). Gen- 
erally, the measured ages of the coarse illite decreased 
with increasing depth, 276 to 165 Ma at Huldra and 
361 to 185 Ma at Veslefrikk (Figure 7). TEM analyses 
suggest that at least one reason for this age-depth re- 
lationship is the increasing amount  of undispersed ag- 
gregates of diagenetic illite and illitic overgrowths on 
detrital mica with increasing depth (Figures 8A and 
8B). According to Aronson and Hower (1976), the dis- 
solution ofdetrital feldspar and mica, necessary to pro- 
vide K for illite diagenesis, will also be reflected in the 
measured ages of > 2-~zm-size clay because of the loss 
of "'old" radiogenic Ar and the redistribution of K in 

newly formed phases (Aronson and Hower, 1976). At 
the Huldra field, K-feldspar was absent from shales 
and sandstones that had been buried >3500 m (un- 
published data from this laboratory), and the K - A r  ages 
of > 2-urn-size samples were significantly younger than 
shallower samples that contained traces of K-feldspar 
(Table 2). A similar relationship was found for the 
Triassic section at Veslefrikk field, in which the 185 
Ma age of sample 30/3-2 at 3504 m is much younger 
than the age of overlying shales containing K-feldspar. 
Thus, the measured K-At ages ofdetrital-rich clay min- 
eral assemblages are probably not representative of the 
age of the local Caledonian source areas, but were 
strongly influenced by the presence of younger diage- 
netic components and loss of old Ar-rich minerals dur- 
ing diagenesis with increasing depth. 

Detrital K-bearing minerals also were identified con- 
taminating the <0.1-/zm-size fraction of smectite-rich 
samples and resulted in K-Ar ages that were older than 
the age of sample deposition (Table 2). The 117 Ma 
age measured on a 1820-m-deep smectitic shale at Ves- 
lefrikk (Table 2) is nearly 60 Ma older than the age of 
shale deposition (Figure 9), but about 300 Ma younger 
than the Caledonian age ofdetrital sources in the north- 
ern North Sea. Although detrital mica and feldspar 
were not evident in XRD patterns of this sample (Table 
1), the measured K abundance is consistent with 5- 
10% contamination by mica or feldspar (Table 2). XRD 
resolution of low-level mica contamination in <0.1- 
#m-size clay separates was affected by peak broaden- 
ing, overlap of I/S diffraction peaks, and possibly in- 
terparticle diffraction effects of thin mica flakes. TEM 
analyses suggested trace levels of contamination by ir- 
regular-shaped platy minerals (Figures 4A and 4B), but 
the absolute amount  of such contamination could not 
be quantified. The 117 Ma age of the smectitic <0.1- 
#m-size sample suggests that fine-grained micaceous 
detritus lost considerable radiogenic Ar relative to the 
illitic detritus in coarser size fractions. Alternatively, 
the young age may have resulted from the exclusion 
ofdetrital feldspar in the <0.1-~m-size fraction or from 
the uptake of K by degraded micaceous clays. Inas- 
much as all Clay samples were Mg-saturated prior to 
K-Ar analysis, exchangeable K in the smectite should 
not have been a factor in the age calculation. 

Diagenetic illite. Measured K-Ar ages of <0.1-#m il- 
litic clays were generally found to be younger than the 
age of corresponding shale deposition (Figure 9) and 
ranged from 125 to 64 Ma (Table 2). The measured 
ages averaged about 67 + 4 Ma at Veslefrikk and 72 
+ 5 Ma at Huldra (Figure 9), defining a geologically 
brief time interval of I/S ages for such a thick sequence 
of shales. The measured ages of the < 0.1-/~m-size clay 
strongly suggest a diagenetic origin of the lath-shaped 
and platy illite in shales in the Bergen High area; how- 
ever, the TEMs suggest the presence of minor to trace 

https://doi.org/10.1346/CCMN.1989.0370201 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1989.0370201


Vol. 37, No. 2, 1989 North Sea shale diagenesis 105 

Table 2. K-Ar ages of  iltitic clays from Tertiary and Mesozoic shales, Bergen High area, northern North Sea.' 

Radiogenic Ar Atm. Ar Adjusted age Approximate age 
Sample Size (pro) K (vet. %) (picomole/g) (wt. %) Age (Ma) (Ma) of deposition (Ma) 

Huldra field 
2-2 3908 10.0-2.0 2.331 990.0 11.2 230 + 5 
2-2 3908 <0.1 3.853 515.0 27.1 75.5 _+ 1.8 59-65 156 
2-2 4132 10.0-2.0 4.647 1396.0 7.9 165 + 4 
2-2 4132 <0.1 6.128 894.2 7.2 82.3 _+ 2 68-75 190 
3-1 2473 15.0-2.0 1.612 834.2 6.7 276 _+ 6 
3-1 2473 <0.1 2.561 350.2 26.6 77.2 + 1.8 47-67 78 
3-1 2806 15.0-2.0 1.774 826.1 7.9 250 + 6 
3-1 2806 <0.1 2.992 391.1 25.3 73.9 + 1.7 49-63 82 
3-1 3265 15.0-2.0 1.225 538.5 7.7 237 + 5 
3-1 3265 <0.1 3.450 474.4 18.5 77.6 + 1.8 59-67 88 
3-1 3703 15.0-2.0 2.161 886.3 7.1 222 _+ 5 
3-1 3703 <0.1 3.844 543.6 14.9 79.8 + 1.9 64-70 150 

Veslefrikk field 
3-2 1820 15-2.0 2.469 1710.8 5.2 361 + 8 
3-2 1820 2.0-0.5 1.950 978.1 11.4 268 + 6 
3-2 1820 0.5--0.1 1.896 824.2 16.4 235 _+ 5 
3-2 1820 <0.1 1.085 227.3 32.1 117 + 3 53 
3-2 2553 2.0-1.0 1.680 850.8 6.8 271 + 7 
3-2 2553 <0.1 2.827 321.4 24.0 64.4 + 1.6 31-53 89 
3-2 2760 2.0-1.0 1.843 848.0 14.4 248 + 6 
3-2 2760 <0.1 2.838 343.6 23.1 68.5 _+ 1.6 38-57 150 
3-2 3006 10.0-2.0 2.348 1110.0 11.9 254 _+ 6 
3-2 3006 <0.1 3.066 384.0 38.8 70.8 + 1.6 45-60 190 
3-2 3504 10.0-2.0 4.652 1573.0 7.3 185 + 4 
3-2 3504 <0.1 4.970 771.0 18.6 87.3 + 2.1 73-79 215 
3-4 2972 <0.1 4.365 860.9 25.7 110 + 3 79-106 190 

Oseberg field 
6-1-2373 15.0-2.0 2.634 1977.0 4.9 388 _+ 9 
6-1 2371 <0.1 3.689 824.7 10.3 125 +_ 3 66-86 188 
9-2 2770 20.0-2.0 2.934 1558.0 6.7 282.9 + 6.5 
9-2 2770 0.2-0.1 3.933 837.4 11.95 118.8 + 2.7 
9-2 2770 0.1-0.05 4.103 765.9 9.2 104.5 + 2.4 
9-2 2770 <0.05 4.258 606.6 14.8 80.35 + 1.83 65--68 190 

Atm. Ar = atmospheric Ar. 
Adjusted ages represent K-Ar ages corrected for detrital mica and/or K-feldspar contamination. 

a m o u n t s  o f d e t r i t a l  mica ,  i nd ica t ing  t ha t  the  m e a s u r e d  
ages were p r o b a b l y  affected by  the  p resence  o f  m i n o r  
a m o u n t s  o f  Ar - r i ch  phases .  T h e  close g roup ing  o f  the  
m e a s u r e d  ages at  Veslefr ikk a n d  H u l d r a  suggests tha t :  
(1) the  ages were  due  to the  c o n s t a n t  level  o f  c o n t a m -  
i n a t i o n  t ha t  o v e r p r i n t e d  d iagenet ic  A r  c o n t r i b u t i o n s  so 
t h a t  the  d iagenet ic  ages were h idden ;  a n d  (2) the  con-  
t a m i n a t i o n  o f d e t r i t a l  A r  was m i n i m a l  c o m p a r e d  wi th  
c o n t r i b u t i o n s  o f  d iagenet ic  Ar.  Hence ,  the  m e a s u r e d  
ages closely a p p r o x i m a t e  the  m e a n  age o f  ill i te d iagen-  
esis. Poss ib le  sources  o f  c o n t a m i n a t i o n  inc lude  Cale-  
d o n i a n  clay-size m i c a  a n d  recycled l a t h - s h a p e d  illi te 
f r o m  e r o d e d  P e r m i a n  sands tones .  Eros ion  o f  P e r m i a n  
s a n d s t o n e s  p r o b a b l y  c a n n o t  a c c o u n t  for  the  a m o u n t  o f  
l a t h - s h a p e d  il l i te p resen t  in  N o r t h  Sea shales,  bu t  i f  
p r e sen t  in  m a j o r  a m o u n t s ,  such  c o n t a m i n a t i o n  would  
h a v e  resu l ted  in  m e a s u r e d  ages s ignif icant ly o lder  t h a n  
the  age o f  shale  depos i t ion .  I f  the  s ample  p r e t r e a t m e n t s  

resu l ted  in s imi la r  levels  o f  clay d i spe r s ion  for  all s am-  
pies, the  a m o u n t  o f d e t r i t a l  c o n t a m i n a t i o n  in the  < 0 . 1 -  
#m-s i ze  f rac t ion  o f  smec t i t e - r i ch  shales  s h o u l d  h a v e  
b e e n  the  s ame  as in  the  i l l i t ized samples .  T h e  K c o n t e n t  
o f  < 0 . 1 - # m - s i z e  smec t i t e  samples  shou ld  h a v e  pro-  
v i d e d  a m e a s u r e  o f  de t r i ta l  m i c a  c o n t a m i n a t i o n ,  in-  
a s m u c h  as the  smec t i t e  c o n t a i n e d  n o  fixed K. Such  a 
s a m p l e  was ana lyzed  f rom the  Veslefr ikk field ( sample  
30 /3 -2  at  1820 m); the  m e a s u r e d  K c o n t e n t  suggests 
a b o u t  5 - 1 0 %  de t r i t a l  m i c a  (Tab le  2), a l t h o u g h  m i c a  
was no t  e v i d e n t  in  X R D  pa t t e rn s  o f  th i s  s a m p l e  (Tab le  
1). Samples  c o n t a i n i n g  poor ly  o rde r ed  I /S  c o n t a i n e d  
signif icant ly m o r e  K a n d  rad iogen ic  A r  t h a n  the  smec-  
t i te- r ich clays a n d  gave cons iderab ly  younger  K - A r  ages, 
due  to the  a d d i t i o n  o f  K a n d  a c c u m u l a t i o n  o f  A r  du r ing  
the  d u r a t i o n  o f  the  i l l i t i za t ion  (Tab le  2). Sub t r ac t ing  
the  K a n d  rad iogenic  A r  percen tages  o f  the  una l t e r ed  
smect i te - r ich  clays f rom those  of i l l i t i zed  samples  yields 
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Figure 8. Transmission electron microscope photomicrographs of shale components from various geologic settings. (A, B) 
Silt-sized separations of shales in the Bergen High area contain detrital platy minerals and undispersed aggregates of finer, 
probably diagenetic, particles. Diagenetic illite laths also overgrow, or are attached on surfaces of detrital particles (arrow). 
(C) Lath-shaped diagenetic illite in the < 0.1-~tm fraction of a hydrothermally altered Pleistocene shale from Imperial Valley, 
California, sample IV-1,686 m. (D) Platy illite and chlorite characterize deeper hydrothermally altered samples from Imperial 
Valley, California, sample IV- l, 1143 m. (E, F) Anhedral platy illite particles from the < 0.1 -#m-size fraction of deeply buried 
Pliocene shale, Gulf  of Mexico, samples GM-1, 5797 m (E) and GM-l ,  6400 m (F). 
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an estimate of the mean age of the diagenetic com- 
ponents in the sample ("Adjusted age" heading in Ta- 
ble 2). Such a correction assumes that detrital phases 
were present in constant amount  and stable over the 
range of burial environments represented in this study. 
Dissolution of fine-grained detrital feldspar and mica, 
apparent in deeply buried samples in the study area 
(Glasmann et al., 1989a), should have resulted in a loss 
of old radiogenic Ar, leading to an underestimation of 
the mean age of illite diagenesis. Therefore, adjusted 
ages of < 0.1-#m-size I/S probably represent min imum 
ages of illite diagenesis (Table 2). 

Measured K-Ar ages were also corrected by using a 
mean age of the detrital contamination and an estimate 
of its abundance. Because Caledonian detritus has ap- 
parently lost radiogenic Ar from the < 0.1-#m-size frac- 
tion as discussed above, ages of 200 and 400/Via were 
used to cover a range of possibilities. Because the XRD 
patterns of < 0.1-#m-size clay rarely showed conclusive 
evidence of mica or feldspar, low levels of contami- 
nation were assumed (Table 2). On the assumption that 
the detrital and diagenetic illite have similar particle 
densities, a simple mixing equation was used to esti- 
mate the effects of detrital contamination. The mea- 
sured age was therefore the sum of a diagenetic com- 
ponen t  (age x relat ive amoun t )  plus a detr i ta l  
component. Adjusted ages calculated by both of the 
methods described above are listed in Table 2. The 
considerable range of adjusted ages for a given sample 
is due to the many uncertainties involved in assump- 
tions of detrital contamination; however, these ad- 
justed ages are probably min imum ages of diagenesis, 
because of the apparent high purity of <0. l-#m-size 
clay suggested by the TEMs and the probable destruc- 
tion of extremely fine grained detrital sources of K and 
Ar with increasing depth. The measured K-Ar ages of 
the <0.1-t~m-size iIlites represent maximum ages of 
diagenesis, with the most probable age of illitization 
being between the measured and the adjusted ages. 

The measured and adjusted ages of the diagenetic 
illite in shales in the Bergen High area are inconsistent 
with illitization in the present temperature-chemical 
environment.  If  illite diagenesis was ongoing and in 
equilibrium with the present thermal environment,  ad- 
justed ages should have approached zero in shallow, 
weakly ordered samples and increased progressively 
with increasing depth to the point where high temper- 
ature recrystallization of R = 1 I/S (illite laths) to R =3 
I/S (platy illite) occurred. If  the R= 1 I/S-to-R=3 I/S 
transition represents a major structural reorganization, 
as suggested by the different illite particle morpholo- 
gies, the Ar clock should have been reset and measured 
ages should have decreased abruptly. Such an age de- 
crease was not apparent from measured K-Ar ages of 
the diagenetic illite, suggesting that the R=3 I/S com- 
ponent was not formed at present bottom-hole tem- 
peratures. Moreover, the preservation of older ages in 
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Figure 9. Plot ofillite measured K-Ar age vs. depth for < 0.1- 
/zm-size clay samples from Veslefrikk (A) and Huldra (B) 
fields. Saw-toothed line in curves defining stratigraphic age 
of section indicates a period of erosional unconformity. 

the <0.1-#m-size illite at the highest burial tempera- 
tures argues against Ar-clock resetting by diffusive Ar 
loss, even at burial temperatures as high as 150"--160~ 

Modeled illite age. The thermal history of any given 
strata in a sedimentary basin can be modeled, provid- 
ing the heat flow, thermal conductivity, porosity, and 
burial history of the basin are known or can be esti- 
mated (Sclater and Christie, 1980; McKenzie, 1978). 
Assuming that thermal history exerts the primary con- 
trol on the illitization reactions, the modern I/S com- 
position-temperature relationships (Figure 3) can be 
modeled through time to predict the mean age of dia- 
genetic illite at a given depth (Figure 10). In the present 
study, calculated temperature history curves were di- 
vided into 10~ increments ofillitization based on the 
present-day I/S-temperature relationships, and the 
amount ofillite precipitated and its corresponding mean 
age were calculated as shown in Figure 10. As illite 
diagenesis progressed, new illite precipitated at suc- 
cessively higher temperatures had younger mean ages 
of precipitation. The mean age of the population of 
illite precipitated during diagenesis will be the weighted 
average of the various sub-populations. Thus, the late 
Cretaceous illitization ofsmectite that produced a R=0 
I/S having 20% I layers accounts for 25% of the total 
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Figure 10. Temperature history plot for Huldra field, well 
30/3-1, used to calculate the modeled age of illite in Ceno- 
manian shales. The temperature curve is divided into zones 
representing progressive illitization; weighted mean age of 
each zone (partial age) is used to calculate modeled age. 

illite formed in a Cenomanian shale and had a greater 
effect on the total radiogenic Ar  content of  the sample 
than a similar amount  of  illite formed during Eocene 
time (Figure 10). Calculating temperature history curves 
for a variety of  constant and variable thermal-gradient  
models resulted in a range of  "equi l ibr ium" illite ages 
for a given stratigraphic layer. These "equi l ibr ium" 
illite ages are compared with measured and adjusted 
illite ages in Figure 11 and consistently predict younger 
ages of  illite diagenesis than observed. Because the 
thermal illitization model  was based on empirical  tem- 
perature-I/S relationships that are consistent with cur- 
rent models of  illite diagenesis (Bethke et al., 1986; 
Bethke and Altaner, 1986; Srodofi et al., 1986; Velde 
et aL, 1986; Nadeau and Rain, 1986; Morton, 1985), 
the discrepancy between predicted and measured illite 
ages strongly suggests that the il l i t ization resulted from 
thermal-chemical  condit ions that were not included in 
the model. Other factors are important  during illite 
diagenesis, including mineral  solubility, pore-fluid 
chemistry, hydrothermal  fluid flow, rate o f  burial, and 
residence t ime at a given temperature (Ramseyer and 
Boles, 1986; Eberl, 1978; Eberl and Hower, 1976) and 
may have promoted  an earlier period of  illitization 
than predicted by the model  used in this study. 

Thus, the measured K-Ar  ages o f  the <0.1-/zm-size 
illitic clay minerals suggest a diagenetic origin much 
earlier than that predicted by age modeling based on 

current I/S-burial  temperatures. Contaminat ion of  the 
fine clay fraction by traces of  detrital mica inhibited 
the accuracy of  diagenetic illite-age measurement,  but 
the min imum mean age of  diagenesis can be crudely 
estimated by correcting measured ages for the effects 
of  contamination.  The relationship between sample 
depth and measured age of  diagenetic illite indicates 
that diagenesis of  Mesozoic shales was not a result of  
slow, progressive burial and associated increasing tem- 
perature; instead, a relatively constrained period of  
diagenesis appears to have affected a thick sequence of  
shales during early to mid  Tertiary time. 

Relationships to diagenesis in Brent Group 
sandstones 

The illitization t ime interval defined by the adjusted 
illite ages overlaps with the t ime ofi l l i te  diagenesis and 
migration o f  hydrocarbons into the underlying Brent 
Group sandstone (Figure 11; Glasmann et al., 1989a). 
Late-stage diagenesis of  the Brent included the disso- 
lution of  K-feldspar, the precipitation of  quartz over- 
growth, the growth of  diagenetic illite, and the illiti- 
zation of  diagenetic kaolinite (Glasmann et al., 1989a, 
1989b; Jourdan et al., 1987; Blanche and Whitaker,  
1978; Hancock and Taylor, 1978). Fluid inclusion evi- 
dence suggests that quartz cementation was locally fa- 
cilitated by the migration of  warm, saline, compaction 
water from deeper parts of  the Viking graben (Glas- 
mann et al., 1989a; Thomas,  1986; Haszeldine et al., 
1984). Wholesale dissolution o f  K-feldspar and the il- 
litization of  kaolinite characterizes the diagenesis o f  
the Brent Group sandstone at depths >3500 m (Glas- 
mann et al., 1989a). The oxygen isotope composit ion 
ofdiagenet ic  illite in the Brent Group sandstone in the 
Bergen High area also suggests that illite precipitation 
was associated with the migration of  basin compaction 
water (Glasmann et al., 1989a), as has been suggested 
by other North  Sea diagenesis studies (Glasmann et 
al., 1989b; Jourdan et al., 1987). K-Ar  ages of  diage- 
netic illite in the Brent suggest a prolonged period of  
illite precipitation, beginning in the late Cretaceous and 
continuing into late Neogene t ime (80 to 27 Ma; Glas- 
mann et al., 1989a, 1989b; Liewig et al., 1987; Jourdan 
et al., 1987; Thomas,  1986). 

Organic geochemistry studies have indicated that hy- 
drocarbon migration from the deep Viking graben may 
have begun as early as late Cretaceous t ime (Glasmann 
et al., 1989a; Dahl and Speers, 1985; Field, 1985; Goff, 
1983). Hydrocarbon volumetric calculations suggest a 
very low trapping efficiency in many Brent reservoirs 
(Dahl and Speers, 1985), which may have been re- 
sponsible for the leakage of  considerable fluid from 
Brent reservoirs prior to late Tertiary deep burial and 
an improvement  of  sealing mechanisms by compac- 
tion. Thermal  gradients in the Bergen High area during 
this per iod o f  active hydrocarbon migration have been 
est imated at between 80 ~ and 100~ on the basis 
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of  fluid inclusion data (Glasmann et aL, 1989a; Goff, 
1983). Thus, leakage of  basin compaction fluid (po- 
tentially K-rich and warmer than ambient  pore fluid) 
and hydrocarbons at structural highs (e.g., the Huldra, 
Veslefrikk, and Oseberg fields) could have altered the 
pore-water chemistry and the thermal environment  of  
poorly compacted overlying mudrocks, thereby pro- 
moting the dissolution ofsmecti te and the precipitat ion 
of  illite during late Cretaceous to early Tertiary time. 
The escape of  migrating basin-compaction water from 
the Brent may have been l imited in t ime by the ac- 
cumulation of  hydrocarbons and the progressive im- 
provement  of  the seal overlying the reservoir with con- 
tinuing Tertiary burial, thereby providing a mechanism 
for the early shutdown ofi l l i te  diagenesis in the shales. 
Such a mechanism may explain the absence o f  very 
young illite ages in the <0.1-~zm-size clay fraction and 
the tendency for measured ages of  illite diagenesis to 
define a rather short-l ived early Tertiary diagenetic 
event. 

I f  illite diagenesis was promoted by the thermal and 
chemical environment  produced by the migration of  
warm compaction water out of  the Viking graben, clay 
diagenesis would not have seriously affected the pat- 
terns of  organic maturation. The kinetics of  vitrinite 
alteration are much different from those affecting in- 
organic components. Whereas vitrinite reflectance (VR) 
measurements are relatively insensitive to short-term 
perturbations in pore-fluid chemistry or thermal gra- 
dient (Middeleton and Falvey, 1983), clay crystal growth 
can proceed rapidly, given appropriate condit ions for 
precipitation. Because mineral  stability is a function 
of  pore-water chemistry as well as temperature,  high 
temperatures are not necessarily required for illitiza- 
tion, i f  sufficient reactants are supplied; however, the 
evidence presented in the present study suggests that 
sufficient thermal and chemical energy for shale illiti- 
zation could have been supplied by fluid escape from 
the Brent sandstone during hydrocarbon migration. 
Subsequent late Tert iary burial has not overprinted the 
mineralogic record of  shale and sandstone diagenesis, 
but it has influenced organic maturat ion profiles and 
the present distr ibution of  hydrocarbons in the Bergen 
High area (Steven Larter, unpublished data, Unocal 
Science and Technology, Brea, California). Thus, ther- 
mal history reconstructions using VR-based models 
will not reflect short-l ived thermal events, especially if  
subsequent burial has resulted in present-day thermal 
conditions similar to those encountered in the past 
(Goff, 1983). 

The morphology of  diagenetic illite is also indicative 
of  the general environment  of  diagenesis. Euhedral, 
lath-shaped illite is particularly common in sandstones 
in which crystal growth is unconstrained by pore size. 
Lath-shaped illite is also abundant  in shallowly buried 
shales that have been hydrothermally altered; it ap- 
pears to transform to platy illite and eventually to 2M~ 
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Figure 11. Comparison of measured, adjusted, and modeled 
illite K-Ar ages at Veslefrikk (A) and Huldra (B) fields, Bergen 
High area, North Sea. 

mica with increasing alteration temperature (Figures 
8C and 8D; Glasmann,  1987b; Inoue et al., 1987; Yau 
et aL, 1987b). I f  present in hydrothermally altered 
shales, lath-shaped illite suggests alteration tempera- 
tures of  130~180~ which commonly are found at 
depths of  < 1 km. Thus, in hydrothermally altered 
shales, fluid convection, appropriate fluid chemistry, 
and lack of  compaction promote rapid growth of  lath- 
shaped illite into available pore space. 

The morphology of  illite from mud-dominated  ba- 
sins having a significant history of  compaction is typ- 
ically anhedral (e.g., Gulf  of  Mexico; Figures 8E and 
8F), even though XRD analyses suggest similar I/S 
composit ions (Figure 12). Anhedral  crystals indicate 
that the illite growth was confined to micropores be- 
tween adjacent detrital particles or that the illite grew 
replacively as a host mineral  dissolved (Ahn and Pea- 
cor, 1986). The predominance of  euhedral illite laths 
in illitized shales in the Bergen High area suggests that 
diagenesis occurred during the early burial history of  
the basin, prior to major  loss of  porosity, in sharp 
contrast to Gul f  Coast-style illitization in which crystal 
growth was apparently restricted to micropores. 
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Figure 12. X-ray powder diff action patterns of <0.1-tim- 
size fraction from shallow hydrothermally altered Pleistocene 
shales, Imperial Valley, southern California (A, B) and deeply 
buried Pliocene shales, Gulf of Mexico (C, D). All patterns 
represent Mg-saturated, ethylene glycol-solvated analyses ob- 
tained under controlled relative humidity (54%). (Cf. Figure 
8.) 

SUMMARY AND CONCLUSIONS 

Illite diagenesis in Mesozoic shales in the Bergen 
High area is related in time to illite diagenesis in the 
Brent sandstone reservoir. Euhedral illite growth in 
shales indicates relatively high shale porosity during 
diagenesis. Although interpretation of the significance 
of measured K-Ar ages of < 0.1-#m-size illitic clay frac- 
tion is complicated by minor  amounts of detrital con- 
tamination, age-depth trends suggested by adjusted il- 
lite ages are useful for contrasting different models of 
diagenesis. Both measured and adjusted ages of illite 
diagenesis are earlier than anticipated based on pres- 
ent-day illite-temperature relationships and suggest that 
the shale diagenesis on structural highs surrounding 
the Viking graben was influenced by compaction-de- 
rived pore fluids during the initial stages of hydrocar- 
bon migration out of the Viking graben. Proper inter- 
pretation of clay mineral-temperature relationships 
requires an understanding of the timing of clay dia- 
genesis and its relationship to basin geologic and fluid- 
flow history. 
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