
Ch(1'S lIlId Clay Milll.'rals. Vol. 22. pr. 319 33.5. Pergamon Press 1974. Printed in Great Britain 

DIAGENESIS OF CLAY MINERALS FROM LOWER 
CRETACEOUS SHALES OF NORTH EASTERN 

BRITISH COLUMBIA * 
A. E. FOSCOLOS 

Institute of Sedimentary and Petroleum Geology. 3303 33 Street. Calgary, Alberta. Canada 

and 

H. KODAMA 

Soil Research Institute, Department of Agriculture, Ottawa, Ontario, Canada 

(Received 27 November 1973) 

Abstract--Clay minerals from shale outcrops of the Lower Cretaceous Buckinghorse Formation (4250 ft 
thick) were investigated in order to assess their degree of diagenesis and their oil-generating potential. 
Crystallinity index, sharpness ratio, per cent of illite which is the 2M polymorph and presence of discrete 
minerals have been studied in the whole clay fraction, while the very fine clay fraction has been subjected 
to X-ray diffraction, differential thermal, thermogravimetric, differential thermogravimetric. i.r. spectros­
copy, surface area and chemical analyses. With information derived from these studies and from published 
data, a classification scheme was devised which relates variation of clay mineralogy to diagenetic stages 
and burial depth. 

Data on the < 211m size fraction show that the crystallinity index decreases while the sharpness ratio and 
per cent of illite which is the 2M polymorph increase with burial depth. Results on the < 0·08 11m fraction 
reveal that a three-component interstratified clay mineral exists. In addition, Fourier transform calcula­
tions and chemical and physicochemical analyses indicate that both the ratio of the amounts of non­
hydrated clays (illite) to hydrated clays and the K 20 content of clays increase with burial depth; cation 
exchange capacity and surface area decrease with burial depth. 

Based upon a classification scheme. which was devised by combining criteria and data derived from the 
studies of Weaver (196la), Kubler (1966), Burst (1969) and Dunoyer de Seconzac (1970), the upper and 
middle parts of the formation (upper 3250 ft) fall within the middle stage of diagenesis whereas the lower 
part (1000 ft) is allocated to the beginning of late diagenesis. In terms of Burst's (1969) work. the upper 
3250 ft are transitional between the stability and dehydration zones indicating that. prior to uplIft, 
hydrocarbons may have been in the process of migration. The lower 10000 ft of the formation are in the 
restricted dehydration zone, indicating that hydrocarbon migration should have been completed. 

INTRODUCTION 

The mineralogy of clays has been used to estimate the 
degree of sediment diagenesis, to reconstruct the geo­
chemical history of sedimentary basins and, very 
recently, to assess the potential of rocks as sources of 
petroleum (Weaver, 1960, 1961b, 1967; Powers, 1959, 
1967; Khitarov and Pugin, 1966; Long and Neglia, 
1968; Muffler and White, 1969; Perry and Hower, 
1970, 1972; Weaver and Wampler, 1970; Merchink et 
al., 1971; Teodorovich and Konyukhov, 1970; von 
Moort, 1971; Weaver et al., 1971; Cordell, 1972 and 
Sarkissyan, 1972). 

Burst (1969) has shown that, during the transforma­
tion of smectite to illite, a dehydration process takes 

* loint contribution, No. 475 (S.R.I.). 

place which is strongly correlated with the production 
of hydrocarbons. The transformation occurs at tem­
peratures not greater than IS0aC and is accompanied 
by production of large amounts of water (Perry and 
Hower, 1972). Price (1973) concluded that deeply bur­
ied hot water at 150°C could dissolve large amounts of 
hydrocarbons. As the transformation of smectite to 
illite results in the production of large amounts of 
water at temperatures considered by many workers to 
be adequate for hydrocarbon generation (Colombo, 
1967; Andreev et al., 1968; Kartsev et al., 1971; Yero­
leyev, 1972), it seems likely that the process has often 
been important in primary oil migration. 

In this work, we have studied diagenesis in shale 
samples from the Buckinghorse Formation as a func­
tion of: (1) the presence of discrete clay minerals; (2) the 
sharpness ratio and crystallinity index of illite; (3) the 
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per cent of illite which is the 2M polymorph; (4) the 
ratio of hydrated to non-hydrated layers in the inter­
stratified clay minerals as determined by Fourier trans­
form and chemical methods; (5) the KzO content, 
cation exchange capacity and surface area measure­
ments of mixed layer clay minerals. In addition, differ­
ential thermal analysis, thermogravimetric analysis, 
differential thermogravimetric analysis and i.r. spectro­
scopic measurements were done in order to aid the in­
terpretation of the chemical analysis and elucidate 
some results obtained from the X-ray work. 

All these data have been related to the maximum 
depth of burial of the shale samples and have been 
combined with that of others to devise a scheme for the 
classification of the degree of diagenesis. Using Burst's 
(1969) data, an effort is made to assess the oil generat­
ing potential of the formation during its earlier history. 

EXPERIMENT AL 

Materials 

Shale samples were collected from an outcrop of the 
Lower Cretaceous Buckinghorse Formation, which is 
4,250 ft thick. This rock unit crops out in the vicinity 
of the MuskwaandTetsa Rivers, 58°40'N and 124°0TW 
some 75 miles south of Scatter River in northeastern 
British Columbia. Samples from this location were col­
lected and diagenetic studies were carried out on this 
formation because detailed lithologic, stratigraphic 
and paleontologic data are available (Stott, 1969, 
1968a, b, 1972). 

Initially, 420 samples, not affected by weathering, 
were collected at 10-ft intervals and the mineral com­
ponents were identified in all of them by X-rays. 
Clay mineralogy was studied in some detail in 50 sam­
ples. Finally, the clay mineralogy was studied in great 
detail in the less-than-2Ilm fraction of seven selected 
samples in order to document changes that take place 
during -diagenesis. The sampling interval was about 
650ft and the probable burial depth of the 7 samples 

Table I. Maximum burial depth of samples 1063, 999, 
823, 278, 201, \09 and 437 

Sample No. 

1063 
999 
823 
278 
201 
109 
437 

Maximum burial depth of analysed 
samples 

(ft) (m) 

5900 1967 
6650 2217 
7300 2433 
8000 2667 
8650 2883 
9350 3117 

10,100 3367 

prior to uplift and erosion is obtained by extrapolation 
from Stott's (1972) restored stratigraphic cross-section 
and is presented in Table I. 

Methods 

Sample preparation. All research work was carried 
out on the <21lm fraction. To obtain this fraction, the 
rock samples initially were ground in a Bleuler mill for 
20 sec. The powdered samples were mixed with dis­
tilled water at a ratio of 1: 10 and then sonified for 
30 min at 22 ± 3 kHz frequency. If the clay particles 
flocculated quickly, 1 ml of a solution containing 1 N 
(NaP03 )" and 0'12 N NazC03 was added to stabilize 
the suspension. The < 2 11m fraction of all samples was 
separated by sedimentation and then, Javex, which 
contains NaOCl, was added to the clay suspension to 
destroy organic matter and to homoionically saturate 
the < 2 11m fraction with sodium (Cassidy and Mankin, 
1960). The latter was achieved by leaving the mixture 
overnight on a steam bath. The excess NaCl and 
NaOCl were then removed by rinsing with distilled 
water and centrifuging. Finally, the < 21lm fraction 
was further divided into two size fractions by centrifu­
gation. The presence of discrete clay minerals, the crys­
tallinity index and the sharpness ratio of illite were 
studied in the <21lm fraction in which clay minerals 
are most concentrated. Illite polymorph ratios were 
determined using the 1-0'2Ilm fraction in accordance 
with Velde and Hower's (1963) method; since interstra­
tified clays are most abundant in the extremely fine 
sizes they were studied in great detail in the <0'08Ilm 

fraction. 

Analytical methods 

I. Identificatiol1 of discrete layer silicates. Discrete 
layer silicates were identified using an oriented, 
sodium-saturated < 21lm specimen following standard 
techniques of identification (Brown, 1961). CuKcx 
radiation and a nickel filter were used; the scanning 
speed was 1 °(28) min - 1 cm - 1, the time constant was 2 
sec and scanning was done in the range 2-40°(28). 

2. Sharpness ratio and crystallinity index measure­
ments of illites. Sharpness ratio and crystallinity index 
of illites were measured on an oriented, potassium­
saturated < 21lm specimen at SOper cent r.h. with CoKcx 
radiation, iron filter scanning speed of 1 °(28) min - 1 

2 cm - 1, time constant of 2 sec and range of 2-15°(28). 
The sharpness ratio (S.R.), which is the ratio of the 
height of the illite 001 peak at 10·0 A to the height of 
the base line at 10·5 A, was determined using Weaver's 
(196la) method. The crystallinity index (C.I.), which is 
the width of the illite 001 peak at half height expressed 
in mm, was obtained following Kubler's (1966) 
method. 
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3. Illite polymorphism. The per cent of illite which 
was the 2M polymorph was determined using the 
potassium-saturated 1- 0'2 11m size fraction following 
Velde and Hower's (1963) method. 

4. Identification of interstratified layer silicates. Stu­
dies o f interstra tified layer silicates were done using the 
<0·08 11m fraction . This fraction was saturated with 
Ca by treatment with IN CaCI2 . After the removal of 
the excess salt by washing and centrifuging, the sam­
ples were recovered by freeze-drying (Brydon, Rice and 
Scott, 1963). These samples were used for: (a) X-ray dif­
fraction analysis; (b) thermal analysis ; (c) i.T. spectros­
copy; (d) chemica l analysis ; (e) surface area and cation 
excha!1ge capacity (CEC) measurements. 

(al X -ray analysis. X-ray analysis was done using 
oriented specimens made by drying 1 ml of a clay sus­
pension containing 40 mg of sample on a 37·5 x 
25·0 mm glass slide. After drying, the sample was X­
rayed using Fe filtered CoKe< radiation (J. = 1·7902 A), 
with settings of 45 kV- 20 rnA, scanning speed 
I "(28) min - 1 2 cm - 1 and time constant of 2 sec. Clay 
minerals were identified on the basis of the criteria 
used by Kodama and Brydon (1968). 

To obtain additional information on the nature of 
interstratified clays, a portion of the < 0'08}Jm size 
fraction was saturated with potassium in a I N KCl 
solution and X-rayed again. 

(b) Thermal llnaly.~is. Differential thermal analysis 
(DTA) was carried out on calcium-saturated samples. 
Curves were recorded on an R.L. Stone DTA appar­
atus using the open cup system with 10 mg of sample. 
The cups were sea ted on a ring-type thermocouple 
with Pt-Pt 10 per cent T.h. junction below the sample 
holder. The apparatus was run with a constant heating 
ra te of 10°C min - 1, from ambient temperature to 
IOOO°C. 

Thermogravimetric analysis (TGA) was done using 
calcium-saturated samples, R. L. Stone TGA-5b 
apparatus and 40 mg samples were used. The range 
was set to give 50 per cen t full scale deflection and each 
sample was run in a narrow hang-down tube from 
ambient temperature to lob00e ' at a rate of 
10°C min- 1. 

Differential thermogravimetric analysis (DTGA) 
curves were plotted manually using TGA data taken at 
intervals of 5°C. 

TGA and DTGA were used as aids in the chemical 
analysis to determine the amount of kaolinite, hence 
the portion of Si02, Al 20 3 and H 20 due to kaolinite 
in the < 008 J1m fraction, Table 7. 

(e) Illjiwed ahsorptioll analysis. Infrared absorption 
spectra of the layer silicates were obtained with a 
Beckman IR 12 i.T. spectrophotometer, in order to 
evaluate its contribution to the study of diagenesis. For 

this, pellets containing 0·75 mg of calcium-saturated 
clays and 400 mg of KBr were used. 

(d) Chemical analysis. Elemental analysis of air-dried 
samples was done by fusing with Li1C03 and H 3B03 . 

Elemental concentrations were determined using the 
methods of Foscolos and Barefoot (1970). Free silica 
and aluminum were removed by digestion with 0·5 N 
NaOH (Jackson, 1965) ; free iron oxides were removed 
by treatment with a sodium dithionate--sodium citrate 
solution (Aguilera and Jackson, 1953). 

(e) Surface area and cation exchange capacity (CEC) 
measurements. Surface area and CEC measurements 
were carried out on sodium-saturated clays, using the 
methylene blue absorption method as described by Thi 
Hang Pham and Brindley (1970). 

RESULTS AND DISCUSSION 

Discrete layer silicates, sharpness ratio, crystallinity in­
dex and illite (2M/2M + IMd) ratio 

The mineralogy of discrete layer silicates, the sharp­
ness ratio and the crystallinity index of the less than 
2 J1m fraction were used to evaluate the extent of sedi­
ment diagenesis. In the 1-0,2 11m fraction, the per cent 
of illite which was the 2M polymorph type was used 
as an indicator of the diagenetic stage. The results are 
shown on Table 2. 

Discrete illite is present throughout the formation 
whereas chlorite and kaolinite are absent in the lower­
most part of the Buckinghorse Formation. Although 
the absence of chlorite is difficult to interpret, the 
absence of kaolinite may indicate a certain degree of 
diagenesis (Dunoyer de Seconzac, 1970). 

Crystallinity index decreases and sharpness ratio in­
creases with depth of burial. The same trend has been 
reported by Kubler (1966), Dunoyer de Seconzac 
(1970), Frey (1971) and van Moort (1971). The per cent 
of illite which is the 2M poiymorph, also increases with 
burial depth. The latter is in accordance with the find­
ings of Maxwell and Hower (1967) that increasing tem­
perature and pressure conditions accompanying deep 
burial caused transformation of the IMd illites to 2M 
illites in the Precambrian Belt. 

Interstratified layer silicates 

X -ray diffraction analysis. X-ray diffractograms were 
made using the < 0·08 J1m fraction of all seven samples 
in order to identify the type of interstratification. 001/ 
001 basal reflections were used. A set of diffraction pat­
terns for sample 278, a typical sample, is shown in Fig. 
I. The patterns show that the first order basal reftec­
tionpeak shifts from 10·2 A, at Oper cent r.h. to 12 A, at 
50 per cent r.h. and to 14 A, at 85 per cent r.h. At 85 per 
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Table 2. Discrete layer silica tes of Na-satura ted < 2 .um oriented clays, crystallinity index and sharpness ra tio of K -sa tu­
ra ted < 2.um oriented specimen of illites and per cent 2M iIlite polymorphs o f K-satura ted clays be tween 1-0'2 Jim size 

fracOon of unoriented specimen in r elation t o maximum burial d ep th of analysed samples 

Maximum burial d epth Discrete 
Sample of , analysed samples layer 

No. (ft) (m) silicates 

1063 5900 1967 III ite- chlorite-
kaolin ite 

999 6650 2217 IlIite- chlorite-
kaolinite 

823 7300 2433 Illite---<:h lorite-
kaolin ite 

278 8000 2667 Illite- chlorite 

20 1 8650 2883 Illite- chlorite-
kao linite 

109 93 50 3117 TIlite 

437 10,100 3367 Ill ite 

d-.poc;ng(A) 
:>3 3.5 .5 6 78910 14 18 

35 JO 25 20 15 10 

Degree •. 28(CoKa ) 
SRI 

Fig. 1. X-ray diffraction patterns of oriented specimen of 
the < 0·08 Jim fraction from sample 278 (a) Ca-saturated dry 
specimen under N , gas a tmosphere ; (b) Ca-satura ted speci­
men a t 50per cent r. h. ;(c) Ca 2 + · sa tura ted specimen a t 85 per 
cent Lh.; (d) Ca-sa tu ra ted glyce rol trea ted specimen; (e ) Ca-

sa turated specimen after heating at 550c C. 
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Fig. 2. X-ray diffraction p attern of oriented specimen of the 
<0·08 Jim fraction from sample 999 (a) C<\-sa turated dry 
specimen under N , gas; (b) Ca-sa tura led specimen at 50 per 
cent Lh.; (c) Ca-sa turated specimen at 85 per cent r.h. : (d) Ca­
satura ted glycerol treated specimen ; (e) K·sa tura ted glycerol 
treated specimen ; (0 Ca-satura ted specime n afte r heating 

at 550·C. 
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cent r.h .. the peak splits into two parts. This splitting 
was more pronounced after saturation with glycerol in 
which case the basal spacing of 14 A increased to 16 A 
while the basal spacing of another peak remained 
unchanged at 10·2 A. This indicated the presence of 
smectite. After heating at 550cC the layers collapsed to 
10 A, indicating the absence of chlorite or chlorite-like 
compounds. Similar behavior was exhibited by all clay 
samples. 

Upon K-saturation and glycerol saturation of 
sample 999 (Fig. 2), only limited expansion of basal 
spacing was observed. This indicates the presence of an 
expansible clay other than montmorillonite. This clay 
is considered to be a vermiculite-like layer silicate. 

Since neither a 10 nor a 16 A peak was observed at 
50 per cent r.h. and since no 14 A peak was observable 
after glycerol saturation, we conclude that the mica, 
montmorillonite and vermiculite of this sample exist as 
component layers in an interstratification and not as 
discrete minerals (Kodama and Brydon, 1968). 

To study the influence of maximum burial depth of 
the samples prior to uplift on the relative proportions 
of the three components, the direct Fourier transform 
method (MacEwan, 1956) was used to interpret the x­
ray data. This was done because basal peak positions 
could not be interpreted from the two-component in­
terstratification (MacEwan, Ruiz and Brown, 1961; 
Cesari, Morelli and Favretto, 1965 ; Reynolds, 1967), 
nor from the three-component mica- montmorillonite­
chlorite interstratification (Jonas and Brown, 1959; 
Cesari and Allegra, 1967). Fourier transform analysis 
was done for all seven samples using basal reflection 
data obtained from oriented specimens. The area un­
der a peak was obtained by counting pulses. After cor­
recting for the Lorentz-polarization factor, the inte­
grated intensities were converted to Fourier coeffi­
cients using the conventional layer structure factors of 
Cole and Lanchucki (1966). The Fourier transforms 
were calculated by use of a computer and all calcula­
tions indicated three fundamental components with 
spacings at 10(A). 13·7 (B) and 15·8 (C) A. The findings 
support the argument that three componc:1ts exist in 
the interstratified clays. Fourier transforms of samples 
437. 278 and 999 are presented in Fig. 3. As an 
example, lists of assigned peaks with comparison 
between observed peak heights and calculated ones, 
for samples 278 and 999, are given in Table 3. For the 
same two samples the probability coefficients deduced 
from the Fourier transforms are presented on Table 4. 
The rela tive proportions of the three components of all 
samples (mica- montmorillonite- vermiculite) were 
obtained from the probability coefficients, and their 
relation to estimated maximum depth of burial is given 
in Table 5. Sample 437, which has the greatest esti-

mated maximum depth of burial also has the highest 
proportion of illite, 82 per cent, while the upper part 
of the outcrop, sample 1063. contains only 47 per cent 
illite. The same general trend is seen in Fig. 4, which 
shows the X-ray patterns of all oriented Ca-saturated 
specimens of the < 0·08 11m fraction at 50 per cent r.h. 
The doo 1 basal reflection shifts gradually with depth 
from 13·5 A, for the uppermost sample 1063, to 10·2 A, 
for the lower-most sample 437. 

Thermal analyses and illli'w'ed absorption spectra. 
Thermal analyses were made and infrared absorption 
spectra were recorded in order to identify discrete 
~xpandable clay minerals in the presence of interstrati­
fied clays. Differential thermal analysis (DTA) curves 
(Fig. 5) showed that smectite and/or vermiculite did 
not exist as discrete expandable clay minerals since the 
characteristic endothermic peak of smectites around 

(0) " ¥. Ii( ¥. ~ 
~ .. l' 

" " 
.. .. " 
.. « 

v « .. .. .. 

v 
Ii( .. .. .. ~ .. ~ " .. " .. .. ~ .. .. 

«) " " .. 

10 20 30 so 
• ROl) SRI 

Fig. 3. Fourier transforms of basal reflections of Ca2+ -satu­
rated <0·08 /lm fraction at 50 per cent Lh. from (a) sample 

999 ; (b) sample 278; (c) sample 437. 
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Table 3_ Comparison of observed peak heights of Fourier transform with calculated peak heights on Ca-saturated samples 
278 and 999 

278 

Observed Calculated* 
Spacing height height 

(A) Peak ratios ratios 

10-0 A 0-59 0-59 
13-5 B 0-16 0-16 
15-9 C 0-25 0-25 
19-9 AA 0-50 0-50 
23-3 AB 0-16 0-16 
25-8 AC 0-38 0-38 
29-9 AAA 0041 0042 
33-1 AAB 0-11 0-14 
35:8 AAC 0-49 0-38 

39-8 { ABC 0-37 { 0-02 
AAAA 0-35 

42-8 BBC 0-02 0-00 
45-7 AAAC 0-54 0-39 

49-7 { AABC 0-36 { 0-04 
AAAAA 0-30 

* From probability coefficients_ 

Table 4_ Probability coefficients deduced from Fourier 
transforms of Ca-saturated samples 278 and 999 

278 

PA =0-59 
PB = 0-16 
Pc = 0-25 

PAA = 0-84 
P4B = 0-005 
PAC = 0-150 
PBA = 1-00 
PBB = 0-00 
PBe = 0-00 
PCA = 1-00 
PCB = 0-00 
Pcc = 0-00 

999 

PA = 0049 
PB = 0-19 
Pc =0-32 

PAA = 0-68 
PAB = 0-00 
PAC = 0-32 
PBA = 1-00 
PBB = 0-00 
PBC = 0-00 
PeA = 0-95 
PCB = 0-00 
Pee = 0-05 

Table 5_ Relation between probability coefficients of the 
three components, P A = mica, P B = vermiculite, Pc = 
montmorillonite, and maximum burial depth of Buck-

inghorse Formation 

Probability coefficients 
Maximum burial of the three components 

Sample depth (ft) PA PB Pc 

1063 5900 0-47 0-19 0-34 
999 6650 0-49 0-19 0-32 
823 7300 0-58 0-13 0-29 
278 8000 0-59 0-16 0-25 
201 8650 0-55 0-18 0-27 
109 9350 0-71 0-16 0-13 
437 10.100 0-82 0-09 0-09 

999 

Observed Calculated* 
Spacing height height 

(A) Peak ratios ratios 

9-9 A 0049 0049 
IN B 0-19 0-19 
16-0 C 0-32 0-32 
19-8 AA 0-34 0-34 
23-0 AB 0-12 0-12 
25-9 AC 0049 0049 
29-7 AAA 0-27 0-23 
32-4 CC 0-02 0-05 
35-8 AAC 0-51 0046 

39-5 { ABC 0-31 { 0-06 
AAAA 0-16 

42-0 ACC 0-08 0-16 
45-7 AAAC 0040 0-66 

49-3 { AABC 0-29 { 0-10 
AAAAA 0-11 

700°C was not found (Greene-Kelly, 1957)_ In addi­
tion, the characteristic endothermic peaks of vermicu­
lite around 250 and 800°C as well as the exothermic 
peak around 825°C (Barshad, 1948) were not observed_ 
The endothermic peak around lOOGC is attributed to 
the loss of adsorbed H 2 0 whereas the endothermic 
peak at 540°C is in the range in which a peak may be 
found for 'normal' illite, 'abnormal' smectite or inter­
stratified illite-smectite (Cole, 1955)_ The exothermic 
peak around 340°C is attributed to the combustion of 
the determined organic matter which remained after 
the removal of hydrocarbons from the clay surface_ 
The endothermic peak around 910°C reflects the 
dehydroxylation of 2: 1 layer silicates, mainly illite, and 
the exothermic peak around 975 c C results from reac­
tions involved in the breakdown of kaolinite, The DTA 
data confirmed the conclusion derived from X-ray dif­
fractograms, that kaolinite is absent from the lower 
part of the formation, (samples 437 and 109) and pres­
ent in the upper part (samples 201, 278, 823, 999 and 
1063), 

Thermogravimetric and differential thermogravi­
metric analyses (Fig. 6) were conducted to determine 
the amount of kaolinite and, hence, the portion of the 
SiOz, AI 20 and hydroxyl H 2 0 of the <0·08)lm frac­
tion attributable to kaolinite. This had to be sub­
tracted from the chemical composition of the 
<0'08)lm fraction in order to obtain the chemical 
composition of the interstratified layer silicates_ Thus, 
the 400°C point or the exact breaking point, Table 7, 
for the crystal lattice calculations was obtained from 
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Fig. 4. X-ray diffraction patterns of Ca-saturated specimen 
of the <0·08 /lm fraction at 50 per cent r.h. (a) Sample 1063: 
(b) sample 999;(c) sample 823 ;(d) sample 278;(e) sample 201; 

(I) sample 109 ; (g) sample 437. 
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Fig. 5. Differential thermal analysis of Ca-saturated speci­
men of the <0'08/lm fraction (a) sample 1063 ; (b) sample 
999 ;(c) sample 823;(d) sample 278 ; (e) sample 201 ; (f) sample 

109; (g) sample 437. 
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Fig. 6. Thermogravimetric (A) and differential thermogravi­
metric (8) curves of Ca-saturated specimen of the < 0·08 /lm 
fraction (a) sample 1063 ; (b) sample 999 ; (c) sample 823 ; (d) 
sample 278; (e) sample 201; (f) sample 109 ; (g) sample 437. 

DTGA. The concentration of kaolinite was obtained 
from TGA. Such calculations are based on the fact that 
kaolinite contains 16·2 per cent hydroxyl H 20 . while 
mixed layers contained 5·40 per cent hydroxyl H 20 as 
determined by ignition. The value of 5-40 per cent was 
obtained from the two bottom samples. 437 and 109. 
which were devoid of kaolinite and is in excess of the 
value of 4·52 per cent for muscovite and of 4·93 per cent 
for montmorillonite. We attribute this difference to the 
presence of vermiculite which contains cavity water at 
temperatures as high as 700°C (Barshad. 1965). 

The identification of discrete clay minerals in the 
presence of interstratified clays using i.r. spectroscopy 
was difficult. However, the presence of kaolinite was 
ascertained in samples 201, 278, 823, 999 and 1063. 
since a shoulder-like peak around 3697 cm- 1 was 

https://doi.org/10.1346/CCMN.1974.0220403 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220403


326 A. E. FOSCOLOS and H. KODAMA 

Table 6. Elemental analysis of samples 437, 109,201, 278, 823,999 and 1063 after the removal of amorphous Si02 , AI 2 0 3 
and free Fez 0 3 

Elemental composition 
Sample No. Si02 AI 2 0 3 Ti0 2 Fe 2 0 3 MnO 

1063 49·54 23-45 0·34 3·77 0'00 
999 49·54 24·95 0·00 3·12 0·00 
823 50·38 24·95 0·00 2·13 0·00 
278 49·54 26·84 0·00 1·80 0·00 
201 49'54 26·84 0·00 1·80 0·00 
109 50·38 27·81 0·00 1·80 0·00 
437 50·38 26·84 0'17 0·98 0·00 

* Loss on ignition is considered from 300 to 1000°C. 

observed (Kodama and Oinuma, 1963). This <;on­
firmed the results obtained by X-ray diffraction and 
thermal analyses. 

Chemical analysis and calculation of structural for­
mula. Chemical analyses were done in order to deter­
mine the chemical compositions of the mixed layer 
clay minerals. Changes in the mixed-layer clay compo­
sitions were used to quantify the changes in the relative 
proportions of swelling and non-swelling portion of 
the clays as a function of diagenetic alteration. 

The chemical composition of the < 0·08 ,um fraction 
after the removal of amorphous SiOz, Al20 3 and free 
Fe203 is given in Table 6. To obtain the chemical com­
position of the interstratified clay minerals, the contri­
bution of Si02, Alz0 3 and hydroxyl H 20 derived 
from the kaolinite content (Table 7) had to be sub­
tracted from the overall chemical composition. The 
final chemical compositions (Table 8), were converted 
to a molar basis in order to obtain the overall struc­
tural formulae for the mixed layer minerals (Table 9), 
following Kodama and Brydon's approach. This table 
shows that aluminum content in the tetrahedral pos­
ition increases with burial depth. Therefore, as dia­
genesis proceeds, increasing amounts of aluminum 
substitute for silicon in the tetrahedral layers. This is 
in accordance with the findings of Weaver, Beck and 
Pollard (1971). 

In the octahedral position also, aluminum content 
increases with increasing depth of burial. Iron, and to 
a lesser extent magnesium, decrease with increasing 
burial. 

Table 9 shows also that potassium content in the 
overall structural formulae increases with the depth of 
burial, which is in accordance with the results of Perry 
and Hower (1970) for Gulf Coast pelitic sediments. On 
the other hand, calcium decreases with burial depth. 

The illite content of the mixed-layer silicates was 
obtained by the following method: 

(I) It was assumed that illite does not have the ideal 
formula of muscovite (Weaver, 1965) and, therefore, 

Na 2 0 CaO MgO K 2 0 H 2 O L.O.I.* Total 

0·51 1-45 1·69 3·13 9·40 6'30 99'58 
0·13 1·28 1·40 3'57 8'55 6·50 99·04 
0·28 1'15 1·76 4·63 7·75 6·00 99·03 
OA2 1·04 1·40 4·93 6-4i1 6·70 99'15 
1·08 1·28 1·26 4·87 6·25 6·53 99-45 
0'16 0·74 1-42 6·23 5·05 5'50 99·09 
0·38 0·79 1·64 6·70 5·00 5-45 98·33 

the number of Si and K ions in the formula were > 3·00 
and < 1'00, respectively. 

(2) Inequality equations derived from the Si:AI rela­
tion in the overall layer formula were solved. The 
results yield an Si :AI ratio of 3· 35 :0·65 for the illite for­
mula, which was also similar to the ratio found by 
Weaver (1965). 

Thus, to calculate the proportion of illite in the 
expandables the following equation was employed: 
(3-35x) + 4·00(1 - x) = No. of Si ion from the overall 
layer formula, where x = proportion of illite, 1 - x = 

proportion of expandables, 3·35 = Si ions in the illite 
formula and 4·00 = Si ions in the expandable formula. 
The calculations (Table 9) show that the proportion of 
illite in the interstratified clays follows the same trend 
as that obtained from X-ray work. 

By averaging the illite composition throughout the 
formation, the formula obtained for illite is Ko.7o 
Naoo2 (AI2oo) [Si335Alo6s0IOJ(OHh. On the basis of 
this formula, which is very close to the one proposed 
by Weaver (1965), the calculated percentage of illite in 
the mixed layer is very close to the value obtained by 
X-rays using the Fourier coefficients (Table 10). The 
table shows also that, as the burial depth increases, 
the illitic composition of the interstratified clays 
increases. 

Table 9 shows that the calculated (OH) content of 
the overall structure varied from 2·21 to 2·50 atoms per 
half unit cell. This was undoubtedly caused by errors 
in evaluating the structural water content from the 
thermogravimetric analysis on the basis of 400°C 
(Table 7). The (OH), in excess of 2·00 atoms per half­
unit cell is considered to be cavity water associated 
with vermiculite. Vermiculite loses all its cavity water 
at a higher temperature (Barshad, 1965). 

Surface area measurements and cation exchange capa­
city (CEC) .values. Surface area measurements and 
CEC values were carried out in order to correlate these 
values with K 2 0 content and to evaluate their changes 
as a function of burial depth of the sediments. The data 
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Table 8. Elemental composition of mixed-layered clays of samples 437, 109,201,278,823,999 and 1063 at 400°C 

Elemental composition g 100 g-l 
Sample No. Si02 Al20 3 Ti02 Fe203 MnO Na20 CaO MgO K 20 H,OT Total 

1063 56·24 24·70 0-42 4·67 0·00 0·63 1·79 2·09 3·87 5'59 100 
999 56·19 25·92 0·00 3·97 0·00 0·\7 1·63 1·78 4·54 5·80 100 
823 56·12 26·80 0·00 2·49 0·00 0·33 1·34 2·06 5·41 5-45 100 
278 54·74 28·50 0·00 2·\3 0·00 0·50 1·23 1·65 5·82 5-43 100 
201 54·21 28·88 0·00 2·03 0·00 1·22 1-44 1-42 5-49 5·31 100 
109 53·98 29·77 0·00 1·94 0·00 0·\7 0·79 1·53 6·68 5·14 100 
437 54·31 28·94 0·18 1·06 0·00 0-41 0·85 1·77 7·22 5·26 100 

Table 9. Summary of the chemical formulae for the seven interstratifie"d clays 

Sample Overall layer structure Nonswelling layer structure Swelling layer structure 

1063 KO·32Nao·07CaO.12(Al" S2 M gO·20FeO.2 3 Tio·02) 0·55 Ko'SgNao"3 [AI2.00 ] 0-45 CaO.27 [Mgo'45Feo.soAlo.gs: 
(Si3·64Alo·360g·so)(OHh·so [SiB sAl06s0,0](OHh [Si4'000gs6](OHh'91 

999 KO'37Nao02Cao,,(Al"6oMgo"7Feo, g) 0·57 KO'bSNao03 [AI2.00 : 0·43 CaO'26 [MgO'41 FeO'4SAI"os: 
(Si3'63Al03 70 9.7 s)(OHh. 50 [Si3.3SAl06s0,o](OHh [Si4'000g42](OHh"6 

823 KO'44Nao'04CaO'09(AI"6sMgo" gFeO" 2) 0·58 KO.77Nao·06 [AI2.oo : 0-42 CaO'22 [MgO'47Feo'29AI"33: 
(Si362Alo'3s0g,s3)(OHh.34 [Si3'3 sAl06sO, o](OHh [Si4.oo0g.ss](OHh,s2 

278 K04SNao·06CaO·os(AI'·7, MgO,'6Feo 10) 0·71 KO'6SNaOOS [AI2.00 : 0'29 Cao.2g{Mgo'S5Feo'3 sAl , .oo : 
(Si3 54Al046 Og,s3)(OHh'3 S [Si3'3sAl06s0,0](OHh [Si4·ooO H ,](OHh·,6 

201 KO'4SNao'14CaO,IO(AI"7, MgO·,4Feo.lO) 0·75 K060Nao"9{AI2'OO: 0'25 CaO.37 [Mgo s5Fe040Alo,s6: 
(Si3· S, Alo·4gO g. s5XOHh'29 [Si3'3 sAlo650,0](OHh [Si4000HO](OHh"6 

109 Ko.ssNao'02CaO.os(Al"76Mgo"sFeo'Og) 0·78 KO'70Nao02 {All 00] 0'22 CaO'2S {Mgo67Feo'43Alo.go: 
(Si34gAlo,sIOg·sgXOHh.21 [Si335Alo'6s0,0](OHh [Si4.oo0gss](OHhgs 

437 KO·60Nao·osCaO·06(All·73Mgo,'7Feo·os Tio·o') 0·74 Ko.soNao,o6{AI2'00: 0·26 CaO'23 [Mgo'66Feo'20Alog5] 
(Si3,s2Alo.4s0g·86)(OHh·27 [SiBsAlo.6s0,0](OHh [Si4'0009'24](OHh'5o 

Table 10. Per cent illite determined by chemical analysis and Fourier transform method 

Maximum burial Chemical Fourier 
Sample depth (ft) analysis coefficient 

1063 5900 46 47 
999 6650 53 49 
823 7300 63 58 
278 8000 68 59 
201 8650 64 55 
109 9350 78 71 
437 10,100 85 82 

Table 11. Surface area measurements, CEC values and K 20 content of mixed layers as related to maximum burial depth 
of the Buckinghorse Formation 

Maximum burial Surface area CECin Per cent 
Sample depth (ft) (m2/g) m-equiv/IIO g K 20 

1063 5900 261 36·8 3·13 
999 6650 233 29·8 3·57 
823 7300 204 27·7 4·63 
278 8000 183 45-4 4·93 
201 8650 183 24·7 4·87 
109 9350 133 19·1 6·23 
437 10,000 120 IN 6·70 
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listed in Table II and shown graphically in Fig. 7, show 
that surface area ofCEC decreased, while K20 content 
increased with burial depth. 
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fig. 7. Relationship between surface area, cation exchange 
exchange capacIty and non-exchangeable KzO. 

Diagenesis of the Buckinghorse Formation and evalua­
tion of its potential for hydrocarbon production prior to 
uplifting 

To evaluate the degree of diagenesis of the Buck­
inghorse outcrop formation and its potential as a hyd­
rocarbon source at the time of maximum burial, para­
meters which ha ve been derived from the study of clays 
in this work were combined with the data and informa­
tion of Kubler, Dunoyer de Seconzac, Burst, Weaver, 
Perry and Hower, Muffler and White, Long and Neg­
lia and van Moort. Diagenetic stages were defined to 
best fit the data of the previously-mentioned authors. 
Results are presented in Table 12 and are summarized 
as follows: 

1. Discrete expandable clays do not occur below 
4,500 ft unless a special geochemical condition or hyd­
rothermal phenomenon occurs. Therefore, as a rule, 
their presence is confined to those rocks which belong 
to the early diagenetic stage. 

2. In general, kaolinite disappears below 9000 ft. 
3. Illite-2: 1 expandable clays generally occur 

between 3000 and 12,000 ft. The maximum depth at 
which they are found is around 15,000 ft (Burst, 1969). 

4. In general, 2M illite polymorphs predominate 
over the 1M + IMd illite polymorphs in late dia­
genesis. 

The boundary between late and middle diagenesis 
are defined when: 

(a) the illite component in the interstratified clays is 80 
per cent, 

(b) 50 per cent of the illite is the 2M polymorph; 
(c) crystallinity index is ~ 15 mm; 
(d) sharpness ratio is 22·0 ; 
(e) kaolinite just disappears from the clay mineral 

facies. 
The division between early and middle diagenesis 

cannot be sharply drawn but has been defined as the 
point at which: 
(a) discrete expandable layer silicates and kaolinite are 

present; 
(b) 1M + IMd illite polymorphs comprise 75 per cent 

of the illite or more; 
(c) illite contribution in the inter stratified clays equals 

25 per cent ; or less ; 
(d) crystallinity index is 2 20 mm ; 
(e) sharpness ratio is::; \ ·5 . 

On the basis of this scheme (Table 12), the upper 
3250 ft of the Buckinghorse Formation are classified 
as having undergone middle diagenesis and the lower 
1000 ft as having undergone late diagenesis. 

In order to assess the hydrocarbon potential of the 
Buckinghorse Formation prior to uplift, the results 
from the mixed layers also were related to Burst's 
(1969) work in which it is shown that the maximum 
dehydration zone of a shaly sediment takes place 
between 202 and 275cF (Fig. 8). Within this tempera­
ture window of 73°F, there is a gradual increase in the 
amount of illite in the mixed layers from 30 to 70 per 
cent. Below 30 or above 70 per cent of illite con­
centrations in the mixed layer phase, there is no corre­
lation between temperature, dehydration of mixed 
layers and transformation of illite to montmorillonite 
in the interstratified clays. In the Buckinghorse Forma­
tion, the break-over point, that is the concentration of 
70per cent illite in the mixed layer which corresponds to 
275°F, occurs around a burial depth of 9300 ft. Since 
an average geothermal gradient can be defined as the 
temperature at a given point in the stratigraphic 
column, minus the surface temperature, divided by the 
thickness of the formation and, since from paleoecolo­
gical and paleobotanical studies the surface tempera­
ture at the point of maximum depth of burial was 
around 75°F (Chamney, 1973), then the paleogeother­
mal gradient for the formation is : paleogeoth. grad. = 

(275-75°F)!(9300ft) ~ 2·l oF/ l00ft or 1·2°Cj33-33 m. 
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The data presented above permit a rough assessment 
of the hydrocarbon generating potential of the forma­
tion prior to its uplift. Using Burst's (1969) fluid distri­
bution model (Fig. 9), the obtained paleogeothermal 
gradient, the maximum burial depth of samples, the 
per cent illite component in the interstratified clays 
and the dehydration zones, it is concluded that prior 
to uplift, primary hydrocarbon migration should have 
been occurring in the upper 3250 ft of the Buckinghorse 
shales, and accomplished in the lower 1000 ft of the 
formation. 

CONCLUSIONS 

Detailed research on clay minerals was carried out 
on the < 2 ~m fraction of seven selected shale samples 
from the Buckinghorse Formation in order to assess its 
degree of diagenesis and oil-generating potential prior 
to uplifting. For this: 

l. A classification scheme is proposed to evaluate the 
diagenetic stage of the source rock based on the com­
bined criteria which have been derived from the study 
of layer silicates. These are : (a) presence or absence of 
certain discrete clay minerals. Montmorillonite is 

. usually absent from middle diagenetic stages whereas 
kaolinite is usually absent from the late stage of 
diagenesis; (b) crystallinity index of illite. Crystallinity 
index of illite increases with burial depth ; (c) sharpness 
ratio of illite. Sharpness ratio of illite increases with 
burial depth; (d) per cent 2M illite polymorph. As the 
degree of diagenesis increases, the per cent 2M illite 
polymorph increases ; (e) per cent illite in the illite-2: I 
expandables mixed layers. Illitiza tion of expandable 
layer si licates in the interstratified clays increases up to 
a total of 80 per cent as diagenesis proceeds; (I) K 20 
content of interstratified clays. Potassium content of 
mixed layers increases as the burial depth increases; 
(g) surface area and cation exchange capacity of mixed 
layers decrease as the burial depth increase. 

2. Using Burst's (1969) data, a correlation between 
temperature and proportion of illite in the illite-2: 1 
expandables mixed layers is obtained. On the basis of 
this correlation and the maximum burial depth of the 
sample which contains 70 per cent illite in the mixed 
layers, a paleogeothermal gradient is calculated. The 
la tter, in combination with the maximum burial depth 
and the proposed fluid distribution model by Burst 
(1969), is used to speculate the hydrocarbon generating 
potential of the formation prior to uplift. 

Based upon the scheme of classifying the degree of 
diagenesis and the proposed fluid distribution model, 
the upper 3250 ft of the formation are classified in the 
la te stage of middle diagenesis and liquid hydrocarbon 
should have been flushed out from the shales, while the 

lower 1000 ft are classified at the beginning oflate dia­
genesis and hydrocarbon migration should have been 
accomplished prior to uplift. 
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Resume-Des mineraux argileux provenant d'affleurements de schistes de la Formation Buckinghorse 
du Cretace inferieur (4250 pieds d'epaisseur) ont ete etudies en vue de determiner leur degre de diagenese 
et leur potential de reservoir de petrole. L'indice de cristallinite, Ie rapport de finesse des pics, Ie pourcen­
tage d'illite qui est Ie polymorphe 2 M et la presence de mineraux discrets ont ete etudies sur la fraction 
argileuse totale, tandis que la fraction argileuse tres fine a eti: etudiee par la diffraction X, les analyses 
thermique differentielle, thermogravimetrique, thermogravimetrique derivee, la spectroscopie infrarouge, 
la me sure de surface specifique et les analyses chimiques. A I'aide des informations tin~es de ces etudes 
et de resultats deja publies, un schema de classification a ete etabli qui relie les variations de la mineralogie 
d l'argile aux etapes de la diagenese et it la profondeur d'enfouissement. 

Les resultats obtenus avec la fraction <211m montrent que l'indice de cristallinite diminue tandis que 
la rapport de finesse des pics et Ie pourcentage d'illite qui est Ie polymorphe 2M augmentent avec la 
profondeur d'enfouissement. Les resultats obtenus avec la fraction <0,08I1m rel<hent l'existence 
d'un mineral argileux interstratifie ,\ trois composants. En plus. les calculs de transformees de Fourier 
et les analyses chimiques et physicocliimiques indiquent que Ie rapport des teneurs en argiles non hyd­
ratees (illite) it celles des argiles hydra tees, et que la teneur en K1 0 des argiles augmentent simultanement 
avec la profondeur; la capacite d'echange de cations et la surface specifique diminuent avec la profondeur. 

Si I'on se fonde ~ur un schema de classification qui a ete etabli en combinant les criteres et les resultats 
tires des travaux de Weaver (196Ia), Kubler (1966). Burst (1969) et Dunoyer de Segonzac (1970), les zones 
sllperieures et moyen'nes de la formation (3250 pieds d'epaisscur) coincident avec l'etape moyenne de 
la diagenese, tandis qlle la zone inferieure (1000 pieds) est attribuee au debut de la derniere diagenese. 
Selon Ies termes du travail de Burst (1969), les 3250 pi(:ds superieurs sont une transition entre les zones 
de stabilite et de deshydratation, indiquant que, avant la remontee. les hydrocarbures peuvent avoir parti­
cipe au processus de migration. Les 1000 pieds inferieurs de la formation sont dans une zone de deshydra­
tation restreinte. indiquant qlle la migration des hydrocarbures doit avoir ete acheve. 

Kurzreferat-Tonminerale aus Schichtkopfen von Schiefern der Buckinghorse Formation der Unter­
kreide (4250 FuB machtig)wurden untersucht, tim das AusmaB der Diagenese und ihre Fahigkeit zur Olbil­
dung abzuschatzen. Der Kristalliniilitsindex, das Scharfeverhaltnis, der Prozentgehalt des 2M Poly­
morphs am Il\itanteil und das Vorkommen besonderer Minerale wurden in der gesamten Tonfraktion 
bestimmt, wahrend die feinste Tonfraktion durch Rontgenbeugung, differentialthermoanalytisch, thermo­
gravimetrisch. differentialthermogravimetrisch, infrarotspektroskopisch und durch Bestimmung der spezi­
fischen Oberflache lind der chemischen Zusammensetzung untersucht wurden. Mit Hilfe der aus diesen 
Untersuchungen erhaltenen Informationen tlnd veroffentlichter Ergebnisse wurde ein Klassifikations­
schema entwickelt, das tonmineralogische Veranderungen Ztl m diagenetischen U mwandlungsgrad und der 
Lagerungstiefe in Beziehung setzt. 

Die Werte der KorngroBenfraktion <211m zeigen, daB der Kristallinitatsindex mit zunehmender 
Lagerungstiefe abnimmt. wahrend das Scharfeverhaltnis und der als 2M Polymorph vorliegende IIlitanteil 
ansteigen. Die mit der Fraktion < 0·08 11m erhaltenen Ergebnisse lassen erkennen, daB ein <IUS 3 Kom­
ponenten bestehendes Wechsellagerungstonmineral vorliegt. Dariiberhinaus ergeben Fourier-Analysen 
sowie chemische und physikochemische Analysen, daB sowohl das Verhaltnis des Anteils nichthydrati­
sierter Tone (Illite) zu dem hydra tisierter Tone als auch der K10-Gehalt der Tone mit zunehmender 
Lagerungstiefe ansteigen. Kationenaustauschkapazitat und spezifische Oberflache nehmen mit der Lager­
ungstiefe abo 

Auf der Grundlage eines Klassifikationsschemas, das durch Kombination von Kriterien und Werten 
aus den Untersuchungen von Weaver (196Ia), Kubler (1966), Burst (1969) und Dunoyer de Seconzac 
(1970) aufgestellt wurde, fallen die oberen lind mittleren Teile der Formation (die oberen 3250 FuB) in 
den mittleren Bereich der Diagenese, wahrend der untere Teil (1000 FuB) dem Beginn einer spaten Phase 
der Diagenese zuzuordnen ist. Nach den Begriffen der Arbeit von Burst (1969) stellen die oberen 3250 
Fun einen Ubergang zwischen den Stabilitats- und Dehydratationszonen dar. Dies deutet an, daB vor Ein­
treten der Hebung die Kohlenwasserstoffe im Wanderungsproze13 begriffen waren. Die unteren 1000 FuB 
der Formation sind der Zone beschrankter Dehydratation zllzuordnen. was zeigt, daB die Kohlenwasser­
stoffwanderung abgeschlossen sein sollte. 
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Pe310Me - MccJIe~OBaJIH rJIHHHCThie MHHepaJIbI 06HaJKeHHbIX rropo~ rJIHHHCTOro CJIaHl\a HHJKHerO 

MeJIOBOrO rrepHo~a oyKHHrxopca (TOJI~HHOH 4250 !jJYT), '1To6bI orrpe~eJIHTb CTerreHb HX ~HareHe3a 
H HX rrOTeHl\Harr reHepal\HH He!jJTH. Ha l\eJIOH !jJpaKl\HH fJIHHhI H3Y'IarrH rrOKa3aTenb CTerreHH KpHCTaJI­

JIH3al\HH, oCTpoyronhHoCTb, rrpOl\eHTHOe CO~epJKaHHe HJIJIHTa, j!BJIj!IO~I'IMCll rrOJII'IMop!jJOM 2M H 

rrpHCYTCTBHe pa3p03HeHHbIX '1aCH!U MHHeparrOB, a O'leHh ManyIO !jJpaKUIfIO rnHHbI rrO~BepraJIH 

peHTfeHOrpa!jJH'IecKoMY CTPYKTypHOMy, ~H!jJ!jJepeHl\HanhHO-TepMH'IeCKoMY, TepMorpaBHMeTpH­

'1eCKOMY, ~1f!jJ!jJepeHUHaJIbHO-TepMorpaBHMeTpH'IeCKoMY, l1K -crreKTpOCKOrrlf'leCKOMY aHanH3aM H 

TaKJKe aHanH3Y rroBepxHocTHOH rrJIO~a~H. nOCpe~CTBOM HH!jJopMaUI'IH rronY'IeHHOH 3THMH HCCJIe~O­
BaHHllMH H H3 orry6JIHKOBaHHblx ~aHHbIX, pa3pa6oTaJII'I cxeMY KJIaCcH!jJHKal(HH, OTHOCll~YIO pa3HO-

06pa31'111 MHHeparrorlfH rJIHHbI K ~HareHeTH'IeCKHM rrepHo~aM H K rJIy6lfHe 3arreraHHll. 

no ~aHHbIM 0 !jJpaKl(HIf 2 fLM BH~HO, 'ITO B 3aBlfClfMOCTH OT rJIy6lfHbI 3aJIeraHlfH CTerreHb KPHC­

TaJIJIlf3aUlfl'l YMeHblliaeTCj!, B TO BpeMH KaK oCTpoyrOJIbHOCTb H rrpOl(eHTHOe co~epJKaHlfe HJIJIIfTa, 

HBJlHIO~I'IMCH rrOJIHMop!jJOM 2M, nOBbIlllaIOTCH. Pe3YJIbTaTbI HCCJle~OBaHIfH !jJpaKUHIf <0,08 fLM 

rrOKa3arrlf, 'ITO CYlllecTByeT rrepeCJIaHBaIOll(I'IHCH TpeXCOCTaBHOH rJIIfHHCTblH MI'IHepaJI. KpoMe Toro, 

rrpe06pa30BaHHe <l>YPbe H XI'IMIf'leCKIfH H !jJ1f3IfKO-XIfMH'IeCKHH aHaJIH3bl YKa3aJIIf, 'ITO KaK COOTHO­

llleHlfe Hefl{~paTlfpOBaBllleHCll fJIlfHhI (IfJIJIHT) K f1{~panlpOBaBllleHCH rJII'IHe, TaK H CO~epJKaHlfe 
K 20 B rJIHHe rrOBbIlllaIOTCH '1eM rJly6JKe 3aJIeraeT MHHepaJI, a KaTlfOHoo6MeHHaH crroco6HOCTh H 

rrJIOlllaJIb rrOBepXHOCTH rrpH 3TOM rrOHHJKaIOTCli. 

Ha OCHOBaHlf1f cxeMhI KJIaCCIf!jJIfKau If If, Bblpa6oTaHHoii KOM6lfHaUlfeii KplfTeplfH If ~aHHbIX 
B311TbIX H3 IfCCJle~OBaHI{jt BIfBepa (l961a); Ky6JIepa (1966); 6ypcTa (1969) 1'1 ):(YHoeiipa ~e CeKoH3aKa 

(1970), BepxHHll H cpe~HHH '1aCTH !jJ0pMal\1f1f (BepxHHH 3250 !jJYT) rrpHxo~llTCll Ha cpe~HIOIO CTa~HIO 
rrpe06pa30BaHI'Ill oca~KOB B ropHble rropo~b1, B TO BpeMll KaK HIfJKHj!H '1aCTb (1000 !jJYT) OTHOCHTCll 

K Ha'larry rr03~Hero ~lfareHe3a. no pa60Te 6ypCTa (1969), BepXHlfe 3250 !jJYT HaXO,llHTCll B rrepexO,llHOH 

CTa~I'IH MeJK,Ily 30HaMH YCTOH'II'IBOCTH H ,Ilerl'l,llpaTaUI'IH yKa3bIBalO~IfMH, 'ITO ,IlO B36poca, yrJIe­

BO,llOPO,llbl, BepOllTHO, rrO,llBeprarrlfCh rrepeMell(eHIfIO. 
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