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The Mineralogy and Chemistry of Clay Minerals of

the Middle Ordovician Jigunsan Formation:
Implications for the Metamorphic Grade
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ABSTRACT : Illite ‘crystallinity’ and chlorite chemistry are applied to the evaluation of the
thermal grade of the Jigunsan Formation. Illite ‘crystallinity’ value of the formation has the
range from 4.48 to 32.5 in Weaver index (W. L) and from 0.14A° 26 to 0.30A° 26 in Kubler index
(K. 1). Most of illite ‘crystallinity’ values in this formation belong to the epizone field (K. L ¢
0.21 A° 26). The chemistry and calculated temperature of chlorites form this formation (Fe/(Fe
+Mg)=0.45, Tet. Al/Octa. A1=0.84, the calculated temperature=250—270C) are similar to
those of epizone chlorites in the literature.

The results of this work show that the metamorphic grade of the Jigunsan Formation be-
longs to the epizone and the formation is believed to have been reached paleotemperatures of at
least 300C.
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INTRODUCTION

Progressive thermal evolution of sedimentary
rocks with increasing depth of burial results in
the gradual transformation of organic and inor-
ganic materials. The studies of vitrinite reflec-
tance, conodont color alteration, clay mineralogy,
etc. have been used to establish the thermal grade of
sedimentary rocks.

The diagenetic changes occur in mud and shale
at temperature ranges from 20C to nearly 200C
(Burst, 1959;Dunoyer de Segonzac, 1970;Foscolos
and Kodama, 1974;Boles and Franks, 1979). In gen-
eral, the greenschist facies, the beginning of “true” met-
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amorphism starts at the temperature above 400C
(Weaver and Associates, 1984;Frey and Kisch,
1987). Low-grade metamorphism is located in the
temperature ranges between 150-200°C and 350—
400°C (Frey and Kisch, 1987). In the case of very
low- and low- grade metaclastites, this metamor-
phic grade is divided into anchimetamorphism
(anchizone) and epimetamorphism(epizone) based
only on the illite ‘crystallinity’ (Kubler, 1968).
Several workers reported that the chemical
composition of chlorite varies as a function of
temperature (Brown, 1967 ;Black, 1975;McDow-
ell and Elders, 1980;Weaver and Associates.,
1984 ; Cathelineau and Nieva, 1985). Cathelineau
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and Nieva(1985) studied correlations between
chlorite composition, ranges and nature of site oc-
cupancy, and temperature in geothermal system.
They concluded that variations of site occupancy
(mainiy AI(IV)) and the octahedral occupancy (6-
Al(VI)—(Mg-+Fe*")) are considered mainly tem-
perature dependent.

The purposes of this study are to analyze the
mineralogy and chemical aspects of clay minerals
of the Middle Ordovician Jigunsan Formation
and to establish the thermal grade of this forma-
tion using illite ‘crystallinty’ and chlorite chemis-
try data. This report forms part of a larger study
on the evaluation of the unconformity between
the Lower Paleozoic Joseon and the Upper Paleo-
zoic Pyeongan supergroups. The Jigunsan Forma-
tion was chosen for a clay mineral study because
other strata in the Joseon Supergroup are most-
ly carbonates with subordinate sandstones.
Although slates occur in the lower part of the
supergroup, they were not suitable for such
purpose.

GEOLOGICAL SETTING

The study area is located in the northeastern
part of the Ogcheon belt(Fig. 1). The E-W trend-
ing syncline, Baegunsan Syncline, runs through
the middle of the study area. The study area is
largely covered with the Paleozoic sedimentary
rock sequence consisting of the Lower Paleozoic
Joseon and the Upper Paleozoic Pyeongan
supergroups (Fig.1).

The Jigunsan Formation forms the upper
strata of the Duwibong sequence of the Lower Pa-
leozoic Joseon Supergroup(Fig. 2). This formation
overlies the Maggol Formation conformably, and
is characterized by the dark grey to black shales.
The shales are often calcareous and nodular in
the upper part, whereas limestone beds are well
developed in the lower part of the formation. This
formation is fossiliferous and 2 species of
graptolites, | of the Plumulites, 3 of brachiopods, 13
of pelycypods, 6 of ostracods have been reported
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Fig. 1. Simplified geological map of the study area. Sampling localities are shown as dots. The shaded area in

the inset represents the Ogcheon belt.
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by Kobayashi(1966). The Jigunsan Formation is
of the Llanvirnian to Llandeilian in age (Cheong
et al, 1979;Lee, 1977). This formation is estimated
50—100m in thickness.

The Jigunsan Formation is conformably
overlain by the Duwibong Formation which is
the uppermost strata of the Lower Paleozoic
Joseon Supergroup in the study area. The Joseon
Supergroup is unconformably overlain by the
Pyeongan Supergroup. The unconformity be-
tween the two supergroups represents a great hia-
tus ranging from Late Ordovician to Late Car-
boniferous (more than 100 million years).

METHODS

For a clay mineral study, argillaceous sam-
ples were collected at 12 localities throughout the
Baegunsan Syncline area(Fig. 1). At each locality,
more than 10 fresh samples were collected from
outcrops of the Jigunsan Formation with inter-
vals of 1 to 2 meters.

Clay fractions ({(2zm) were separated in
order to carry out the X-ray diffraction (XRD)
analysis. The oriented samples were prepared by
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Fig. 2. Simplified columnar section of the upper
sequence of the Joseon Supergroup and lower se-
quence of the Pyeongan Supergroup.

sedimentation of mixture of clay fraction and dis-
tilled water on a glass slide, which were dried
under room conditions overnight. For the illite
polytype analysis, the dried and sized material
was ground slightly in an agate mortar to break
any reaggregated material (Velde and Hower,
1963). The clay mineral analysis was carried out
by using Rigaku Model RAD-3C diffractometer
with Ni-filtered CuK a radiation.

In order to determine the illite ‘crystallinity’,
the oriented samples were run on a X-ray
diffractometer through 3° to 10° (26) at operation
settings of 30kV, 20mA, scanning rate 0.5° (26)/
min., divergence slit 1°, scatter slit 1° and receiv-
ing slit 0.15Smm. The illite ‘crystallinity’ values
were represented by Weaver index(Weaver, 1960)
and Kubler index(Kubler, 1967 cited in Kubler
1968). For the Kubler index, illite ‘crystallinity’
was determined by measuring the half height
width of the 10A peak and this measurement, in
millimeters, was converted to A" 20. For measur-
ing the Kubler index the peak widths are depen-
dent upon the experimental conditions of X-ray
diffraction, such as the widths of the divergence,
scatter and receiving slits used, the time constants,
the kind of radiation used, and the scanning rate
(Kisch, 1980, 1990; Blenkinsop, 1988 ; Robinson et
al, 1990). For this study, instrumental settings for
determinations of illite ‘crystallinity’ were based
on Kisch(1990)’s setting : time constant 2 and scan
rate 0.5° (26)/min,

Clay mineral polytype analysis was done by
scanning from 3° to 50° (26) at the setting of 35kV,
20mA, scanning rate 1° (26)/min.. Also, the ex-
pandability of clay minerals is checked with both
heated and glycolated samples. The oriented sam-
ples were heated at 300°C for 2 hours, and the ori-
ented samples were ethylene glycol solvated by
the vapor method. The heated samples and
glycolated samples were scanned form 3° to 50°
(26) at a scanning rate of 4’ (26)/min..

More than 30 polished-thin sections were
made to analyze the chemical composition of
authigenic chlorites. The analyzed chlorites are
replacement minerals of fossils (usually trilobite).
The chemical composition was analyzed by
JEOL JXA-733 Electron Microprobe.
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RESULTS

The clay mineral assemblage of the Jigunsan
Formation consists of illite and chlorite (Fig. 3).
The discrete mixed-layer clay mineral peiks are
absent in XRD analysis.

Illite

Illite ‘Crystallinity’: The illite ‘crystal-
linity’ values of the Jigunsan Formation mea-
sured by Weaver and Kubler indices are shown
in Table 1.

The illite ‘crystallinity’ values range from 4.48
to 32.5 in Weaver index and from 0.144° 26 to
0302° 20 in Kubler index. Fig. 4 shows a crossplot
of illite ‘crystallinty’ and incipient metamorphic
grade. Most of illite ‘crystallinity’ values belong to
the epizone field(K. I. <021° A 26). Some illite
samples are plotted in anchizone field. Compar-
ing the illite ‘crystallinity’ between the southern
and northern regions of Baegunsan syncline, both

regions equally represent mean Kubler index
value of 0.194° 26.

Lllite Expandability : The mixed-layer il-
lite/smectite (I/S) peaks are not shown in the
XRD patterns of the Jigunsan clay. In order to in-
vestigate the possible existence of the mixed-
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Fig. 3 Typical XRD patterns of the Jigunsan For-
mation. A :illite-chlorite assemblage; B:illite,

Tablel. [llite crystallinity values and 1(002)/1(001) intensity ratio of the Jigunsan illites.

Sample Sample

number K.L W.L 1002/1001 number K.L W.1. 1002/1001
Jo1-1 0.18 18.86 0406 Jo54 0.18 6.57 0344
Jo1-2 0.16 12.82 0304 JO5-5 026 6.83 0.399
Joi4 Q.16 17.30 0400 JO5-7 021 5.50 0314
Jo1-5 0.18 693 0.308 J06-2 016 1100 0.389
JO2-1 0.14 18.30 0400 J06-3 0.18 9.30 0336
JO2-6 Q.15 1233 JO6-5 020 8.50 0476
Jo2-7 018 11.00 0.382 JO6-9 020 639 0.385
JO2-11 0.20 11.62 0235 JO6-11 024 455 0.289
J02-14 Q.15 1264 0393 JO6-14 021 907 0419
J02-18 025 448 0.339 JO7-5 021 729 0333
J02-20 027 487 JO7-6 018 8.80 0.303
J03-3 Q.16 19.50 0425 JO8-3 - 0l6 9.10 0315
JO3-5 0.18 944 Jog4 020 7.00 0283
J03-7 0.14 22,00 0.397 JO8-6 022 710 0245
J03-9 0.14 3250 0424 JO9-1 0.18 1107 0275
Jo4-1 014 24.50 0261 J09-3 0.14 7.86 0273
J0O4-3 023 7.30 0455 J09-5 015 840 0235
1044 Q.18 11.00 0.308 JO10-1 0.18 1193 0310
Jo4-5 018 1029 0.380 J010-2 0.14 2040 0329
JO4-6 022 1000 0400 J0104 020 5.60 0333
Jo4-7 0.30 493 0304 Joii-1 022 5N 0404
JO5-1 0.18 925 0314 Jo11-2 023 1.76 0284
JO5-2 0.16 10.50 0371 Jo11-3 0.18 1153 0313

K. L:Kubler index; W. L.: Weaver index; 1(002)/1(001 ) : intensity ratio of the second- and first-order

diffraction peaks of illites.
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layer I/S in illite, ethylene glycol-treated, heat-
treated and air-dried XRD patterns for all illite
samples were examined and the results were com-
pared with one another.

The first step in the identification procedure
is to plot the positions of the 002 and 003 reflec-
tions from glycolated preparations onto Srodon
(1984)'s diagram(Fig. 5). Samples are plotted in
the illite field containing illite or mixtures domi-
nated by illite. The second step was to check the
intensity ratio(Ir) of Srodon and Eberl (1984).
The Jigunsan illites are thought to be pure illite
because the intensity ratio is just about 1 (Fig, 6).

Another method for checking illite expand-
ability is heat treatment. Fig. 7 shows the differ-
ence in K. L. values of the 10 A peak before and
after heating at 300°C for 2 hours. There are no
difference between two values which implies that
no expandable layers exist.

Intensity Ratio (1(002)/1(001) : The in-
tensity ratio of the second- and first-order dif-
fraction peaks of illite, 1(002)/(001), is thought to
be related to illite composition (Weaver, 1965;
Esquevin, 1969).

Fig. 8 shows the relationship between 1(002)/1
(001) ratio and illite ‘crystallinity’ of the Jigunsan
Formation. The 1(002)/1(001) values of this forma-
tion ranged from 0.235 to 0476. According to Fig.
8, these values are plotted on biotites + muscovites
and phengites regions.
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Fig. 4. Diagram of the distribution of illite ‘crys-
tallinity’ values of the Jigunsan Formation based on
Kubler index vs. Weaver index. Most Jigunsan illites
belong to epizone field.

Illite Polytype : The experimental curve
of Maxwell and Hower(1967) has been used in
order to determine the Jigunsan illite polytype. In
this mehtods, 280 A and 2.58 A peaks are used. As
a result of this analysis, the proportions of 2M
polytypes of the illites is more than 85%. The
amount of 2M polytype gradually increase with
increasing illite crytallinity(Fig. 9). In the epizone,
the samples consist of almost 100% 2M.

Chlorite

Chlorites are also the abundant clay mineral
in the Jigunsan Formaion. The chlorite polytype
is I b type.

The chemical composition of chlorites in the
formation is shown in Table 2. For chlorite classi-
fication, chlorites were plotted in the diagram of
Foster (1962) (Fig. 10). Chlorites of the Jigunsan
Formation are classified as brunsvigite. The area
outlined by dashed lines shows the ranges of
compostion of chlorites from the metasedimentary
lower greenschist facies of the Tennant Creek area,
Central Australia (Ramamohana, 1977). Chlorites
in Jigunsan Formation are included in this area.
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Fig. 5. Diagram for determining smectite:illite
ratio from (002) and (003) reflections of etylene
glycolated specimens(after Srodon, 1984). The Jigunsan
illites are plotted in the illite fileld.
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Fig. 7. Diagram showing the changes in Kubler
index (K. L) values when samples are heated at 300°C
for 2 hours. The peak widths of illites are not changed
after heating.
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Fig. 8. Relationship between 1(002)/1(001) ratio
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Segonzac (1970)s) Type § field. The chemical composi-
tion of the illites belong to the region of biotite +mus-
covite and phengite(Esquevin, 1969). D:diagenesis;A:
anchizone ; E :epizone.

(%)
100 90 80 70
00 -+ L

0.1

0.24 E

Crystallinity

(0]
(¢]

0.3

IHite
P4

05
n 2M
*20)  “ZZMemd

Fig. 9. Realationship between illite ‘crystallini-
ty’ and 2M%. The proportion of 2M polytype increases
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epizone consist of almost 100% 2M illite.
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Fig. 10. Diagram showing chlorite classification
(after Foste, 1962). Dotted lines enclose compositions
of chlorite in low-grade metamorphic phyilites
(Ramamohana, 1977). Arrow shows direction of com-
positional change with increasing metamorphic grade
in southern Appalachian(after Weaver and Associates,
1984).

The arrow indicates the changes in chemical
composition with increasing metamorphic grade
of the southern Appalachians (Weaver and Asso-
ciates, 1984). The composition of the Jigunsan
chlorite corresponds to that of epizone samples of
Weaver and Associates(1984), which belong to
the highest metamorphic grade and show 350 in
temperature.

Fig. 11 shows a distribution of tetrahedral
and octahedral Al in the Jigunsan chlorites. The
chlorites in the formation have more octahedral
Al than tetrahedral Al, and the average value of
tetrahedral Al/octahedral Al ratios is 0.84. A
value of 1.2 tetrahedral Al generally appears to
distinguish between high-(metamorphic) and
low-temperature(low-grade metamorphic) chlo-
ritestWeaver and Associates, 1984). The Jigunsan
chlorites are plotted on low-grade metamorphic
chlorites range. The compositional range of the
chlorites corresponds to that of the Weaver and
Associates (1984) chlorites which are associated
in epizone

The chlorite formation temperature can be
inferred by the following equations proposed by
Cathelineau and Nieva(1985).
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Fig. 11. Distribution of tetrahedral and octahe-
dral Al in chlorites. The horizontal line at 12 tetrahe-
dral Al divides the high-temperature chlorites in the
upper field from low-temperature chlorites in the
lower field. Arrow shows trend of low-grade metamor-
phic chlorites(after Weaver and Associaltes, 1984)
with increasing temperatures.

Al(IV)=471 x10°T —826x107% (1)
6— VI=—857x107°T+241 2

The average tetrahedral Al of Jigunsan chlo-
rites is 1.13 and the inferred temperature estimat-
ed by Equation(1) is 257.45C. The 6-2 VI values
for the Jigunsan Formation average 0.13 and
chlorite formation-temperature calculated by
Equation (2) is 266.04C.

DISCUSSION

In general, as metamorpohic grade increases
the illite ‘crystallinity’ increases also. Between two
illite ‘crystallinity’ indices, the Weaver index is
restrictedly used in unmetamorphosed sediments,
due to the increasing error in determining the
sharphness ratio on very narrow, high ‘crystallinity’
peaks(Kubler, 1968; Blenkinsop, 1988), whereas the
Kubler index has been more widely used to deter-
mine the metamorphic grade. There are a few
problems in determining the boundaries of meta-
morphism by means of the Kubler index ;the dif-
ference among instrumental settings in experi-
ments brings about the discrepancy. The lower
boundary values for anchizone and epizone used
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Table2. The chemical composition of the Jigunsan chlorites.

sample 1 5 6 7 26 27 28 29
SiO: 26.83 26.57 27.66 2712 26.60 26.55 26.88 2692
TiO: 001 008 004 003 005 003 005 004
ALO; 2038 1992 1949 1999 2017 2027 20.14 1995
Cr0; 001 000 004 0.00 0.00 0.00 003 002
FeO 2403 2340 21.33 2210 2353 23.77 2300 211
MgO 1502 1558 1685 16.19 1484 14.76 1558 1602
MnO 003 003 009 002 007 007 004 007
CaO 004 0.06 005 005 007 003 0.06 005
NaO 0.00 001 001 0.00 000 0.00 0.00 000
Total 86.34 85.64 85.56 8549 85.32 8549 85.79 85.17
Siav) 284 283 291 2.87 285 284 285 2.86
AKIV) 1.16 117 1.09 113 LIS 1.16 115 1.14
AVD) 1.38 133 1.33 136 139 1.39 1.36 1.36

Fe 213 209 1.88 1.96 211 213 204 197
Mg 237 248 265 2.55 2.37 2.35 246 2.54
Mn 0.00 0.00 001 000 001 001 0.00 001

vacancy 012 010 013 013 0.13 0.13 014 013

Fe/Fe+Mg 047 046 042 043 047 048 045 044

in this study are Kubler index 037 A" 20 and 021
A’ 26, respectively(Kisch, 1990).

The metamorphic grade of the Jigunsan For-
mation belongs to the epizone by means of illite
‘crystallinity’. The clay mineral assemblage of the
Jigunsan Formation is correlated well with that
of the epizone(Hoffman and Hower, 1979;
Hunziker et al, 1986). Generally mixed-layer il-
lite/smectite(1/S) mineral is converted into pure
illite at the boundary between anchizone and
epizone (Perry and Hower, 1970;Reynolds and
Hower, 1970;Hoffman and Hower, 1979;Reyn-
olds, 1980; Hower, 1981 a, b). The Jigunsan illites
contains, if any, few mixed-layer illite/smectite
minerals, which implies that the formation had
experienced high thermal history. The 2M
polytype of illite is stable at above 200-350C
(Yoder and FEugster, 1955). From the results of
polytype analysis more than 85% 2M polytypes
occur in Jigunsan illites, which corresponds well
to their metamorphic grade.

Some illites plotted in the anchizone field are
attributed to the lithology of the host rock. Those
samples were collected form the upper part of the
Jigunsan Formation, where it is more calcareous
than other parts of the Jigunsan sequence due to
its position being gradational to the overlying

Duwibong Formation. In calcareous lithology, the
aggradation of illite may be retarded compared
with noncalcareous clastics due to a deficiency in
potassium(Frey, 1987 ; Kisch, 1987).

Many workers argued the intensity ratio of
the second and first-order diffraction peaks of il-
lite, H(002)/1(001), is related to illite composition
(Weaver, 1965;Esquevin, 1969;Dunoyer de
Segonzac, 1970). Dunoyer de Segonzac(1970) dis-
tinguished five types of the relationships between
peak-width and I(002)/K001) ratio in an illite
population. The distribution of 1(002)/I(001) val-
ues of the Jigunsan illites is in good agreement
with the Type 5 field, the epizone illites. Accord-
ing to Esquevin(1969), the ratio is an indicator of
the chemical composition of the octahedral layer.
Namely, smaller value of 1(002)/1(001) ratio re-
flects existence of biotite and phengite with a
high Fe content than mica. As shown in Fig. 8, the
recrystallization of some biotites and phengites
seems to have begun already in the Jigunsan For-
mation, which implies that the formation had ex-
perienced high thermal history. In the southern
Appalachian (Weaver and Broekstra, 1984),
phengite is the highest grade micaceous material in
the epizone.

As anchizone and epizone are only deter-
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mined by illite ‘crystallinity, the temperature
range of each zone does not represent the specific
values, and varies with the locality. Based on the
mineral conversion temperatures and stability
ranges, anchizone begins at about 200°C and ex-
tends to 300C (Dunoyer de Segonzac, 1970;
Winkler, 1979 ; Hunziker, 1986). In the case of the
southern Appalachian the beginning temperature
of the anchizone is at about 250-280C (Weaver
and Associates, 1984), which is higher than the
general begining temperature of the anchizone.
From the illite ‘crystallinity’ study, the Jigunsan
Formation is believed to have been reached
paleotemperatures of at least 3007C.

The recrystallization of chlorite occurs dur-
ing late diagenesis. Amon the chlorite polytypes,
the Ib polytype is more stable in the higher tem-
perature range (Brindley and Gillery, 1956; Hayes,
1970; Walker, 1989). The b polytype chlorites of
the Jigunsan formation imply that the formation
had experienced high temperature.

The chemical composition of the Jigunsan
chlorites is similar to that of epizone chlorites by
McDowell and Elders (1980) and Weaver and As-
sociates (1984). The chlorite formation-tempera-
tures calculated by Cathelineau and Nieva(1985)
equation are about 250-270°C. This value repre-
sents the temperature at the time of chlorite for-
mation. The maximum temperatures at which the
Jigunsan Formation had undergone might be
higher than the chlorite formation temperatures,
which indicate that this formation had experi-
enced the temperatures of at least 250-270°C. This
result is in good agreement with the result of illite
‘crystallinity’.

Hlite ‘cystallinity’ is the one of the most suit-
able and generally applicable monitors in very
low-grade metamorphism of clastic sedimentary
rocks. But at the present state of knowledge it
cannot be used for geothermometer purposes
(Frey, 1987), because the illite ‘crystallinity’ is de-
pendent on many variables including tempera-
tures as well as other physical, chemical and ex-
perimental factors. Also chemical composition of
chlorite is dependent on not only temperature but
also host rock chemistry.

Therefore, the study of incipient metamor-
phism requires oxygen isotope and fluid inclusion

studies, whereby tmeperautre can be inferred in-
dependently and more accurately. The study for
the fluid inclusion from the Duwibong Formation
(the strata above the Jigunsan Formation) indi-
cate that the maximum homogenization tempera-
ture is 290°C which is not pressure-corrected (Ko,
1991). This temperature well corresponds to the
results of this study.

CONCLUSIONS

The results of the clay mineral study on the
Jigunsan Formation of the Lower Paleozoic
Joseon Supergroup are summarized as the follow-
ings.

1. The clay mineral assemblage of the Jigunsan
Formation consists of illite and chlorite. The
Jigunsan illitic material is pure illite and the
prportion of 2M polytype is more than 85%.

2. The illite ‘crystallinity’ of this formation
shows a range from 448 to 32.5 in Weaver index
and from 0.144° 26 t0 0.30A° 26 in Kubler index.
Most of illite ‘crystallinity’ values in this forma-
tion belong to the epizone.

3. The 1(002)/1(001) ratio of the Jigunsan illite
ranged from 0235 to 0476 suggesting that the
recrystallization of some biotites and phengites
seems to have bugun already.

4. The chemistry and calculated temperature of
chlorites from the Jigunsan Formation (Fe/(Fe+
(Mg) ratio = 045, Tet. Al/Octa. Al = 084;the
calculated temperature = 250-270C) are similar
to those of the epizone chlorites in the literature.

5. According to the results of clay mineral stud-
ies, the upper atrata of the Joseon Supergroup
had been reached paleotemperatures of at least
300C.
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