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KUBLER ILLITE “CRYSTALLINITY” INDEX OF THE CRETACEOUS
GYEONGSANG BASIN, KOREA: IMPLICATIONS FOR BASIN EVOLUTION
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Abstract—Thermal maturity of the Lower Cretaceous Sindong and Hayang groups in the Gyeongsang
Basin, Korea, was investigated gsing the Kiibler illite *‘crystallinity” index (KI) which is based on the
numerical expression of the 10-A peak width after calibration to the Crystallinity Index Standard scale.
The metamorphic grade of the Sindong and Hayang groups ranges from late diagenetic zone to high
anchizone. Depth of burial was not a major factor controlling KI variation in the basin because Hayang
mudrocks have higher thermal maturity than the underlying Sindong mudrocks. Short-lived heating by
the emplacement of the Upper Cretaceous plutonic rocks is responsible for the higher thermal maturity
in the Hayang mudrocks. A linear NNE-SSW trending belt is drawn by connecting the lowest K1 values,
and it seems to reflect a hidden fault trace beneath the Hayang Group. Emplacement of Upper Cretaceous
plutonic rocks and introduction of hydrothermal fluids along the inferred fault may have been the main
cause of the lowering of KI values along this belt. This inferred fault is interpreted to represent the buried
eastern boundary of the Nagdong Trough, which was the main depositional site for the Sindong Group
in the western part of the Gyeongsang Basin. Deposition of the Hayang Group occurred in the enlarged
basin when the basin extended eastward. This study provides an example that KI values can be used in
the reconstruction of an early history of basin evolution.
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INTRODUCTION

The illite 001 X-ray diffraction reflection (10-A
peak) gradually sharpens as metamorphic grade in-
creases. The Kiibler illite “crystallinity” index (KI),
introduced by Kiibler (1967a, 1967b, 1968), is the nu-
merical expression for the 10-A peak width, and is
used to define diagenetic and low-grade metamorphic
zones in argillaceous sediments: the diagenetic zone,
anchizone, and epizone. KI is a commonly used meth-
od to determine metamorphic zones because of the
abundance of illite and ease of measurements despite
arguments that KI cannot be used as an accurate
geothermometer (Essene and Peacor, 1995). Abun-
dance of illite in most mudrocks in a siliciclastic basin
makes it possible to measure thermal maturity in a
basin-wide scale and to detect potential heat sources.

KI is also used to determine the timing and char-
acteristics of geologic events of a sedimentary basin.
KI is especially useful in reconstructing structural and
metamorphic history in very low- to low-grade pelitic
rocks (e.g., Frey et al, 1980; Roberts and Merriman,
1985; Frey, 1988; Roberts et al., 1996; Warr et al,
1996; Lee and Ko, 1997). Also, the spatial variation
in sediment thickness (e.g., Awan and Woodcock,
1991) and the existence of concealed plutons {(e.g.,
Roberts ez al., 1990) can be examined on the basis of
KI variation. In this study, KI was used to reconstruct
an early history of sedimentary basin development by
detecting a major fault related to the initiation of basin
formation.

We measured the KI variation of the mudrocks in
the Lower Cretaceous Sindong and Hayang Groups in
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the Gyeongsang Basin, Korea (Figure 1). The Gyeong-
sang Basin consists of Lower Cretaceous sedimentary
strata, which are gently dipping toward the basin cen-
ter, and Upper Cretaceous volcanic and plutonic rocks.
This study provides an example of the application of
KI to detect thermal maturity and its controlling fac-
tor(s) in a sedimentary basin that has undergone little
tectonic disturbance and was affected by igneous ac-
tivity soon after sedimentation.

GEOLOGICAL SETTING

The Gyeongsang Basin is a Cretaceous nonmarine
sedimentary basin developed in the southeastern part
of Korea (Figure 1). Oblique subduction of an oceanic
plate beneath Asia during Early Cretaceous time de-
veloped an Andean-type continental margin with many
arc-parallel strike-slip faults, within which the
Gyeongsang Basin formed (Chun and Chough, 1992).

Early Cretaceous sedimentation in the Gyeongsang
Basin deposited the Sindong and Hayang Groups (Fig-
ure 1). The Sindong Group, lower in the sequence, is
composed of sandstones, mudrocks, and minor con-
glomerates derived from a plutonic/metamorphic prov-
enance in the northwest (Choi, 1986; Koh, 1986). Out-
crops of the Sindong Group are limited to the western
part of the Gyeongsang Basin. Chang (1987) suggest-
ed that the Sindong Group was deposited within the
NNE-SSW trending, long and narrow ‘‘Nagdong
Trough”, which was developed along the western part
of the present Gyeongsang Basin. Deposition of the
Hayang Group accompanied the basin extension to the
east along with sporadic volcanism in and around the
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Figure 1.

basin (Chang, 1970, 1987). Sediments were derived
from both the volcanic and plutonic/metamorphic
provenances (Lee and Lee, 2000).

During the Hayang deposition, the Gyeongsang Ba-
sin was divided into three subbasins with different
subsidence histories and sedimentary environments

Geologic map of the Gyeongsang Basin. Location of the Gyeongsang Basin and its subbasins are shown in insets.

(Figure 1). Consequently, different lithostratigraphy
has been applied to each subbasin; the Milyang, Eu-
iseong, and Yeongyang subbasins from south to north
(Chang, 1968, 1975; Figure 1). The mudrocks in the
Milyang and Euiseong subbasins are considered in this
study.
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In Late Cretaceous time, continental arc volcanism
and plutonism dominated the basin and sedimentation
terminated (Lee er al, 1987; Won, 1987; Pouclet et
al., 1995). Also, the relative motion between the oce-
anic and continental plates changed from oblique to
normal (Engebretson et al., 1985). The volcanic and
volcaniclastic rocks of this period are named the Yu-
cheon Group, and the mostly acidic plutonic rocks are
called the Bulgugsa Granite. Isotopic ages of granite
intrusions in the Gyeongsang Basin generally range
from ~120 to 40 Ma, and most of them are clustered
between 85-70 Ma (Shin and Jin, 1995).

SAMPLES AND ANALYTICAL METHODS

Mudrock samples of the Sindong and Hayang
Groups were collected from areas covering the Mil-
yang and Euiseong subbasins of the Gyeongsang Ba-
sin to investigate the overall thermal maturity and the
location and type of the heat source. Oriented clay
aggregates of the <2-pm fraction from 187 samples
were prepared for X-ray diffraction. Diffraction data
were collected with a Rigaku Geigerflex RAD 3-C au-
tomatic horizontal goniometer equipped with a scintil-
lation counter and using Ni-filtered CuKa radiation.
Samples were scanned from 2 to 30 °20 at a scan speed
of 2 °20/min, a step-width of 0.02°, three slits of 1°,
0.15 mm, and 1°, and a time constant of 1 s at 40 kV
and 30 mA. The presence of expandable clays was
examined for samples treated with ethylene glycol at
60°C for 8 h. The KI was measured from air-dried

(A) Kiibler index of mudrocks of the study area. (B) Contoured metamorphic map of the Gyeongsang Basin.

samples. Measured KI values were calibrated to the
Crystallinity Index Standard (CIS) scale using the pro-
cedure and standards of Warr and Rice (1994). For
each CIS sample, three oriented clay-aggregate sam-
ples were prepared and the mean KI values for air-
dried samples were used in calibration. The lower and
upper anchizonal boundaries were set at KI values of
0.42-0.25 A°28, respectively (Kiibler, 1967a).

RESULTS

KI values and isocryst lines in the study area are
shown in Figure 2. Sindong and Hayang mudrocks
generally belong to late diagenetic zone to anchizone.
Increase of KI values upsection is expected in a sed-
imentary basin that experienced burial diagenesis. In
the Gyeongsang Basin, however, KI variation shows a
complex pattern that does not depend on stratigraphic
positions. Some lower KI values are found with a
close spatial relationship with the Upper Cretaceous
plutonic rocks, and this is best seen near the Palgong-
san Granite and in the southeastern part of the
Gyeongsang Basin (near Ulsan) (Figure 2B). In other
parts of the basin, however, the distribution of the low-
est KI values is not found in mudrocks adjacent to
plutonic rocks. The lowest KI values in the Milyang
and Euiseong subbasins constitute a NNE-SSW trend-
ing belt (Figure 2B), implying the former presence of
a linear heat source. Besides the NNE-SSW belt, an
area with low KI values is extended along some fault
traces trending WNW-ESE in the Euiseong Subbasin.
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In contrast to Upper Cretaceous plutonic rocks, a de-
crease of KI values near Paleogene plutonic rocks is
not found. These plutonic rocks are mainly distributed
along the eastern part of the Gyeongsang Basin (Fig-
ure 2B).

DISCUSSION
Controlling factors of KI

Among major factors controlling KI values such as
temperature, strain, lithology, and presence of inter-
stratified clay minerals (Kisch, 1987), temperature
seems to be the most important for the Gyeongsang
Basin. Strain energy can also be important in the ag-
gradation of illite crystallites (Roberts and Merriman,
1985; Roberts et al, 1990, 1996; Merriman et al.,
1990). In the Gyeongsang Basin, however, no promi-
nent fold or thrust is found within the basin. Thus, the
effect of strain energy caused by tectonic movement
can be ignored. The effect of lithology on KI was min-
imized by using only fine-grained mudrock samples.
Few mudrocks contain Reichweite (R), R = 3, illite-
smectite (I-S) clays and their KI values were not mea-
sured.

Elevated temperature from burial does not seem to
be the major factor controlling the KI variations in the
Gyeongsang Basin. Lower KI values in the strati-
graphically younger Hayang Group suggest that the KI
values cannot be explained by a simple burial model.
Both the Sindong Group and upper part of the Hayang
Group east of Taegu have similar KI values (Figure
2B). The similarity in metamorphic grades between
these lowest and highest strata suggests that burial was
not the main control that caused KI variations. Em-
placement of plutonic rocks seems to be more respon-
sible for the KI-value variation in the study area. The
occurrence of the anchizone around the Upper Creta-
ceous granitic rocks (Figure 2B) suggests that elevated
temperatures caused by the intrusion of granitic rocks
of Late Cretaceous time might have resulted in lower
KI values.

A line connecting the area of the lowest KI values
follows a NNE trend (Figure 3). This linear trend can-
not be related to the structural updoming around plu-
tons (e.g., Warr et al., 1991) because there is no evi-
dence of disturbance in the dip direction of the strata.
Rather, these data seem to delineate a hidden fault
trace along which plutonic rocks were emplaced and
through which hydrothermal solutions passed. Low KI
values have been associated with hydrothermal solu-
tions and the formation of ore deposits (e.g., Panno
and Moore, 1994; Bertrand et al, 1998). Hydrother-
mal ore deposits in the Gyeongsang Basin have a close
relationship with Late Cretaceous granitic rocks
(Chang, 1997), and hydrothermal solutions seem to
have affected the KI variation also.
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Comparison of KI with other thermal indicators

Vitrinite reflectance (VR) of the Sindong Group
mostly ranges from 2.5 to 4.0% Ro with an average
of 3.14% Ro (Son et al, 1994; Oh er al, 1996;
Cheong et al., 1997). This value corresponds to the
anthracitic coal rank and the maturation temperature
of ~260°C (Barker, 1988; Bostick et al., 1978). Fis-
sion-track analysis on detrital zircon grains in sand-
stones implies that the Sindong Group was heated to
the zircon partial annealing zone (210-310°C) at ~80
Ma (Lim, 1999). When assuming a ’normal’ geother-
mal gradient of 25-30°C/km, the transition from the
diagenetic zone to the anchizone occurs at ~200°C in
burial metamorphic condition (Merriman and Frey,
1999). KI values in the Sindong Group mostly corre-
spond to the diagenetic zone. Thus, the maturity sug-
gested by our KI study is much lower than that implied
by organic maturity and fission-track analysis.

The discrepancy between KI and VR is caused by
the lag in clay diagenesis compared with organic mat-
uration for short-lived heating (Kisch, 1987; Olsson,
1999), which often has been reported in basins influ-
enced by magmatic activity (see examples in Kisch,
1987). These results agree with the interpretation that
KI variations in the Gyeongsang Basin were affected
by plutonic emplacement.

Inferred fault: eastern margin of ‘Nagdong Trough’?

The limited distribution of the Sindong Group in the
western part of the Gyeongsang Basin, and the depo-
sition of the Hayang Group on pre-Cretaceous base-
ment rocks in areas other than the western margin of
the Gyeongsang Basin, suggests that the Sindong
Group was deposited in the NNE-trending ‘Nagdong
Trough’ located in the western part of the Gyeongsang
Basin (Chang, 1975, 1987). Although the presence of

. the Nagdong Trough is supported by stratigraphy, the

location of the eastern boundary of the Nagdong
Trough has not been defined. The eastern boundary of
the Nagdong Trough is covered by the Hayang Group.

We suggest that the inferred fault beneath the Hay-
ang Group (Figure 3) is the location of the eastern
boundary of the Nagdong Trough. The lack of distur-
bance of the overlying sedimentary rocks over the in-
ferred fault trace suggests that movement of the fault
ceased before the deposition of the Hayang Group.
However, the fractured basement around the fault trace
may have allowed emplacement of plutonic rocks and
the introduction of hydrothermal fluids along the fault
trace during Late Cretaceous time. The NNE-SSW
trend of the fault trace supports the idea that the fault
was a part of a NNE-SSW fault system that occurred
in the eastern continental margin of Asia during Early
Cretaceous time (Maruyama et al., 1997).

Evolution of the Gyeongsang Basin and the devel-
opment of major faults (Figure 4) can be considered.
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Line connecting the lowest KI values in the study area, except the Ulsan area. This NNE-SSW trending linear

heat source seems to reflect an emplacement of plutonic rocks and hydrothermal fluids along a fault trace which was active
before. the deposition of the Hayang Group. The inferred fault trace is interpreted to be the eastern boundary of the Nagdong
Trough. Also shown is the approximate position of the cross section in Figure 4.

The Sindong Group was deposited in the Nagdong
Trough that formed in the western part of the future
Gyeongsang Basin (Figure 4A). Although major de-
position occurred within the Nagdong Trough, limited
sedimentation also occurred outside the eastern part of
the trough (Um et al., 1983; Chang et al., 1990). Later,
the basin widened eastward and the Hayang Group
was deposited in the extended basin (Figure 4B). The
eastern boundary of the basin is inferred to have been
a “wrench” fault similar to those developed in the
eastern continental margin of Asia during the Creta-
ceous. There is no evidence for the location of a fault
along the eastern boundary of the Gyeongsang Basin
because this part was detached from Korea during the
opening of the East Sea (Sea of Japan) in the Miocene

and is covered by thick Tertiary sediments. During
Late Cretaceous time, magmatic activity culminated in
the Gyeongsang Basin, and emplacement of plutonic
rocks and associated hydrothermal fluids caused high-
er thermal maturity in Lower Cretaceous sedimentary
strata near the plutonic rocks (Figure 4C).

CONCLUSIONS

The metamorphic grade of the Lower Cretaceous
Sindong and Hayang mudrocks of the Gyeongsang
Basin ranges from the late diagenetic zone to anchi-
zone. In general, illite in the Hayang Group mudrocks
has better “‘crystallinity” (i.e., lower KI values) than
those in the underlying Sindong Group mudrocks. The
KI values were decreased by the temperature increase
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caused by the emplacement of Upper Cretaceous plu-
tonic rocks and introduction of hydrothermal fluids.
Thermal maturity as suggested by the KI study is
much lower than that indicated by vitrinite reflectance
and fission-track analysis because the slow reaction
rate of clay minerals could not respond rapidly to the
short-lived thermal event.

The lowest KI values, in the middle of the Hayang
Group, constitute a linear belt with a NNE-SSW trend.
A fault that was active before the deposition of the
Hayang Group is inferred, and it is interpreted to rep-
resent the eastern boundary of the Nagdong Trough,
the main depositional site for the Sindong Group. The

boundary fault was covered by the Hayang Group, and
was one of main conduits for the emplacement of Up-
per Cretaceous plutonic rocks and the introduction of
hot fluids.
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