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Mineralogy and Genesis of Bentonites from the Tertiary
Formations in Geumgwangdong Area, Korea

Soo Jin Kim*, Jin Hwan Noh** and Jae Young Yu*

Abstract: Bentonites from the Janggi Group of the Lower Miocene age from the Geumgwang-
dong area, Korea, have been studied for mineralogical and genetic characterization. The Janggi
Group is subdivided, in ascending order, into the Janggi Conglomerate, the Nuldaeri Tuff, the
Geumgwangdong Shale, the Lower Coal-bearing Formation, the Basaltic Tuff, and the Upper Coal-
bearing Formation. Bentonites occur as thin or thick beds in all sedimentary units of the Janggi
Group, except for the Janggi Conglomerate. Significant bentonite deposits are found in the Nuldaeri
Tuff, the Lower Coal-bearing Formation and the Basaltic Tuff.

Bentonites consist mainly of smectite (mainly montmorillonite), with minor quartz, cristobalite,
opal-CT and feldspar. Occasionally, kaolinite, clinoptilolite or gypsum is associated with bentonites.
Bentonites were studied by the methods of petrographic microscopy, X-ray diffraction, thermal
analysis (DTA and TG), infrared absorption spectroscopic analysis, SEM, intercalation reaction,
and chemical analysis.

Smectites commonly occur as irregular boxwork-like masses with characteristic curled thin edges,
but occasionally as smoothly curved to mearly flat thin flakes. Most of smectites have layer charge
of 0.25~0.42, indicating typical montmorillonite. Crystal-chemical relations suggest that Fe is the
dominant substituent for Al in the octahedral layer and there are gemerally mo significant subs-
tituents for Si in the tetrahedral layer. Ca is the dominant interlayer cation in montmorillonite.
Therefore, montmorillonite from the study area is dioctahedral Ca-montmorillonite.

Occurrence and fabrics of bentonites suggest that smectites as well as cristobalite, opal-CT and
zeolites have been formed diagenetically from tuffaceous materials. The precursor of smectites is

trachytic or basaltic tuff. Smectites derived from the former contain relatively more Al;O; and less

Fe,O; than those from the latter.

INTRODUCTION

Occurrence of bentonites is widely reported
from the Tertiary sedimentary formations of the
Janggi Group in the Yeongil area. Montmorill-
onite is the major constituent clay mineral of
bentonites and acid clays.

Bentonites from the area have been studied by
Kim and Moon (1980, 1982) and Noh et al.
(1983). Zeolites from the area have been studied
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by Sang (1976), Kim et al. (1978, 1980, 1981),
Noh and Kim (1982), and Kim et al. (1983).
Recent studies by Noh and Kim (1982), Kim
et al. (1983) and Noh (1985) show that the
zeolites as well as smectites from the area have
been formed by diagenetic processes from the

tuffs in the non-marine environment.
GENERAL GEOLOGY

* Geology of the area consists of rhyolites of
Mesozoic age, the sedimentary rocks of the
Janggi Group of Lower Miocene age, and volca-

nic rocks of Quaternary age. The Janggi Group
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Fig. 1 Geological map and cross section of the Geumgwangdong area.

is intruded or overlain by andesite, basalt and
basaltic volcanic breccia (Fig. 1).

The Janggi Group is subdivided, in ascending
order, into the Janggi Conglomerate, the Nuldae-
ri Tuff, the Geumgwangdong Formation, the
Lower Coal-bearing Formation, the Basaltic Tuff
and the Upper Coal-bearing Formation. Detailed
stratigraphic sequence is shown in Fig. 2, The
general attitude of the Janggi Group is N45°E
in strike and 20°NW in dip.

OCCURRENCE OF BENTONITES
Bentonites occur as continuous or discontinu-

ous thin or thick beds in every rock unit except
the Janggi Conglomerate of the Janggi Group.

Nuldaeri Geumgwangdong Lower  Basaltic Upper coal-becring
tuff Formation  coal-bearing tuff Formation
Formation x
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Fig. 2 Stratigraphic columns of the Janggi Group
showing the intercalation of bentonite beds.
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But, the economic reserves are mainly found in
the Nuldaeri tuff, the Lower Coal-bearing For-
mation, the Basaltic Tuff, and the Upper Coal-
bearing Formation. Nearly all the tuffaceous
materials in the area are more or less smectitized.

In the Nuldaeri tuff, bentonite is found in the
fine-grained tuff, but also in the lapilli tuff. It is
often found that fragments and matrices of lapilli
tuff are all together bentonitized. Tuffaceous
materials in sandstones are also bentonitized. In
the Geumgwangdong Formation, shale is deeply
smectitized. In the Lower Coal-bearing Formation
and the Upper Coal-bearing Formation, bentonite
is found as thick or thin beds alternating with
lignite and sandstone. In the Basaltic Tuff, the
basaltic materials are transformed to the greenish
bentonites.

Bentonites show grey, green, dark green, pink,
or yellow color in the field. Grey or dark green
color of bentonites is due to the presence of
carbonaceous materials, whereas yellow, brown,
or green color is due to the presence of iron.

EXPERIMENTS

Materials
Samples were collected from the important

Table 1 Mineral composition of bentonites of each formation in Geumgwangdong area.

bentonite horizons of the Janggi Group in the

Geumgwangdong area. Sample numbers are

shown in the columnar sections in Fig. 2.
Preparation of samples

The about 2 um clay fractions were separated
by sedimentation and centrifugation with distilled
water for various experiments. Organic matter
was removed with H,O,. Thin sections were also
prepared for the study of fabrics of bentonites
and associated rocks.

Methods

The mineralogical analysis (Table 1) of all the
untreated as well as treated samples were carried
out by powder X-ray diffraction(XRD) using a
JEOL X-ray diffractometer with CuKa radiation.
Basal spacing, d(y; was measured on oriented
samples. The oriented samples were further exa-
mined by XRD after intercalation with ethylene
glycol and n-alkylammonium.

Differential thermal analysis (DTA) and ther-
mogravimetric analysis(TG) were carried out
with a Du Point thermal analyzer on about 50
mg of powder sample at a heating rate of 10°C
/min in air.

Infrared absorption spectra in the range of
200~4000 cm~! were obtained with a Perkin-

mineral composition
iﬁﬁgﬁ; color remarks
M | K Q | | F | o] c
8 brownish white i + + + + Upper
R26 dark green 1t + + + + Coal-bearing
8368 green it + + + Formation
8367 green Ht + + + + -+ | Basaltic
8366 green it + + + + + tuff
R18 yellow HHt + + + + + Lower
dark Coal-bering
R14 ark green Ht + H# + + + Formation
R8 brown { H ’ + , + ’ + ‘ H# | I Geumgwangdong F.
R3 dark green it + + + + + | Nuldaeri
19 pink i + + + H# tuff

M : montmorillonite, K : kaolimite, Q : quartz, Cr : cristobalite, F : feldspar, O :opal-CT, C : clinoptilolite.

it : very much, # : medium, H :small, + : very small
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Table 2 Chemical composition of bentonites and ‘associated rocks from Geumgwangdong area

(sample numbers as in Table 1).

|6 | Res | sses | ssor | s | R8s | Ri4| RO | 4 | R3
Si0, 6180 5256 56.84 542 5306 6l14 5548 5.3 6222 5767
TiO, 0.28  0.80  0.96 103  Ll§ 072 074  0.59 0.39 0.60
MnO, 0.09  0.06  0.05  0.09 007 012  0.04  0.06 0.08 0.06
AL 1418 1681 17.63  16.60| 1842 18.45 21.02 19.23 16.31 17.43
Fe;05 225 379 525  6.48  6.32 553  3.48 267 25/ 3.30
FeO 0.3 0.22 0.37 103 tr| 0.2 103 0.07 0.9
MgO 209 L2 225 2.9 199  Ls| L7 Lss L1 107
Ca0 132 L4 302 239 245 112 138 L1 Lod 170
Na;0 283 L1l 240 0.94 Lol o041l 10| 159 182  1.60
K0 290  0.93  0.69 047 063 063 173 Lo§ 28] LI2
Li,0 — tr — — — - 0.01 tr — tr
H;0(+) 490 653 482 69| 662 703 530 513 633 52
H,0(—) 285 1339  3.02 572 632 1231 523 633 412 9.00
Ig. loss L7 106 265 119 103  0.65 227 107 111 0.2
Total 90.96)  99.97 99.95 99.98 99.98 99.98 90.97 99.99 99.99 99.98

6) White bentonite; R26) Greenish bentonite;

8368, 8367, 8366) Greenish bentonites; R18) Yellowish

bentonite; R14) dark green bentonite; R10) dark green bentonite; 4) Bentonitic tuff; R3) Greenish bentonite

Elmer 283D spectrophotometer on approximately
2 mg of powder sample dispersed in potassium
bromide disk.

Chemical analysis of the raw and separated
samples was made by the wet method as well
as X-ray fluorescence (XRF) spectrometer me-
thod. Fe* and Fe’* were analyzed by wet
method. H,O(+) and H,0(—) were determined

Si

\V2 M. AVA Y \ A2 AV2 \V4 M.

R3
Si—R?* —R?% diagram showing the chemical

variation in montmorillonites. Si=Si0,; R2+
=Mg2++Fe2+ ; R3+ :A13++Feﬁ+ +Ti4+.

by thermogravimetry.

MINERALOGY OF BENTONITES

Mineral compositions of various types of raw
bentonites and associated bentonitic rocks were
determined by XRD (Table 1). Although mont-
morillonite is the major constituent clay mineral

of bentonites, asmall amount of other minerals

(Vs

Fig. 4 M*—R*—R?*" diagram showing the chemical
variation in montmorillonites. M*=Na*+K*
+2Ca?; R**=Mg2*+Fe?"; R¥* =Al3*+Fe?*

+Ti#t,
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Figs. 5~10 SEM micrographs of montmorillonites from the Geumgwangdong area.

5) Montmorillonite flakes growing at expense of volcanic glass (massive) (sample No. R10). 6) Sponze-
like aggregates of montmorillonites (sample No. R26). 7) Globular aggregates of well-crystallized montm-
orillonite flakes in association with opal-CT lepispheres (sample No. 18). 8) Curled flakes of montmorillo-
nites (Sample No. 8368). 9) Cristobalite growing on the montmorillonite flakes (sample No. R10). 10)
Montmorillonite preserving the original structure of diatom. Note the opal-CT lepisphere at the bottom
(Sample No. R8).
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such as quartz, cristobalite, feldspar, opal-CT,
clinoptilolite, and kaolinite are also included.

Biotite is included in sandstone or slightly
smectitized tuff. Although clinoptilolite is found
as trace in most of the area, it occurs abundantly
in association with mordenite in the northeastern
corner of the area.

Table 2 shows the chemical composition of
raw bentonites. The average SiO,/AlO, ratio is
3.54. The high SiO, content is correlated with
high content of quartz. The high content of
Al,O; and K,0 is correlated with the content of
kaolinite and K-feldpar, respectively.

Figs. 3 and 4 show the chemical distribution in
bentonites. M* is the interlayer cations including
Na, K and 2Ca. R?* is divalent cations including
Mn?t and Fe?*. R%* is trivalent cations including
Al3* and Fe®* together with Titt.

Montmorillonite

Montmorillonite is the major constituent min-
eral of bentonites. It shows curled thin edges
under SEM (Figs. 5~10). They generally form
honey-comb-like (Fig. 6), but occasionally glo-
bular aggergates (Fig. 7) in places.

The presence of 1.5A reflection in the XRD
pattern indicates that the montmorillonits from
the area is dioctahedral. The globular montmoril-
lonite is well crystallized, showing nice X-ray
diffrection pattern,

Chemical analyses show that Fe is the dominant
substituent for Al in the octahedral layer, and
no significant substituent exist in the tetrahedral

layer except in sample R14, Ca is the dominant
interlayer cation.

DTA abd TG curves of montmorillonite sam-
ples are shown in Fig. 11 and 12, respectively.
The endothermic peaks from 100~110°C are due
to the dehydration of interlayer water between
silicate layers. Poorly defined shoulder at 140°C
in sample R14 is probably related to the dehy-
dration of cation-coordinated water. TG curves

show that the rapid dehydration took place

between 100~250°C.

The dehydroxylation peak temperatures vary
between 420~600°C. Most of samples except the
sample 8 show dual dehydroxylation endothermic
peak in the same temperature range. Dual peaks
between 420~600°C suggest that the samples
are “abnormal” montmorillonite. Dual peaks have
been explained as due to bimineralic mixtures
(Jonas, 1955), structural irregularities (Greene-
Kelly, 1957) and mixing of layers (Grim and
Kulbicki 1961; Grim, 1968). Grim (1968) shows
the possibility of kaolinite or halloysite as imp-
urities.

The endothermic peak at 420°C in Sample 8
is due to the high content of iron (0.32 atoms
per half cell). The endothermic peak at about
600°C is characteristic of montmorillonite having
the iron content in the range 0, 19~0. 27 atoms
per half cell. The abrupt weight loss between
400~700°C in TG curves is due to the dehyd-
roxylation.

The XRD patterns of heat-treated samples at
various temperaturs are shown in Fig. 13. The

8
RI4
R3
18
1 1 | d 1 1 ] 1 1 i
100 300 500 700 900 1100
TEMPERATURE(T®C)

Fig. 11 DTA curves of montmorillonites from the
Geumgwangdong area.
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14A, d-spacing of (001) of montmorillonite at
65°C is abruptly decreased to about 10A at
165°C. The interlayer water is almost dehydrated
at this temperature, leaving only small amount
of water to be escaped up to about 375°C. Above
165°C, the (001) basal spacing is nearly const-
ant. The 7. 1A reflection of kaolinite impurity
disappears between 370~500°C.

IR spectral data indicate that the samples are
typical montmorillonite species (Fig. 14). Thr-
oughout the region of 3000~4000 cm™, they
show two maxima, namely, one fairly narrow
band at 3620~3640 cm~!, and another broad
band at 3410~3440 cm™!, which are the chara-
cteristic vibrations of intelayer water. IR patterns
of Si-O stretching and bending vibrations, and
O-H bending vibration throughout the region of
400~1800 cm™* also show those of typical mon-
tmorillonite.

Montmorillonite-organic reactions have been
studied for better identification and characteriz-
ation of montmorillonite. Ethylene glycol, gly-

(
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Fig. 12 TG curves of montmorillonites from the
Geumgwangdong area.
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Fig. 14 IR spectra of montmorillonites from the
Geumgwangdong area.
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cerol and n-alkylammonium were used for orga-
nic intercalation with montmorillonite. n-alkyl-
ammonium intercalation experiment was carried
out by the procedure of Lagaly and Weies (1969,
1970).

Fig. 15 shows the shifting of basal reflection
in montmorillonite treated with ethylene glycol
and glylerol, respectively. The (001) spacing
increased to about 17A by glycolation and to
17. 8A by glycerol intercalation. Kaolinite peak
has not shifted after these intercalation exp-
eriment. This result suggests that the sample
R18 is a mixture of montmorillonite and
kaolinite, without forming mixed-layer clay.

Fig. 16 shows shifting of basal spacings in mo-
ntmorillonite by intercalation of n-alkylammoni-
um ion of various chain numbers. Calculated
layer charges and cation exchange capacities
calculated from Fig. 16 are summarized in Table
3. From this table, it can be seen that samples
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Fig. 16 Variation of basal spacings of n-alkylamm-
onium derivatives of montmorillonites from
the Geumwgangdong area.

have heterogeneous charge distribution of 0. 25

~0, 42/ (84, Al),0O,, and cation exchange capacity

of 77~103 meq/100g. The high layer charge
and CEC of sample 18 is attributed to the
considerable substitution of Al by Mg in octahe-
dral layer. The relatively high layer charge and
cation exchange capacuty of sample R14 are due
to the considerable substitution of Al for Si in

tetrahedral layer.

Table 3 Layer charge and cation exchange capacity
of montmorillonites.

sample limiting va!ues of calculated cation
No. cation density exchange capacity
Eq./(8i, AD){Oy meq./100g
8 0. 36~0. 25 80. 62
R26 0.33~0.25 80. 62
8366 0.31~0. 25 77.84
R18 0.33~0.28 86. 18
R10 0. 31~0. 28 80. 62
R8 0. 36~0. 28 88. 96
R3 ’ 0. 36~0. 25 77.84
18 0.42~0. 31 101. 86

5 0 8 20 25 30 35
20 (CuKx)

Fig. 15 Variation of don spacing of montmorillon-
ites at various intercalation. K is kaolinite.

Silica minerals
Silica minerals associated with bentonites are
quartz, cristobalite and opal-CT.
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Quartz is a ubiquitous accessory mineral in
bentonites. It occurs as microcrystalline or cryp-
tocrystalline aggregates. Most of quartz is
detrital in origin. But some of quartz occur as
precipitates in association with clinoptilolite in
bentonite.

Cristobalite is a common silica mineral in
bentonite. It is characterized by its sharp (101)
reflection at 4. 05A. It occurs as minute spherical
aggregate less than 5pm in size (Fig. 7).

Opal-CT is found in the bentonites in the
Nuldaeri tuff and the bentonitic shale of the
Geumgwangdong Formation. It is distinguished
from other types of silica minerals by its char-
acteristic two broad peaks at 4.13A and 2.51A.
It usually occurs as lepispheres in the cavities
in bentonites (Figs. 9 and 10). It is significant
to note that opal-CT is the major constituent
of the well-laminated shale of the Geumgwang-
dong Formation.

Feldspar

K-feldspar occurs as cryptocrystalline, subhe-
dral to edhedral crystals in pores of bentonite
(Fig. 5).

Clinoptilolite

Clinoptilite occurs as cryptocrystalline to mic-
rocrystalline pseudomorphs after glass shards
or new crystals in pores of bentonites. It shows
tabular habit. Detailed descriptions of zeolites
from this area (especially in the Danghae clay
deposits) are found in Kim and Noh (1983).

Kaolinite

Kaolinite occurs as accessory mineral in some
bentonites, sandstone, shale and lapilli tuff. It
probably is the weathering product of montmo-
rillonite. The basal spacing of kaolinite bas not
shifted in the organic intercalation experiment
(Fig. 15). This suggests that it is included
without forming mixed-layer clay with montm-

orillonite.

GENESIS OF BENTONITES

Evidences supporting the working hypothesis
for the formation of certain ore deposits should
be given on every scale: on regional, local, out-
crop, handspecimen, and microscopic scales.
Bentonites occur as nearly uniform, thick or thin
beds in the sedimentary formations of the Janggi
Group. Bentonite beds are alternated with lignite
and sandstone. Such stratigraphic sequence is
found not only on the local scale, but also on
the regional scale. The congruent relationship
of the bentonite beds to the overlying and the
underlying beds is one of the strong evidences
for the syngenetic deposition. But this does not
always mean that the bentonite materials prec-
ipitated as mineral smectite. It is important to
note that nearly all the rocks of the Janggi
Group are more or less smectitized.

On the outcrop or handspecimen scale, smectite-
bearing rocks including bentonites show well-
developed stratification. Lapilli or ash tuff is also
smectitized without destruction of the rock fab-
rics. Tuff fragments and matrices are all together
smectitized. A close association of bentonite with
lignite beds suggests that bentonite was formed
in the swamp or shallow lacustrine environment.
On the microscopic scale, the following phenom-
ena are observed.

1) Glass shards are replaced by montmorillo-
nite preudomorphously.

2) Montmorillonite aggregates show honey-
comb fabric, indicating the crystallization from

solution,

3) Diatoms are pseudomorphously replaced by
montmorillonite preserving the original ogranic
structure.

4) Cristobalite and opal-CT are crystallized in
pores within the montmorillonite aggregates.

5) Montmorillonite is replaces by clinoptilolite.

6) Clinoptilolite is also crystallized in pores

within bentonite.
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Based on above observations of various scales,
the process of formation of bentonite in the
Tertiary formations. is suggested as in the
following.

The first stage of the formation of bentonite
is the deposition of tuffaceous materiale in the
swamp or shallow lacustrine environment. Esp-
ecially the deposition of volcanic glass is prere-
quisite. The second stage is the reaction of
volcanic glass with pore solution. This reaction
resulted in the partial dissolution of glass and
the formation of montmorillonite in the pseudo-
morphous or fractional way. Occurrence of
montmorillonite supports this. The formation of
montmorillonite was probably favored by a rel-
atively low (Nat+K+)/H+ activity ratio(Hem-
ley, 1962) at the early stage of interaction of
volcanic glass with pore solution. Extensive and
widespread occurrence of montmorillonite in the
Tertiary formations suggests that the concentra-
tion of alkali ions remained low for a long time
for the continued formation of montmorillonite
in the basin. Localization of zeolite occurrence
in certain lorizons suggest that the pH and the
concentration of alkali ions in the pore solution
have increased at certain stage, providing a
chemical environment more favorable for the
formation of clinoptilolite rather than montmor-
illonite. Barrows (1980) shows that the favorable
conditions for the formation of clinoptloilite are
high Si/Ai and alkali ions/H ion activity ratios.
Cristobalite and opal-CT were formed from the
excess silica in pore solution which was produced
by crystallization of montmorillonite; Some of
silica was probably supplied by biogenic organ-

ism.
SUMMARY AND CONCLUSIONS

Results of study on the mineralogy and genesis
of bentonite from the Geumgwangdong area
are summarized in the following.

1) Significant bentonite deposits are found

in the Nuldaeri Tuff, the Lower Coal-bearing
Formation and the Basaltic Tuff.

2) Bentonites consist mainly of montmorillo-
nite with minor quartz, cristobalite, opal-CT
and feldspar. Ocasionally, kaolinite, clinoptilolite
or gypsum is associated with bentonites.

3) Montmorillontes occur as irregular box-
work-like masses with characteristic curled thin
edges but occasionally. as smoothly curved to
neary flat thin flakes. ,

4) Smectites have layer charge of 0. 25~0. 42,
indicating typical montmorillonite and cation
exchange capacity of 77~89 meq/100g except
the sample 18 having 102 meq/100g.

5) Crystal chemical relations suggest that Fe
is the dominant substituent for Al in the octa-
hedral layer and there are no significant subst-
ituents for Si in the tetrahedral layer. Ca is the
dominant interlayer cation in montmorillonite.

Therefore, smectite from the area is dioctahedral
Ca-montmorillonite.

6) The dehydroxylation peak temperature of
montmorillonites are relatively considerably low
ranging from 400 to 600°C.

7) Occurrence and fabrics of bentonites suggest
that montmorillonite as well as cristobalite,
opal-CT and zeolites have been formed diagene-
tically from tuffaceous materials. Montmorillonite
derived from the trachytic tuff contain relatively

higher Al,O; and lower Fe,O, than those from
the basaltic tuff.
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