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ABSTRACT : Clinoptilolite and mordenite are important constituents of the Nuldaeri
Trachytic Tuff and Guryongpo Dacitic Tuff of the Tertiary Janggi Group which were deposited
in a lacustrine environment. The diagenetic crystallization sequences of zeolites in different
tuffaceous sediments and their chemical behaviors have been studied to know the process of
their formation. The paragenetic sequence established from textural observations and chemical
data : Ca-smectite—(Ca, K)-—clinoptilolite—~(K, Na)-mordenite, indicates that the chemical
activities of alkalic ions and Si/Al activity ratio in pore fluids changed systematically with
diagenetic alteration. The chemical trend of zeolite formation is characterized by decreasing Ca
and Mg, non—variable Na and increasing K in the Nuldaeri Trachytic Tuff and by decreasing Ca
and Mg, increasing Na and increasing-decreasing K in the Guryongpo Dacitic Tuff. The
paragenesis from glass via smectite to alkali zeolites indicates a sequence of incongruent
dissolution reactions and subsequent crystallization. Inhomogeneity in chemical composition of
each zeolite may be attributed to such processes.

R0 : gaolEEzeto B Ry EE B2BFAM HHY A Pl &
e she 2L $5%T FEEYAIEL St 2P FEoIT oF BB 4
AR L Fotuy] e N2 thE 2HAA AAYAN BABERY SHABENG 6B
o) B8t S¥o B APV} FAHJG. WA 2ARRT Atz PoeRH wHY 4
&AM, %, Ca-zuElo]E — (Ca, K)-Z2efol s A2t & — (K, Na)-Er|bo] B 23474
o ageioles] BEES} S/Al #E5E B £4¥A3eA B9 AAHoR WsTE A
g ANAEYG. BNBEYAY A A9 Rol: wUZEAD $IFAHE Cash Mge)
22, Kol 27h4gos 121 PEEHAACIED 2¢AE Cast Mgel 74, Nasl 27}
9 Ko Z7hzawgoz A9 f2d BEA2YE 2otleg AX de ¥Hoz
oojAE AHEAE BAEET 1 A5 F2e9 Aotk 7 BHBE Fetzatel
2L olsh 2 BEANA slAeh.

INTRODUCTION southeastern corner of Korean peninsula. Noh

and Kim (1982, 1989) gave textural evidences for

Clinoptilolite and mordenite are the important the diagenetic formation of clinoptilolite and
constituent minerals of the Tertiary volcanic mordenite from tuffaceous volcanic sediments.
sediments in the Guryongpo area located in the Noh and Boles (1989) suggested that the
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paragenesis from glass via smectite to alkali
zeolites in most glass bearing rocks be explained
by a sequence of incongruent dissolution reac-
tions.

Detailed geological map of the area has been
newly prepared from the field investigation for
better understanding of geological environment
of the formation of zeolites from the tuffaceous
volcanic sediments. Detailed stratigraphy and
volcanic sequences have been established from
field mapping

The field occurrence and microscopic tex-tures
of zeolites and associated minerals were used to
establish their paragenetic sequence. The process
of formation of mordenite and clinoptilolite from
volcanic materials in the diagenetic environment
and the involved chemical reaction were the
objectives of this study.

MATERIALS AND METHODS

Samples for this study were collected from
each of the formations designated on the
geological map on the basis of their modes of
occurrence and textures.

Mineralogy and textures of rocks were studied
by using polarizing microscopy, scanning electron
microscopy (SEM) and X-ray diffraction (XRD).
The chemical compositions of zeolite minerals
were determined by using the JEOL JXA-733
Superprobe at a 15 kV accelerating voltage, a 001
#A beam current and 5 ¢#m beam diameter.
Average counts (10 sec x 5 times) were employed
in comparing the analyses with the natural
silicate standards. Bence and Albee’s (1968)
method was used for calibration.

GENERAL GEOLOGY

The Guryongpo area, located in the north-
eastern margin of the Pohang basin, is a Tertiary
sedimentary sub-basin in Korea (Figure 1). The
geology of the area consists of the Janggi Group,
Yeonil Basalt, and Guryongpo Andesite, all of
Miocene age.

The Janggi Group consists of the Janggi
Conglomerate, Nuldaeri Trachytic Tuff, Guryongpo
Dacitic Tuff, massive dacite and breccia dacite,
in ascending order. The sediments in the area
were deposited in a lacustrine environment
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Fig.1. Geologic map of the Guryongpo area, Korea.
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(Huzioka, 1972;Kim et al, 1975;Bong, 1981) and
rest nonconformably on porphyry and hornfels of
Cretaceous age.

The Nuldaeri Trachytic Tuff consists of various
volcanic units such as volcanic breccia, tuff and
tuffaceous sandstone. Most of the fine-grained tuffs in
the Nuldaeri Trachytic Tuff are wholly or partly
transformed to zeolitic rocks and minor bentonite as a
result of diagenetic alteration.

The Guryongpo Dacitic Tuff lies directly on
the Janggi Conglomerate or the Nuldaeri Trachy-
tic Tuff. It consists of various volcanic units such
as breccia and tuff. The perlite occurs as large or
small blocks, and sandy particles in the Gur-
yongpo Dacitic Tuff. They are wholly or partly
altered to smectite and/or zeolite as a result of
diagenetic alteration.

The massive dacite and breccia dacite are the
volcanics which are possibly related to the depo-
sition of volcanic sedimentary sequence. The
Yeonil Basalt and Guryongpo Andesite intrude
the Janggi Group.

RESULTS

Occurrence of Zeolites

The Nuldaeri Trachytic Tuff contains clinop-
tilolite and mordenite as major constituent mine-
rals. On the basis of mineralogy and texture, it is
subdivided into five units in ascending order{1)
grey chert-like mordenite-rich rock, (2) green
and brown mordenite—clinoptilolite rock, (3)
green, porcellainic, clinoptilolite-rich rock, (4)
white yellow, mordenite-rich rock, and (5) sand-
stone and tuff. The thickness of each unit varies
from place to place from several meters to about
50 m. The mordeniterich rocks are more dense
and hard than the clinoptilolite-rich rock. Ben-
tonitic mudstone is partly intercalated in the
upper part of the Nuldaeri Trachytic Tuff.

The Guryongpo Dacitic Tuff contains clinop-
tilolite and mordenite as minor consti-tuents. The

perlite and dacitic glass are its major constituents.
Both partly transformed to smectite and/or cli-
noptilolite and mordenite.

Diagenetic Fabrics

Zeolitic rocks of the Nuldaeri Trachytic Tuff
occur as thick beds showing massive fabric or
faint stratification. They show congruent relation
to the intercalated sandstone or mudstone. In
addition, they contain rock fragments of various
size. It is often found that the rock fragments are
smectitized. The wholly or partly smectitized or
zeolitized perlite fragments are abundantly found
in the Guryongpo Dacitic Tuff. The field occur-
rence of zeolitic rocks suggests their sedimentary
nature of the precursor materials, although some-
one suggests hydrothermal origin. Diagenetic
features including replacement, dissolution and
precipitation textures are abundantly found in
the zeolitic rocks. )

Macroscopic as well as microscopic replace-
ment features are abundantly found in the zeolitic
rocks. Macroscopic replacement textures are
easily found in some part of the Nuldaeri
Trachytic Tuff and in the perlite fragments in the
Guryongpo Dacitic Tuff. Most of perlite frag-
ments are wholly or partly replaced by smectite
and/or zeolite. Replacement of perlite by smectite
and/or zeolite begins along its margin or cracks
and advances outward. Distinct zoning from fresh
perlite to its altered equivalents is common (Noh
and boles, 1989). Smectite is found as the first
alteration product occurring as thin rim along the
wall of the perlitic cracks, whereas clinoptilolite
and mordenite are found in the moderately and
highly altered zones, respectively.

The mineral distribution is usually discernible
by color. The smectite; clinoptilolite—, and mor-
denite-rich parts are yellowish, brownish white
and greenish, respectively. The greenish color
may be related to the high Fe content in low-
cristobalite (Noh and Boles, 1989). Mordenite—
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Fig.2. Photomicrographs showing occurrence of clinoptilolite. (A) Scanning electron micrograph showing
crystallization of smectite in dissolution cavities of glass (g) and replacement of glass by clinoptilolite (c). (B)
Alteration of glass shards to crypotocrystalline clinoptilolite and crystallization of lath—shaped clinoptilolite crystals
(Ic) in dissolution cavity. (C) Precipitation of rim clinoptilolite (rc) and lath-shaped clinoptilolite (Ic) in dissolution
cavities of glass shards. (D) Scanning electron micrograph showing the incipient growth of smectite (s) on glass shard
(® and precipitation of clinoptilolite (c) in the smectite cavity. (E) Scanning electron micrograph showing lamellar or
the lath-shaped clinoptilolite (c) seen through the broken window of smectite (s) walls. (F) Association of glass (g)
with clinoptilolite (c).
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rich part is also rich in low—cristobalite.

The glass shards in the vitric tuff are usually
replaced by cryptocrystalline clinoptilolite (Fi-
gures 2A and 2B) or mordenite (Figure 3A). The
original textural pattern of vitric tuff is consi-
derably preserved in the zeolitic rocks (Figure
2B). It is also observed that the gelHike glass
(Noh and Boles, 1989) showing colloform surface
transformed to mordenite (Figure 3E).

Dissolution and precipitation features are abun-
dantly found in the vitric tuff (Figures 2A and
2C). The cavities formed by dissolution of glass
shards are filled with smectite (Figure 2A), or
lined with narrow smectite (Figure 2D), clinop-
tilolite band (Figure 2C) and the remaining
cavities are wholly or partly filled with lath-
shaped clinoptilolite crystals projecting from the
wall (Figures 2B, 2C, 2D and 2E), or with fibrous
mordenite (Figure 3E). It is also observed that
clinoptilolite fills the interior of smectite walls
(Figure 2E). Fibrous or woolly mordenite is found
independently (Figure 3E) or in association with
clinoptilolite in interstices of replacement mor-
denite (Figure 3B). It is also observed that woolly
mordenite occurs in the cavity of clinoptilolite
(Figure 3D). Figure 3C shows the precipitation of
clinoptilolite and mordenite near the glass—
smectite interface. In some sample, the acicular
mordenite grows perpendicular to the collofrom
suface of massive geMHike glass (Figure 3E).
Mordenite is also associate with quartz vein. Low—
cristobalite is associated with fibrous and radia-
ting mordenite (Figure 3F).

Paragenesis

Textural analysis of zeolitic rock suggests that
the zeolite minerals formed as results of mineral-
pore water reactions. The alteration of the
Nuidaeri Trachytic Tuff and Guryongpo Dacitix
Tuff seems to begin with dissolution of glass and
precipitation of semctite (Figure 2A). As the glass
dissolution proceeded to a considerable stage,

clinoptilolite formed by replacement of remaining
glass and subsequent precipitation from pore
fluid in cavities (Figures 2B and 2C). Shard glass
and its initial alteration product (smectite) are
metastably persist after crystallization of clinop-
tilolite (Figure 2D). At a moderate stage of alte-
ration, clinoptilolite and mordenite formed
(Figure 3C). At and advanced stage of alteration,
mordenite and lowcristobalite co—precipitated
(Figure 3F). KH{eldspar was iden-tified in the
advanced stage of alteration of perlite (Noh and
Boles, 1989), but it is not found in the vitric tuff.

Chemical Composition

The chemical composition of clinoptilolite and
mordenite are significantly variable from sample
to sample, and even in one and the same sample
(Tables 1 and 2). The chemical variations of
clinoptilolite and mordenite are shown in the
histograms in Figure 4. The weight % of K, Ca,
Na and Mg in clinoptilolite are considerably
different between the early-formed rim and the
late formed lath-shaped clinoptilolites. Si and Al
are not significantly variable. The Si/Al ratios are
high in the rim clinoptilolite (4.5-50) compared
with lath-shaped clinoptilolite (4.5). The rim
clinoptilolite is rich in Ca, whereas the lath—
shaped clinoptilolite is rich in K. The former is
rich in Mg compared with the latter. However,
both are low in Na (Figure 4). The lath-shaped
clinoptilolite in the Guryongpo Dacitic Tuff is
significantly high in K compared with that of the
Nuldaeri Trachytic Tuff.

Mordenite in the Nuldaeri Trachytic Tuff is
significantly rich in K compared with that in the
Guryongpo Dacitic Tuff, whereas the latter is
significantly rich in Na compared with the
former. Earlier mordenite is K-type, whereas late
mordenite is (K, Na)type. The Si/Al ratios of
mordenite is higher in the Nuldaeri Trachytic
Tuff than in the Guryongpo Dacitic Tuff.

Some differences in chemical composition are
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Fig.3. Photomicrographs showing occurrence of mordenite. (A) Fibrous mordenite (m) formed from glass (g).
(B) Clinoptilolite (¢) and mordenite (m) formed by reaction of geHike glass (g} with pore fluid. Note the
transformation of glass to mordenite. (C) Precipitation of clinoptilolite (c) and mordenite (m) near the glass (g)-
smectite (s) interface. (D) Independent crystallization of lath-shaped clinoptilolite (c) and wooly mordenite (m) in a
cavity. (E) Crystallization of fibrous mordenite in interstices of colloform glass (g). Note Partial replacement of glass
by mordenite fibers. (F) Crystallization of low—cristobalite (cr) and fibrous mordenite (m} in cavity.
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Fig.4. Histograms showing non-homogeneity of clinoptilolite and mordenite. Clinoptilolite occurs as
cryptocrystalline rime of dissolution cavities or cavityfilling lath-shaped crystals, whereas mordenite occurs as
cryptocrystalline mass or fibers in the Nuldaeri Trachytic Tuff (not dotted) and Guryongpo Dacitic Tuff (dotted).

Table2. Flectron microprobe analyses of

Tablel. Electron microprobe analyses of
clinoptilolite. clinoptilolite.

272 1-5 29T B1-2B*BI-2C*'B1-2D* 2819 BI-2B* BI-3A* BI-2C*
SiO, 6473 6385 6375 6701 6564 60381 SiO; 6794 6805 66.31 66.52
TiO. 002 - - — 001 001 TiO: - 002 003 -
ALO; 1222 1169 1173 1217 1108 1211 ALO; 1193 1022 1192 10.50
Fe,0: 013 — 004 002 003 013 Fe:0s 0.10 006 007 004
MnO 005 004 - - 001 005 MnO - - 002 -
MgO 125 L17 123 078 095 112 ‘MO 006 005 034 005
CaO 363 320 241 325 272 303 CaO 291 283 237 2389
NaO 037 017 025 039 039 041 Na.0 113 090 024 121
KO LIS 143 25 261 273 25 K0 203 161 370 1.70
Total 8355 8155 8197 8623 8356 8021 Total 85.10 83.74 85.50 8291
Si/Al 449 463 461 467 503 426 Si/At 527 565 472 538

* From the Nuldaeri Trachytic Tuff.
+ From the Guryongpo Dacitic Tuff.

found between the massive rim and fibrous
mordenites in the Guryongpo Dacitic Tuff. The
massive rim mordenite is rich in Na and poor in
Mg compared with the fibrous mordenite in
cavities. It is significant that clinoptiolite and
mordenite show considerable non-homogeneity

* From the Nuldaeri Trachytic Tuff.
+ From the Guryongpo Dacitic Tuff.

in chemical composition on a microscopic scale
as shown in Figure 4. Present study shows that
zeolites in both the Nuldaeri Trachytic Tuff and
Guryongpo Dacitic Tuff are characterized by low
contents of Na and (Ca-+Mg) as compared with
those in the altered perlite (Noh and Boles, 1989).
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DISCUSSION

Textures of zeolite and associated minerals,
and their chemical compositions give impor-
tant information for the trend of diagenetic
alteration of glass in the tuffaceous sedimentary
rocks. In altered tuffs, smectite typically occurs
lining or filling the cavities (Figure 2A), and
zeolites occur replacing shards of filling shard
cavities father from the glass-smectite interface.
During the initial crystallization of smectite from

Cat+Mg

Fig.5. (Ca+Mg)NaK ternary digrams showing
differences in cations abundance of zeolites in the
Nuldaeri Trachytic Tuff (A) and Guryongpo Dacitic
Tuff (B). Arrow shows paragenetic trend in zeolite
formation. Small open circle : smectite. Open square :
rim clinoptilolite. Filled square: lath-shaped clinop-
tilolite. Large open circle : rim mordenite. Filled circle
:fibrous mordenite,

the perlitic glass, a K-enriched non—crystalline
phase (gelHike glass) and pore fluid form (Noh
and Boles, 1989). The partial dissolution of glass
to form smectite and geHike glass tends to
liberate more silica and sodium into the pore
fluid. The increased alkalinity and silica activity
of the pore fluid may have facilitated complete
dissolution of remnant glass and the simultaneous
precipitation of zeolite (Noh and Boles, 1989).
Precipitation of clinoptilolite and mordenite near
the glass-smectite interface (Figure 3C) suggests
the incongruent dissolution and subsequent
crystallization from pore fluids. A decreasing
alkalinity of the pore fluid after the complete
dissolution may be inferred from the precipi-
tation of more silicic types of zeolite and silica
minerals in the late stage.

The alkali/alkaline earth ratios increase with
alteration of glass as seen on the (Ca+Mg)-Na-K
ternary diagram (Figure 5). K varies chiefly with
respect to (Ca-+Mg), whereas Na is considerably
uniform except in the late stage. Chemical com-
positions of minerals showing the sequential
crystallization probably reflect the chemical
activity of ions in pore fluids at the time of
precipitation and the trend of chemical variation.
Therefore, the chemical variation in the pore
fluid during mineral formation by alteration of
glass can be illustrated by the clockwise chemical
trend in the (Ca+Mg)-NaK ternary diagram
(Figure 5). Some difference in the chemical trend
of zeolite formation in found between the
Nuldaeri Trachytic Tuff and Guryongpo Dacitic
Tuff. The chemical trend of zeolite formation is
characterized by decreasing Ca and Mg, non—
variable Na, and increasing K in the Nuldaeri
Trachytic Tuff, and by decreasing Ca and Mg,
increasing Na and increasing-decreasing K in the
Guryongpo Dacitic Tuff. This difference may be
due to the difference in the chemical compo-
sitions of parent materials.

Based on the above discussion, the following
scenario for mineral formation is suggested. The



Yun-Seung Choi and Soo Jin Kim

partial dissolution of glass was the beginning of
diagenetic alteration. The glassy materials in the
tuff reacted with pore fluid to form smectite,
clinoptilolite, or mordenite, depending on the
physicochemical environment during diagenesis.
Formation of smectite by an initial hydrolysis of
shard glass took place at relatively low (Na+K)/
H activity ratio (Hemley, 1962). However, the
continued hydration of glass resulted in increased
alkalinity (Noh and Boles, 1989) and concent-
ration of alkali ions (Hay, 1963). This raised (Na
+K)/H activity ratio of the pore fluid, providing
a more suitable environment for the formation of
alkali zeolites. Clinoptilolite formed from pore
fluid with relatively high Si/Al activity ratio. The
(Ca, Mg)-clinoptilolite formed early as a repla-
cement product of glass shards, whereas the K-
rich clinoptilolite precipitated late in cavities. K-
mordenite formed not only as a replacement
product of shard glass and gel-ike glass but also
as crystallization product from pore fluid with
higher Si/Al activity ratio. In the Guryongpo
Dacitic Tuff, K-mordenite is followed by (Na,K)-
mordenite

Although Noh and Boles (1989) showed that
mordenite did not form directly at the expense of
a glass precursor in perlite, some mordenite
formed directly at the expense of shard glass
(Figure 3A). Mordenite occurs independently or
in associated with clinoptilolite in cavities (Figure
3B). It seems that the early formed gel-like glass
(Noh and Boles, 1989) also reacted with pore
fluids in the same way as shard glass. Some of
clinoptilolite and mordenite crystallized by this
reaction (Figure 3B). The reaction involving the
transition of less silicic clinoptilolite to an
assemblage of silicic Na-rich clinoptilolite and
mordenite in the alteration of perlite (Noh and
Boles, 1989) is not found in vitric tuff. Independent
precipitation of Na-or K-rich mordenite is
observed in cavities having clinoptilolite lining
(Figure 3D) in the non—perlitic tuffs. K-feldspar
formed from the K-rich gel-ike glass at a late stage

of diagenetic alteration of perlite (Noh and Boles,
1989) but it is not found in the non-perlitic tuffs.

CONCLUSIONS

The formation of diagenetic zeolites from
different tuffaceous sediments are controlled by
the chemical composition of parent materials.
The diagenetic crystallization sequence establi-
shed from textural observations and chemical
data is Ca-smectite— (Ca, K)-clinoptilolite— (K,
Na)-mordenite, which indicates that the chemical
activities of alkalic ions and Si/Al activity ratio
in pore fluids changed systematically with dia-
genetic alteration. The chemical trend of zeolite
formation is characterized by decreasing Ca and
Mg, non—variable Na and increasing K in the
Nuldaeri Trachytic Tuff, and by decreasing Ca
and Mg, increasing Na and increasing-decreasing
K in the Guryongpo Dacitic Tuff. This paragenesis
indicates a sequence of incongruent dissolution
reactions and crystallization from pore fluids. The
significant nonhomogeneity in chemical compo-
sition of zeolites on a micros-copic scale suggests
the mon—homogeneity in the pore fluids.
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