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Framboidal pyrites in late Quaternary core sediments of the East Sea and 
their paleoenvironmental implications

ABSTRACT: The three piston cores, collected from the East Sea,
were analyzed to detect changes of sedimentary environment dur-
ing the late Quaternary. The cores consist mainly of muddy sed-
iments that are interbedded with silty sands, lapilli and ash layers.
The so-called dark laminated mud (DLM) layers are found during
the last-glacial and interglacial transition. The geochemical results
document that the DLM layers are enriched in Fe relative to Mn.
Fe is present as a form of framboidal pyrite, which shows a pro-
portion of about 2:1 for S and Fe. Based on the morphology, the pyrites
are regarded to have grown in the transitional state between high
and low supersaturations of Fe and S. Furthermore, the framboi-
dal size distribution implies that the DLM layers have deposited in
euxinic environments.
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1. INTRODUCTION

The East Sea is a semi-enclosed marginal sea between the
Asian continent and the Japanese island arc, in which the
late Quaternary sediments are characterized by decimetric
to metric alternations of siliceous and calcareous muds
(Chough et al., 2000; Bahk et al., 2000; Tada, 2002). The
sediments of the western East Sea consists mainly of turbidite
and hemipelagic muds, representing Marine-oxygen Isotope
Stages (MIS) 1 to 3 (Bahk et al., 2000; Kim et al., 2003).
At the upper part of hemipelagic facies, dark laminated mud
(DLM) layers commonly occur. According to the previous
study (Bahk et al., 2001), these DLM layers consist mainly
of Mn-carbonates, with the average Mn/Ca ratio of 2.3, sug-
gesting that the crystallites are mixed Mn-carbonates or Ca-
rhodochrosites. Also, Bahk et al. (2000) suggested that the
laterally continuous, non-porous laminated intervals of Mn-
carbonate formed at the sediment-water interface rather than
by a sub-surface diagenetic precipitation (see also Stern-
beck and Sohlenius, 1997).

We found also the dark laminated mud layers in the cores
of the East Sea, which can be correlative with the DLM lay-
ers, mentioned by Bahk et al. (2000, 2001). However, our
preliminary results (KIGAM, 2002) indicate that the DLM
layers are not composed of mixed Mn-carbonates. There-

fore, (1) the main purpose of the present study is to identify
the mineral composition and characteristic occurrence of the
DLM layers. (2) Besides, we document general lithologic
characteristics and establish a stratigraphic framework of the
core sediments using tephrostratigraphic correlation with
well-known eruption ages (Machida and Arai, 1983, 1992;
Oba et al., 1995). (3) Finally, possible paleoenvironmental
implications for formation of the DLM layers are discussed.

2. MATERIALS AND METHODS

Three piston cores 01GHP-5, 01GHP-6 and 01GHP-7 were
obtained from the northwestern part of the Ulleung Basin
(Fig. 1). In the cores, tephra layers and other sedimentary
facies were recognized by direct observations and partly
confirmed by microscopic observations. For each tephra sam-
ple, glass shards of coarse fraction were examined under the
scanning electron microscope (SEM). Major element com-
positions of volcanic glasses were analyzed on single glass
shards using an energy-dispersive X−ray analyzer (EDX).

Core sediments from the laminated mud layers were also
examined under the SEM to observe fine-grained minerals
including framboidal pyrite. Fine structure and mineral
composition of certain mud intervals such as pyrite-bearing
DLM layers were observed with optical micrographs on polished
thin sections of impregnated sediments. The impregnation
was made through dehydration of wet sediments with ace-
tone and embedding of the dehydrated sediments by Spurr
low viscosity resin (Jim, 1985; Pike and Kemp, 1996). Ele-
ment compositions of the DLM were determined on pol-
ished thin sections using a Microanalysis OXFORD (EDX)
apparatus. Compositional variations across the DLM layers
were analyzed by line measurement of relative concentra-
tions of Fe, S, Mn, Al, and Si.

3. RESULTS AND DISCUSSION

3.1. Sedimentary Facies

The sediment cores consist predominantly of muddy sed-
iments that are partly interbedded with silty sands, lapilli
and ash layers (Fig. 2). The sediments are mostly olive gray
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to dark olive gray (5GY 5/1 to 5GY 3/1), whereas the coarser
sediments (silty sands or sandy muds) are more light-col-
ored, light olive gray (5GY 7/1) to olive gray (5GY 4/1).

The cores consist of two types: hemipelagic and turbidite
muds. The hemipelagic facies is dominated by bioturbated
and crudely laminated mud, whereas the turbidite facies
includes three mud types: (1) thinly laminated mud, (2)
homogenous mud, and (3) alternating type with non-turbid-
itic facies. Thus, the muddy sediments in the cores are
largely divided into four mud types: i.e., laminated mud,
homogenous mud, crudely laimanated mud, and biotur-
bated mud (Fig. 2). In the laminated mud, laminae are
mostly less then a few mm thick and consist of silt-clay
couplets, while in the crudely laminated mud laminae are
less sharp and not distinctly differentiated into silty and
clayey ones. The most common mud type is the bioturbated
mud, which is characterized by some burrow structures (cir-
cular, oval or tube shapes). Its thickness is very variable
ranging from a few cm to more than 1 m. Some scattered
foraminiferal shells and volcanic grains are often found. In
01GHP-7, the mud sequence is partly disturbed, probably
during depositional processes such as slope failures of
mass-flows (Fig. 2).

3.2. Tephra Layers and Stratigraphic Correlation

Several lapilli and ash layers were observed in three cores.
The lapilli layers consist predominantly of white vesiculate
pumices and massive-type glass shards associated with
alkali-feldspar. Volcanic glass shards of these lapilli layers
contain a high content of Na2O+K2O (average 13.6 wt%)
and a relatively small amount of FeO (average 0.9 wt%)
(Table 1). And the massive-type glass shards of the lapilli
layers belong to trachytic or phonolithic alkali composition
(Fig. 3). In the cores, the upper and lower lapilli layers are

correlative with the Ulleung-Oki (U-Oki) and Ulleung-
Yamato (U-Ym) tephra layers as seen in Figugres 3 and 4
and Table 1 (see also Furuta et al., 1986; Machida and Arai,
1992; Park et al., 2003a, b).

In addition, some ash layers are found in the cores. These
are characteristically high in SiO2 content ranging from 78
to 79 wt%, but they are low in alkali contents. Among
these, the rhyolitic ash layers (5.7 mbsf in 01GHP-6 and 3.9
mbsf in 01GHP-7) contain predominantly typical bubble-
wall and/or plane-type glass shards (Machida and Arai,
1992; Machida, 1999; Gorbarenko and Southon, 2000; Park
et al., 2003a). The morphology and geochemisty of volca-
nic glass shards, dispersed in the rhyolitic ash layers, sug-
gest that these layers are correlative with the AT ash layer
(Figs. 3 and 4; Table 1).

In the cores, DLM layers are useful for stratigraphic cor-
relation. The previous 14C-age dating indicates that the
DLM layer was formed during the last-glacial and intergla-
cial transition (Fig. 2; Bahk et al., 2001). The average sed-
imentation rates between U−Oki and U−Ym (16.3 cm/kyr
for 01GHP-5 to 27.6 cm/kyr for 01GHP-6) imply that the
depth of DLM layer (ca. 14.5 ka) corresponds to about 2.9
mbsf in 01GHP-6 and about 2.4 mbsf in 01GHP-5, respec-
tively. In fact, the characteristic mud facies of the dark lam-
inated mud layers is found only between 2.5 and 2.6 mbsf
in 01GHP-6 and between 2 and 2.1 mbsf in 01GHP-5.
Thus, the dark laminated mud layers at these intervals are
thought to be correlative with the DLM layers, mentioned
by Bahk et al. (2000).

3.3. Framboidal Pyrites in the Dark Laminated Mud (DLM)

The facies of the DLM layers comprises 4−6 cm thick,
dark olive gray (5Y 3/2) laminated mud with very dark
brown bands (7.5YR 2.5/3). The planktonic foraminiferal

Fig. 1. Location of the three piston 
cores in the Ulleung Basin. Bathyme-
try in meters.



Framboidal pyrites in late Quaternary core sediments of the East Sea and their paleoenvironmental implications 211

shells are often observed in the DLM intervals. The non-
porous bands are 0.4 to 1.6 mm thick and laterally variable

in thickness.
The line measurement of X−ray microanalysis shows that

Fig. 2. Description of the piston cores and inferred stratigraphy correlation using tephra layers and 14C absolute ages. 14C ages of the
DLM (dark laminated mud) layer taken from Bahk et al. (2001). M, S, and G indicate mud, sand, and gravel, respectively.
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Si and Al commonly occur in the DLM layers (Fig. 5). The
previous element line-scan analysis (Bahk et al., 2001)
shows that the DLM layers contain significant amounts of
fine-grained silicates and/or aluminosilicates, and individ-
ual crystallites are mixed Mn-carbonates. However, at all
depths of the DLM layers Mn is detected as a minor con-
stituent, and the DLM layers are enriched in Fe relative to
Mn. Therefore, these layers should be called as “pyrite-
bearing laminated mud” rather than “Mn-carbonate mud.”

In SEM views, the majority of pyrite is present as fram-
boids, including both spherical and irregularly shaped
aggregates of submicron-sized pyrite microcrystals (Fig. 6).
The size of the framboidal aggregates varies between 4 and

12 mm in diameter (average 6.4 mm), whereas the size of
individual crystals ranges from 0.4 to 1 mm. Framboid
internal crystals are uniform, mainly as cubo-octahedron
and often octahedron. The ratio of diameter of internal crys-
tal to framboid is about 0.09. The SEM-EDX spectra doc-
ument a proportion of about 2:1 for S and Fe in framboidal
aggregates (Fig. 7).

3.4. Formation of Framboidal Pyrite in Euxinic Environment

In the DLM layers, pyrites are found as the cubo-octa-
hedron and often octahedron crystals. The morphology of

Fig. 3. Classification of the glassy tephra layers based on the total
alkali-silica plot after Le Bas et al. (1986): U−Oki Ulleung−Oki
(closed circles), U−Ym Ulleung−Yamato (gray circles), and AT
Aira−Tanzawa (closed diamonds). The open shapes are from the
previous data of Park et al. (2003a, b).

Table 1. Average compositions of volcanic glass shards obtained in the study cores.

Tephra layer SiO2 TiO2 Al2O3 FeO MnO MgO CaO K2O Na2O Reference

Ulleung-Oki 64.39 0.13 19.56 1.02 0.07 0.26 0.75 7.20 6.62 Park et al. (2003a)
63.78 0.37 19.16 2.21 0.11 0.21 1.16 5.92 7.08 Park et al. (2003b)
64.67 0.12 19.45 0.93 0.06 0.25 0.71 7.11 6.70 This study 
(2.11) (0.18) (0.50) (1.08) (0.08) (0.55) (0.36) (2.07) (2.06) (n=28)

Aira-Tanzawa 78.99 0.15 12.30 1.15 0.03 0.15 0.99 3.24 3.00 Machida and Arai (1992)
78.23 0.11 12.42 1.20 0.06 0.15 1.00 3.36 3.48 Park et al. (2003a)
75.80 0.14 13.61 1.03 0.10 0.13 0.68 4.48 4.03 Park et al. (2003b)
78.37 0.13 12.35 1.21 0.07 0.13 0.98 3.39 3.37 This study 
(0.98) (0.10) (0.41) (0.18) (0.06) (0.09) (0.14) (0.25) (0.80) (n =15)

Ulleung-Yamato 64.91 0.16 19.46 1.05 0.07 0.11 0.92 6.74 6.58 Park et al. (2003a)
63.82 0.13 19.13 2.00 0.16 0.10 0.76 5.15 8.75 Park et al. (2003b)
65.25 0.14 19.38 0.87 0.06 0.09 0.86 7.01 6.34 This study 
(1.26) (0.16) (0.50) (1.20) (0.08) (0.10) (0.51) (1.59) (1.24) (n =14)

Analyses presented as a mean and standard deviation (in brackets). Normalized to 100% on a volatile-free basis. Total Fe expressed as FeO.

Fig. 4. Distribution of the Ulleung−Oki (U−Oki, closed circles),
Ulleung−Yamato (U−Ym, gray circles), and Aira−Tanzawa (AT,
closed diamonds) ashes in the diagram of Na2O vs K2O. The dia-
gram shows the more sodic and potassic characters of the Ulleung
tephra layers than those of AT ash layers. The open shapes indi-
cate the previous data of Park et al. (2003a, b).
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pyrite crystals is primarily dependent on solution saturation
state during crystal growth (Wang and Morse, 1996). Cubo-
octahedron to octahedron crystals imply that surface nucle-
ation growth is assumed to be the dominant growth mech-
anism (Wang and Morse, 1996), suggesting that at the DLM
intervals pyrites grow probably in the transitional state
between high and low supersaturations of Fe and S.

On the other hand, according to Wilkin et al. (1996), the
framboid size distribution may be used to indicate whether
sediments were deposited under oxic or anoxic conditions.

The plot of the mean and the standard deviation of fram-
boidal size distributions suggests that the DLM layers of the
three cores have formed under euxinic environments (Fig.
8). It is evidently different from the sediments of oxic (e.g.,
Wallops Island, GA) or dysoxic (e.g., Peru margin) envi-
ronments but is probably rather less anoxic compared to the
Black Sea (Fig. 8; Wilkin et al., 1996; Calvert et al., 1996;
Wilkin and Arthur, 2001).

Accordingly, pyrite-bearing DLM layers in the cores evi-
dently indicate the euxinic (anoxic and sulfidic) condition
of the East Sea. However, the bottom-water conditions were
changed from euxinic to more oxic during the transition
between the latest Pleistocene and early Holocene (Oba et
al., 1991, 1995). With such paleoenvironmental change in
the East Sea, pyrite-bearing DLM layers occur no longer
since Termination I.

4. CONCLUSIONS

1. The sediment cores consist predominantly of muddy
sediments that are interbedded with silty sands, lapilli and
ash layers. Among them, the muddy sediments are com-

Fig. 5. Line measurements of the DLM layer. The element con-
centrations are given in relative intensity (counts/sec.). The mea-
sured line is marked on the microphotograph. The triangles on the
right side indicate the core intervals enriched in pyrite.

Fig. 6. Representative SEM microphotograph of framboidal pyrite observed in the DLM layers and its detailed view.

Fig. 7. SEM-EDX spectrum for a representative framboidal aggre-
gate.
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posed of two types of facies: The first type is hemipelagic
facies, dominated by bioturbated mud and crudely lami-
nated mud. The other type is turbidite facies, which includes
thinly laminated mud and homogenous mud.

2. The lapilli layers consist mainly of white vesiculate pum-
ices and massive-type glass shards associated with alkali-
feldspar. According to EDX analysis, massive-type glass
shards of the U-Oki tephra layers belong to trachytic or
phonolithic composition. On the other hand, a rhyolitic ash
layer consists mainly of bubble-wall and/or plane-type glass
shards, which is correlative with the AT ash layer. 

3. The geochemical results show that the interval of the DLM
layers is enriched in Fe with a minor contribution of Mn.

4. In the DLM layers, Fe is predominantly present as a form
of framboidal pyrite, which found as the cubo-octahedron and
often octahedron crystals. Its morphology suggests that pyrite
grows in the transitional state between high and low supersat-
urations. And the plotting of the mean and the standard devia-
tion of the framboidal size distributions implies that the DLM
layers have formed under euxinic environments.
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