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List of Figures

Figure 1. Geologic map of study area. The Seogwipo Formation is
well exposed along the rock cliff of Namseongjung-ro.
Diverse scallop fossils containing Entobia structures were
collected at western cliff of the study area. weeeeseseeeeeeeneens 5)

Figure 2. Various calcareous fossils found from the Seogwipo
Formation. (A) Bivalves, (B) scaphopods, (C) gastropods, (D)
brachiopods, (E) echinoids and (F) corals. Fossils of
bivalves and brachiopods are found in assemblages while
others occur Sporadically. s 7

Figure 3. Procedures of the embedding technique. The bored shell
is reacted with H20O2 in order to remove organic material,
and then dried after cleaning in ultrasonic bath for 3
minutes. The araldite were poured under vacuum conditions
and cured for 48 hours at 60 C. The sample is then
reacted with 5% HCI and NaClO for removal of calcareous
substrate and organic matter. The resin—cast of the sample
is observed under SEM (modified from Wisshak, 2012). -+ 10

Figure 4. Various types of endoliths in relation to carbonate
substrate. Chasmoendoliths live inside ready—made cracks
and fissures; cryptoendoliths fill preexisting pores within

the substrate. Euendoliths (Eu means true) actively
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penetrate the carbonate substrate (modified from Golubic et
Al., 1OT7D), werererresresssmttetst sttt 12
Figure 5. Boring structures made by various organisms.
Polychaete worms produce U-shaped boring structures.
Only paired circles and/or dumb-bell shaped structures are
observed on the surface, while sinuous tunnel structures
are visible when exposed. Gastropods make more or less
large circular holes with inclined or vertical walls. Boring
structures made by sponge represent small circle shapes on
shell surface that are connected each other through
complex internal NEtWOrKS., st 15
Figure 6. Boring structures of polychaetes and gastropods on
fossil shells from the Seogwipo Formation. (A-D) Ellipse,
dumb-bell and tube-shape borings made by polychaete
worms. (C) Complicated internal structures are exposed
when outer layer of shell is removed. (E-F) Large circular
structures made by gastropods. Scale bar in (F) is lcm for
ALl TIGUIES, wwereersssserssessmsssstststis st 16
Figure 7. Excavating mechanism of boring sponge. The etching
cell initiates to penetrate carbonate shells by means of both
chemical and mechanical actions. After dissolving carbonates
using chemical acid in early stage, the cells remove
weakened substrate (sponge chips) by mechanical scooping.

Sponge chips isolated from the shell are released to water
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column through osculum. Finally complicated internal
networks containing FEntobia balls are formed inside the
shells, and released sponge chips are often found in the
sediments near carbonate shells (modified from Hatch, 1974
and Pomponi, 1980). «wereerrerrsessimieiisiiiniiii s 19
Figure 8. Sketch of fully developed Entobia structure, showing a
succession of growth phases (A-D). Larval cells of sponge
initiate to penetrate vertically into carbonate shells forming
exploratory tubules (A). When growth continues, the tubules
become swollen to form elliptical chambers (C) to spherical
Entobia balls (D). The chambers are connected each other
by intercameral canals (B) of variable shapes. In the course
of Entobia growth, tubules divide to make branch-like
tunnel structures, finally forming complicated Entobia
networks. The surfaces of Entobia are generally ornamented
by tiny tubules, apophyses (after Radwski et al., 2011). --- 20
Figure 9. Densely developed FEntobia holes on fossil scallops.
Holes are distributed linearly (A, B) or randomly (C, D) on
the shell surfaces. (C) Random or linear distribution of
holes are often observed together on a same shell surface.
(D) Empty internal structure of shells are clearly seen in a
vertical view of shells. Scale bar in (D) represents 3cm for
ALl FIGUIES. wwereereressssssssestst ettt s 21

Figure 10. Surface holes (left ones in all pictures) and
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complicated internal networks of Entobia (right ones in all
pictures). Internal networks are pictures taken under a
strong light inside, where networks are observed as dark
lines. (A, B, E) External view of Mizuhopecten tokyoensis
hokurikuensis and (C) Chlamys sp., and (D) internal view of
an unidentified scallop. Polygonal dark area in (C) is a
fossil bryozoan colony attached on shell surfaces. (E) If the
shell is thick, internal structure can’t observe using light
transmission. Scale bar in (E) represents 5cm for all
FLGUTES, #+revreeesrnssesesess et 29
Figure 11. SEM pictures of Entobia ovula. (A) Panoramic view of
resin-cast of a shell fragment of a fossil scallop (dashed
line of right coner). (B) Details [rectangular in (A)] of
linearly positioned Entobia balls, characterized by a series
of ball attached one another and bumpy surface
ornamentation. (C) Close view of surface structure,
reminiscent of mechanical scooping by etching cells of
boring sponge. Scale bar in (A) represents 5 mm, e 25
Figure 12. Close view of Entobia ovula. (A, B, C) Spherical to
ellipsoidal Enbotia balls are connected one another by short
intercameral canals, and horizontally emerged tubules are
visible. (D) Raspberry-like bumpy surface with tiny
apophyses in upper parts of large tubules. (E) Cylindrical

tubule without an Entobia ball is often connected directly to
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an aperture. (F) A few micro—endoliths are accompanied
with Entobia ovula. Scale bar in (F) is 0.5 mm, s 26
Figure 13. SEM pictures of Entobia megastoma. (A) Panoramic
view of resin-cast of a fossil scallop’s fragment (dashed
line of right coner). (B, C) Detail view of rectangle in (A)
showing a diagnostic feature of Entobia megastoma, (B) flat
polygonal to irregular balls connected randomly, and (C)
bumpy surface structure. Scale bar in (A) is 5 mm. e 27
Figure 14. Close view of Entobia megastoma of Fig. 13 (A).
Diverse Entobia balls (A; spherical, C; polygonal, D;
ellipsoidal) are often connected by thick tunnels. (B) Tiny
and tapered apophyses are generally developed on the
Entobia surfaces. (E, F) Initial sturcture of Entobia and a
great number of micro—endolithic structures are observed
near Entobia megastoma. Scale bar in (F) is 0.5 mm. » 28
Figure 15. Sketch of two FEntobia species identified in scallop
fossils of the Seogwipo Formation, showing both external
holes (upper and left side) and internal networks (lower and
right side); (A) Entobia ovula, (B) Entobia megastoma. E.
ovula is characterized by a linear arrangement of chambers,
while chambers in FE. megastoma are connected more or
less randomly. (A) Such an arrangement in E. ovula is also
identifiable as a linear distribution of circular holes in the

Surface Of SC@.HOD fOSSﬂS. ................................................................ 33
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Figure 1. Geologic map of study area. The Seogwipo Formation is well exposed along the rock cliff
of Namseongjung-ro. Diverse scallop fossils containing Entobia structures were collected at western

cliff of the study area.
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Figure 2. Various calcareous fossils found from the Seogwipo
Formation. (A) Bivalves, (B) scaphopods, (C) gastropods, (D)
brachiopods, (E) echinoids and (F) corals. Fossils of bivalves and
brachiopods are found in assemblages while others occur

sporadically.
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Figure 3. Procedures of the embedding technique. The bored shell is reacted with H2O2 in order to
remove organic material, and then dried after cleaning in ultrasonic bath for 3 minutes. The araldite
were poured under vacuum conditions and cured for 48 hours at 60 C. The sample is then reacted
with 5% HCI and NaClO for removal of calcareous substrate and organic matter. The resin—cast of

the sample is observed under SEM (modified from Wisshak, 2012).
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substrate. Chasmoendoliths live inside ready-made cracks and
fissures; cryptoendoliths fill preexisting pores within the substrate.
Euendoliths (Eu means true) actively penetrate the carbonate

substrate (modified from Golubic et al., 1975).

_12_

Collection @ knu



Nd

Ho
_X.._

ol o8 o] At o]

3l

Z
!l

B <)

[€]

ol <] sl

o 3}7F obd A

sz
=3

4

.fo_l

)
=)
"
iy
o))

To-

——

)

o x5 WevFig. 5.

Y B
9l tHZottoli

<%o

Z} O
=,

)

7l e

Sk
=]

)53}

and
Simon,

SIMEE

S

2010;
A

=

=

ok A
Hutchings,

7 E (setae)

2000;
2o 49 He o3 H4 sE(filter feeder)=

7l

]

S

Liu and Hsieh,
|

5

= ¥e)
=

1974;
5

[€]

<

t}(Hutchings, 1986). o] <}
2Ho2 UAYE S 7HA Ak A =

T

°
yal

Carriker,
2011).
AA?

)

] Al ®chH(Fig. 6A-D).

H=

[€]

¥

r}

T

°
yal

2 3 5o7F el A4

o
Ko

N
=y

o
ﬁo

_13_

Collection @ knu



A2 o2 HAFd w8 thx & A7)|8 7Y 23S dAs] =)
AHFig. 6E-F). o]8st 93 Fx9 gF-&Ee 7|7l i e 3]k
Aol olmju Fo| A WAFECL, o] UutHow HE=Fo osiA FHAH
TERRE O5S A2 EAo] oid x4 FHFS QI 71EdE £t

=N

X
(Walker, 2007). 55F+ & =59 oy 2 95 o+

E3t 7132 X Md(radula)S ]85l 7| A& 1tarEo](Carriker, 1969),
gzt Sol] EAst= AAF-E Ay, mEby HSF7F weE AR
TZ2= vy Z7)77F 323 7S 94Hds] dEseE 5AHS HAY 9

g3t B=7F F9(e.g., ichnogenus Oichnus)® 7VEAg]:E duibd o=
AAY 729 EAS A}, 113 olgfgt Fx+= 7hev] 34

= H=dl, 7hY] A o] i Ftel A A= dY
B2 7|7 A3 |E74A HEE o] glo] thE A A
of o8 FAE HF FRe ol ofHA e

_14_

Collection @ knu



Sponge

Gastropods

/<

Polychaetes

Figure 5. Boring structures made by various organisms.
Polychaete worms produce U-shaped boring structures. Only
paired circles and/or dumb-bell shaped structures are observed
on the surface, while sinuous tunnel structures are visible when
exposed. Gastropods make more or less large circular holes with
inclined or vertical walls. Boring structures made by sponge
represent small circle shapes on shell surface that are connected

each other through complex internal networks.
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Figure 6. Boring structures of polychaetes and gastropods on
fossil shells from the Seogwipo Formation. (A-D) Ellipse,
dumb-bell and tube-shape borings made by polychaete worms. (C)
Complicated internal structures are exposed when outer layer of
shell is removed. (E-F) Large circular structures made by

gastropods. Scale bar in (F) is lcm for all figures.
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Expelled sponge chips
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Figure 7. Excavating mechanism of boring sponge. The etching
cell initiates to penetrate carbonate shells by means of both
chemical and mechanical actions. After dissolving carbonates using
chemical acid in early stage, the cells remove weakened substrate
(sponge chips) by mechanical scooping. Sponge chips isolated
from the shell are released to water column through osculum.
Finally complicated internal networks containing Entobia balls are
formed inside the shells, and released sponge chips are often
found in the sediments near carbonate shells (modified from

Hatch, 1974 and Pomponi, 1980).

_19_

Collection @ knu



APERTURES

RATORY
ULES

—

Figure 8. Sketch of fully developed Entobia structure, showing a
succession of growth phases (A-D). Larval cells of sponge initiate
to penetrate vertically into carbonate shells forming exploratory
tubules (A). When growth continues, the tubules become swollen
to form elliptical chambers (C) to spherical Entobia balls (D). The
chambers are connected each other by intercameral canals (B) of
variable shapes. In the course of Entobia growth, tubules divide to
make branch-like tunnel structures, finally forming complicated
Entobia networks. The surfaces of Entobia are generally

ornamented by tiny tubules, apophyses (after Radwski et al.,

2011).
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Figure 9. Densely developed Entobia holes on fossil scallops.

Holes are distributed linearly (A, B) or randomly (C, D) on the
shell surfaces. (C) Random or linear distribution of holes are often
observed together on a same shell surface. (D) Empty internal
structure of shells are clearly seen in a vertical view of shells.

Scale bar in (D) represents 3cm for all figures.
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Figure 10. Surface holes (left ones in all pictures) and complicated internal networks of Entobia (right

ones in all pictures). Internal networks are pictures taken under a strong light inside, where networks
are observed as dark lines. (A, B, E) External view of Mizuhopecten tokyoensis hokurikuensis and (C)
Chlamys sp., and (D) internal view of an unidentified scallop. Polygonal dark area in (C) is a fossil
bryozoan colony attached on shell surfaces. (E) If the shell is thick, internal structure can’t observe

using light transmission. Scale bar in (E) represents 5cm for all figures.
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Figure 11. SEM pictures of Entobia ovula. (A) Panoramic view of
resin—cast of a shell fragment of a fossil scallop (dashed line of
right coner). (B) Details [rectangular in (A)] of linearly positioned
Entobia balls, characterized by a series of ball attached one
another and bumpy surface ornamentation. (C) Close view of
surface structure, reminiscent of mechanical scooping by etching

cells of boring sponge. Scale bar in (A) represents 5 mm.
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Figure 12. Close view of Entobia ovula. (A, B, C) Spherical to
ellipsoidal Enbotia balls are connected one another by short
intercameral canals, and horizontally emerged tubules are visible.
(D) Raspberry-like bumpy surface with tiny apophyses in upper
parts of large tubules. (E) Cylindrical tubule without an Entobia
ball is often connected directly to an aperture. (F) A few
micro—endoliths are accompanied with Entobia ovula. Scale bar in
(F) is 0.5 mm.
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Figure 13. SEM pictures of FEntobia megastoma. (A) Panoramic

view of resin-cast of a fossil scallop’s fragment (dashed line of
right coner). (B, C) Detail view of rectangle in (A) showing a
diagnostic feature of Entobia megastoma, (B) flat polygonal to
irregular balls connected randomly, and (C) bumpy surface

structure. Scale bar in (A) represents 5 mm.
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Figure 14. Close view of Entobia megastoma of Fig. 13 (A).
Diverse Entobia balls (A; spherical, C; polygonal, D; ellipsoidal)
are often connected by thick tunnels. (B) Tiny and tapered
apophyses are generally developed on the Entobia surfaces. (E, F)
Initial sturcture of Entobia and a great number of micro—endolithic
structures are observed near Entobia megastoma. Scale bar in (F)

1s 0.5 mm for all figures.
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7. 714

Systematics

Ichnogenus Entobia Bronn, 1838

Diagnosis: Boring structure found in carbonate substrates
comprising a single chamber (swollen, fusiform portions of sponge
boring), networks or boxworks of galleries connected to the
surface by several or numerous apertures. Morphology changes
markedly with ontogeny. Diameters of galleries tend to increase
in the course of growth of sponge; in some forms, inflation at
regular distances produces closely interconnected chambers; in
other forms, chamber development is restricted; while in others,
cameration (any stage of growth that is characterized by inflation
or swelling of discrete parts of the system to produce chambers)
is developed. Fine apophyses (minute hair-like extensions that
commonly extend from all parts of the sponge boring) arise from
all surfaces of the network system (after Bromley and

D'Alessandro, 1984).
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Entobia ovula Bromley and D’Alessandro, 1984
Fig. 11, 12, 15A
Modern trace makers: Cliona schmidti, Cliona vermifera

Diagnosis: Entobia consisting mature stage of globular, ovoid
chambers created in a three—dimensional network. The chambers
are separated by a very short channel, which can be reduced to a
simple constriction. Each chamber is rarely connected to two
channels with the surface. When fully developed, the chambers
are lined up in straight lines that sometimes fork at variable
angles and are anastomosed together, resulting in a

three—dimensional network of one to two barely discernible levels.

Description: Apertures are mostly circular shapes and from 0.1 to
0.5 mm in diameter. They are distributed in a row and are
connected to the chambers. The chambers are spherical to oval in
shape. Their size ranges from 0.7 to 1.6 mm. Also the network of
chambers is arranged in a row such as apertures and another line

fused.
Remark: Although the definition of the ichnogenus Entobia Bronn,
1837, as borings attributable to sponges of the family Clionaidae

1s clear, the distinction between particular ichnospecies remains

less simple, and even vague. FEntobia is classified by internal
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structure such as shape, size and orientation in chamber. Based
on these criteria, this specimen is classified Entobia ovula. It is
characterized by spherical or oval shape chamber and each
chamber lined up in a row. Also, growing chamber is branched
with right angle in adult chamber. However, cylindrical gallery

differ from diagnostic features shows in this sample.

Entobia megastoma Fischer, 1868
Fig. 13, 14, 15B
Modern trace makers: Cliona celata

Diagnosis: Chambered Entobia which is organized in irregular
three—dimensional networks, whose complexity may increase in
older phases of growth. The galleries are nearly cylindrical,
bifurcation is reflected in regular intervals and swelling are
present, where several galleries come together. The diameter of
the galleries can vary greatly. Openings to the substrate surface
of the substrate are large (on average, between 0.6 and 1.7 mm)
and numerous, round or oval shaped, rarely together fused and

irregularly distributed.

Description: Apertures are mostly circular shapes and 0.3~ 1.2
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mm in diameter. They are irregularly distributed and are
connected to the chambers. The chamber is discus shape and
their size ranges from 1.4 to 3.9 mm. The surface of Entobia

structure exists apophyses.

Remark: This specimen is classified based on shape and size of
chamber and decoration on FEntobia's surface. It is characterized
by discus—-shape chamber and big size than other Entobia. Also,

apophyses which thin and tapering shape represent surface of

chamber. Thus, it is classified Entobia megastoma.
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Figure 15. Sketch of two FEntobia species identified in scallop fossils of the Seogwipo Formation,
showing both external holes (upper and left side) and internal networks (lower and right side); (A)
Entobia ovula, (B) Entobia megastoma. E. ovula is characterized by a linear arrangement of chambers,
while chambers in E. megastoma are connected more or less randomly. (A) Such an arrangement in

E. ovula is also identifiable as a linear distribution of circular holes in the surface of scallop fossils.
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(Abstract)

The early Cenozoic Seogwipo Formation, Korea, contains beautifully preserved
diverse carbonate shells including bivalves, gastropods, scaphopods and
brachiopods. Among them, a great number of diverse boring structures (spherical
holes and sinuous tunnels) are detected on the surfaces of bivalve shells. The
isolated large holes (50mm) are interpreted as gastropods boring structures
while sinuous tubules are identified as polychaetes traces. The most dominant
boring structures are tiny holes (0.1-1.2mm) developed most exclusively on
scallop fossils. They are interpreted as apertures of ichnofossil Entobia, traces
of boring sponge belonging to the family Clionaidae. SEM investigation using
resin—cast made by alcohol-series embedding techniques reveals beautifully
preserved internal networks of £Entobia, which is characterized by spherical to
polygonal shaped Entobia balls connected each other by intercameral canals,
finally forming a complicated Entobia networks inside the shells. The Entobia
fossils are ornamented by a raspberry-like bumpy surface, probably carved
structure generated by mechanical scooping of sponge chips. Two ichospecies were
identified: Entobia ovula and Entobia megastoma. E. ovula i1s characterized by
more or less spherical balls connected linearly to next ones by short tunnels,
finally forming directional arrangement of Entobia balls within the shells. Such
a directionality of E. ovula i1s also identifiable on shell surfaces, linear

distribution of tiny holes (i.e., aperture). E. megastoma, on the other hand, is

* A thesis submitted to the Council of the Graduate School of Kyungpook National
University in partial fulfillment of the requirements for the degree of Master of

Science in June 2015
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characterized by flat and polygonal to irregular Entobia balls connected randomly
without clearly definable intercameral canals. Consequently, £E. megastoma
produces more complicated networks within scallop shells than E. ovul/a, and no
directional distribution of surface holes are visible in traces of E. megastoma.
The facts that most holes are found on external surfaces of scallops (a few on
internal surface of shells), and that size of holes become smaller toward the
margin of shells strongly indicate that the Seogwipo scallops were attacked by
boring sponge animals while they were alive. An occurrence of £Entobia boring
structures almost exclusively on scallops may be related with scallops’ life
style, which could have supported more suitable habitats for boring sponges than
other mollusk shells found in the Seogwipo Formation. This is the first report of

Entobia in Korea.
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