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ABSTRACT

The goal is to document the stereom preservation of a fossil clypeasteroid Scaph-
echinus mirabilis recovered from the Pleistocene strata in western Taiwan. The adult
size of S. mirabilis ranges from 4 to 7 cm. Although the living species can be found
along the coast in Japan, Korea, and China, only fossil materials have been reported
from the Toukoshan Formation in Miaoli, Taiwan. To understand better the fossil
stereom preservation of S. mirabilis, a total of 971 specimens deposited at the De-
partment of Geosciences, National Taiwan University (NTUG) were examined. An
additional 572 specimens were also studied and 65 well-preserved fossil specimens
and one modern sample were selected for making thin sections. Among the 86 thin
sections, 68 sections were prepared and cut parallel to the bilateral symmetry plane of
the echinoid, and the other 18 thin sections were cut through different regions of the
test, including apical system, petaloid, and interambulacral areas. Types of stereom
and the associated tissues can be determined by calculating the pore size and mini-
mum thickness of trabeculae. Results show that plate boundaries, growth lines, and
stereom are clear and identifiable under a polarized microscope. Dominant types of
stereom include labyrinthic, rectilinear and galleried stereom.

1. INTRODUCTION

Stereomic microstructure known as stereom is the fun-
damental building block of echinoderm ossicles, and they
are key features to interpret the function(s) of echinoderm
ossicles that originated during the Cambrian (Clausen and
Smith 2005). Stereom consists of a three-dimensional mesh
of trabeculae filled with interconnecting pores. Trabeculae
are comprised of high-magnesium calcite, and behave as a
single crystal in each ossicle (Gorzelak et al. 2016; Gorzelak
2018). At least nine types of stereom have been reported
from both living and fossil echinoids (Fig. 1). Stereom stud-
ies are crucial to understand the phylogeny, growth, and soft
tissue of the Echinoidea (Pearse and Pearse 1975; Seilacher
1979; Smith 1980, 1984, 1989, 1991; Ebert 2013; Grun and
Nebelsick 2018a, b, ¢).

Fossil echinoids from Taiwan have been studied for de-
cades, and many impressive collections are housed in both
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public and private museums in Taiwan. According to Lin
and Chou (1978, p. 13), the earliest known report of Tai-
wanese fossil echinoderms was on fossil echinoids by Henry
Brougham Guppy (1854 - 1926) in 1881, but the reported
genus, Scutella, was probably misidentified (Wang 1982a).
In 1885, G. A. Lebour reported two species Echinodiscus
bioculatus Agassiz and E. bisperforatus Leske from Taiwan;
however, those names were not considered as valid names
by later authors (e.g., Yoshiwara 1901, p. 62; Hayasaka
and Morishita 1947a, p. 39). During the early 20" Century,
Taiwanese echinoderms were mainly studied by Japanese
scholars. Yoshiwara (1903) reported three fossil echinoids
from Taiwan: Astriclypeus integer, Echinodiscus formosus,
and Schizaster sp. Deguchi (1912) listed 11 localities of
fossil echinoids from Taiwan. After the end of the Second
World War, echinoderm studies were resumed and led by
the famous paleontologist Ichird Hayasaka (1891 - 1977)
(Hayasaka and Morishita 1947a, b; Hayasaka 1948a, b).
Nisiyama (1966, 1968) reviewed and summarized previous
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Fig. 1. Types of stereomic microstructure (stereom) (modified from Smith 1980). (a) Rectilinear; (b) microperforate; (c) galleried; (d) labyrinthic;

(e) laminar; (f) fascicular; (g) perforate; (h) imperforate; (i) retiform.

studies of echinoid faunas from Japan and adjacent regions,
including Taiwan. Lin and Chou (1978, p. 441 - 444) listed
11 fossil echinoid families reported from Taiwan. New find-
ings were discovered during the field mapping project in the
1980s. This material became the core research collection of
the Master’s study of Chia-Ching Wang at the National Tai-
wan University. Wang’s studies (e.g., Wang 1982a, b, 1984,
1986; Wang et al. 1984) marked an important milestone
for Taiwan fossil echinoid research. By reviewing Wang’s
collections housed at the Department of Geosciences, Na-
tional Taiwan University, new specimens are collected by
re-visiting classic fossil localities. This study is a part series
of reviewing and restudying Taiwanese clypeasteroids (e.g.,
Lee et al. 2019). The goal here is to study the stereom pres-
ervation based on Scaphechinus mirabilis, which is one of
the most common fossil clypeasteroids recovered from the
Pleistocene strata in western Taiwan (Morishita 1967; Wang
et al. 1984).

2. REGIONAL GEOLOGY

Fossils are recovered from the Toukoshan Formation
(Pleistocene) in Miaoli (Fig. 2), and the unit crops out in
Hsinchu, Miaoli, and Taichung in western Taiwan. The
unit can be divided into two members: Hsiangshan sand-
stone and Huoyenshan conglomerate. Fossil sand dollars
commonly occur in the Hsianshan member. Based on mag-
netostratigraphy, the lower part of the unit belongs to the
Jaramillo subchron (1.07 - 0.99 Ma) within the Matuyama
Chron (Chen 2016). Chen et al. (1977) interpreted the lower

boundary between Toukoshan Formation and the underly-
ing Cholan Formation to be 1.3 Ma in age.

3. METHODOLOGY

The basic body plans of sea urchins or echinoids can be
categorized into two groups: regular and irregular echinoids
(Durham et al. 1966; Smith 1984; Mooi 1989). Studied
materials are fossil specimens of Scaphechinus mirabilis,
which is an irregular urchin with a bilateral symmetry. Stan-
dard terminology is explained in Fig. 3. In order to examine
the marginal plates and stereom types under polarized light
microscopes (PLM), the quality of thin sections is crucial.

Raw samples were cleaned, and the well-preserved
fragments were selected to be trimmed down to 2 cm?.
Samples were then polished with 320-, 400-, 600-, 800-,
and 1000-grit sandpapers. Samples were affixed to a glass
slide with epoxy and dried in the oven for 2 hours. When
the thin sections were polished to 30 wm in thickness, they
were ready for PLM study (Fig. 4). Under PLM, echinoid
ossicle could be recognized in both plain and polarized light
(Figs. 4a, b, respectively). In order to enhance the contrast,
an accessory plate (gypsum plate in this case) was inserted
(Fig. 4c). Serial sections along the axial petaloid (Fig. 5a)
revealed different internal features (Figs. Sc - ). When sec-
tioned across the interporiferous zone (Figs. 5b, c), there
were no supporting structures. Pillars and other supporting
structures were visible in thin sections made outside of this
zone (Figs. 5d, e).

For comparison sections and fragments of modern
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Fig. 4. Longitudinal section (NTUG300-FUO01033) of S. mirabilis under polarized light. Scale bar = 1 mm. (a) Open nicol; (b) crossed nicols; (c)
crossed nicols with a gypsum plate. Plate boundaries are marked by arrows.

Fig. 5. Studied areas for making thin sections in different orientations. Scale bars: 0.5 cm (b) - (d). (a) A complete sample (NTUG300-FU01057)
of S. mirabilis and the studied area (indicated by dash lines) shown in (b); (b) orientation of thin sections (NTUG300-FU01057); orange area is the
target region (the interporiferous zone); yellow areas are the outer parts of petaloids; gray areas are between the two areas mentioned above; (c)
sectional profile (NTUG300-FU01057) of marginal plates without pillars or supporting structures, cutting through the orange area shown in (b); (d)
sectional profile (NTUG300-FU01054) of marginal plates with pillars, cutting through the gray area shown in (b); (e) sectional profile (NTUG300-
FUO01035) of marginal plates with dense supporting structures, cutting through the yellow area shown in (b).



Preservation of Stereom in Fossil Sand Dollars from Taiwan 1097

specimens of S. mirabilis from Japan were obtained. In
particular, detailed morphologic features of tubercles were
examined further under the scanning electron microscope
(SEM) and reported here (e.g., Figs. 6a, b, 7a, b, 8a, 9a, b,
10a, c¢). Well-preserved specimens were also examined un-
der the microcomputed tomography (uCT) via DELab uCT-
100X made by Delta Electronics, Inc. (Fig. 11).

Stereom was studied by measuring the average mini-
mum diameter of trabecular thickness and the average max-
imum diameter of interconnecting pores. For assessing the
stereom coarseness Smith (1980) divided the interconnect-
ing pores into three levels according to their size: coarse (>
25 um), medium (10 - 25 um), and fine (< 10 um). By calcu-
lating the coarseness and trabecular thickness, we calculated
the stereom porosity based on the following equation:

p=A4/1 (1)

in which, porosity (¢) is the average maximum diameter of
interconnecting pores (4) divided by the average minimum
diameter of trabecular thickness (7). Four degrees of ste-
reom porosity defined in Smith (1980) were adopted here:
compact (A/t < 1),dense 2> A/t >1),open (4> A/t >
2), and sparse (A4 /t > 4) (Fig. 12).

4. RESULTS

4.1 Tubercle Stereom

Under SEM, tubercles of modern S. mirabilis can
be subdivided into six regions (Figs. 6a, b). The center is
known as the central ligament pit (I in Fig. 6b), in where the
central ligament attaches to the spine. The pit is surrounded
by bulbous area called mamelon (I in Fig. 6b) that is com-
posed of imperforate stereom (Fig. 1h). Mamelon is con-
nected to petal-like features known as crenulated platform
(III in Fig. 6b) with imperforate stereom. The outer region
on the raised platform below the imperforate stereom is the
boss (IV in Fig. 6b) that is made out of labyrinthic stereom
(Fig. 1d). There is a sharp boundary between the raised re-
gion and the adjacent concave area known as areole (V in
Fig. 6b) with much larger interconnecting pores. Lastly,
sometimes there is a zone with small interconnecting pores
known as the scrobicular zone (VI in Fig. 6b), covering the
outermost region of a tubercle. Fossil specimens are rela-
tively less well-preserved, but the boss and areole regions
can be distinguished easily, depending on the depth of the
section (Figs. 6¢ - e).

Measurements are based on the labyrinthic stereom in
both boss and areole regions. The coarseness of boss is 10.9
pum and the trabecular thickness is 12.3 pm on average. In
the areole, the stereom coarseness is 18.6 um and the tra-
becular thickness is 10.2 pm on average (Table 1). In gen-
eral, the areole is where muscle fibres are attached; thus, the

interconnecting pores are approximately 7.7 um larger than
that in the boss region, whereas the trabecular thicknesses
are 2.1 um smaller than that in the boss region (Figs. 12a,b).

4.2 Petaloid Stereom

Petaloids are characterized by the distinct pore system
known as pore-pairs. Under SEM, it is evident that individual
plate boundaries run through pores (Figs. 7a, b). Under polar-
ized light, plates are elongated, parallel to the pore-pairs, and
continuous to the perradial suture lines (Figs. 7c, d). Bound-
aries between plates do not meet symmetrically; instead,
there are noticeable translocations among adjacent plates.

Petaloids are dominated by rectilinear stereom. Mean
coarseness is 14.6 pm based on 55 measurements, and tra-
becular thickness is 12.2 pum on average based on 78 mea-
surements. Calculated stereom porosity is 1.19, belonging
to the dense grade.

4.3 Oral-Plate Stereom

Oral plates grow from the center and radiate outward
with galleried stereom (Figs. 8a - c). There are solid spikes
(Seilacher 1979) near the plate margins, forming trabecu-
lar interlocking-type plate boundary of Grun and Nebelsick
(2018b, ¢). Spikes with imperforate stereom are 20.3 um on
average thickness based on 98 measurements. In the galler-
ied stereom, the coarseness is 19.2 pm on average based on
242 measurements; the trabecular thickness is 12.2 um on
average based on 261 measurements. The calculated poros-
ity is 1.57, belonging to the dense grade (Fig. 12c¢).

4.4 Lantern Stereom

Due to the relatively small opening for the peristome,
the lantern is typically preserved within the test cavity of
sand dollars in Taiwan. Under SEM, elements of lantern
consist of branching trabeculae (Figs. 9a, b); thus, it is di-
agnostic for fascicular stereom (Fig. 1f). In thin sections
(Fig. 9¢), trabecular thickness varies; thus, meaningful mea-
surements are not feasible. All the stereom measurements
and porosity calculations are summarized in Table 1.

5. DISCUSSION

5.1 Comparisons of Modern and Fossil S. Mirabilis

By comparing SEM images (Figs. 6a, b) and thin
sections (Fig. 10) of both modern and fossil S. mirabi-
lis, it is clear that the modern sample contains more sur-
ficial features, such as detailed morphologies of tubercles
(Figs. 6a, b, 10a, c). Although the fossil specimens typically
have more surface abrasion, internal stereom have a little
compaction and the interconnecting pores retain original ge-
ometry (Figs. 10b, d).
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Fig. 6. Tubercle stereom under SEM (a) (b) and under polarized light microscope (PLM) (c) - (e). Scale bars: 100 um (a) (b); 50 um (c) - (e). (a)
An original tubercle under SEM; (b) a tubercle subdivided into 6 regions that have different stereom types (I: central ligament pit, II: mamelon,
III: crenulate platform, IV: boss, V: areole, VI: scrobicular zone.); (c) close-up of a tubercle highlighting mamelon and boss stereom (NTUG300-
FUO01067), cutting approximately through the red line illustrated in (e); (d) close-up of a tubercle highlighting boss (green dotted line region) and
areole (between blue and green dotted line region) stereoms (NTUG300-FU01067), cut approximately through the blue line illustrated in (e); (e)
longitudinal section (NTUG300-FU01086) of one tubercle with red and blue section surfaces presented above.
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Table 1. Summary of stereom measurements based on fossil S. mirabilis from Taiwan.

Boss Areole Petaloid Oral plate
Stereom type Labyrinthic Labyrinthic Rectilinear Galleried
Mean pore diameter | 109 pm (n=52) 18.6 um (n=130) 14.6 um (n=55) 19.2 um (n =242)
Trabecular thickness | 123 um (n=78) 102 pm (n=159) 122 um (n=78) 12.2 um (n=261)
Porosity 09 1.8 12 1.6
compact dense dense dense

Interconnecting pores are where soft tissues attached;
thus, there are commonly stained by dark materials in fossil
specimens. In contrast, the trabeculae are translucent and
retain their optical properties. In particular, individual plate
still behaves as single high-Mg calcite (Towe 1967; Weber
1969; Smith 1989; Davies and John 2019) and exhibits uni-
axial extinction under PLM.

5.2 nCT Imaging

uCT imaging is a non-destructive technique to visu-
alize fossil urchins based on X-ray (Grun and Nebelsick
2018a). With the uCT-100X, the main advantage is that vir-
tual thin-slices in any angles are possible based on the com-
puted three-dimensional reconstruction, allowing a detailed
comparison with images of our thin sections. A well-pre-
served fragment was tested with this method, and our initial
findings include the following. First, the image is monotone
and only the dense calcite materials can be preserved, and
the interconnecting pores are left empty. This makes the dis-
tinctions between the trabeculae and interconnecting pore
space much easier. Second, due to the high imaging resolu-
tion (~1 um) the measurements are more precise than those
based on optical microscope images. For example, the boss
trabeculae are 7.55 pm in minimum thickness, the intercon-
necting pore is 7.72 um in size, areole trabeculae are 6.61
pm in minimum thickness, and the interconnecting pore is
16.97 um (Figs. 11, 12d) in size.

6. CONCLUSION

(1) Because fossil specimens are so well-preserved that
trabeculae still behave as a single crystal for each os-
sicle. Under PLM, plate boundaries can be identified
clearly and several types of microstructure, including
rectilinear, galleried, and labyrinthic stereoms, can be
measured (Table 1) and documented.

(2) Boss region consists of labyrinthic stereom. The mean
pore diameter of the boss region within a tubercle is
10.9 um based on 52 measurements, and the average
trabecular thickness is 12.3 um based on 78 measure-
ments. The porosity of tubercle boss is compact (0.9;
Table 1). Observed results of trabecular thickness based

on thin sections seem to be larger than those reported in
Smith (1980).

(3) Areole region is comprised of labyrinthic stereom. The
mean pore diameter of the areole region within a tu-
bercle is 18.6 um based on 130 measurements, and the
average trabecular thickness is 10.2 um based on 159
measurements. Porosity of tubercle areole is dense (1.8;
Table 1). Areole is the place where spine muscles are at-
tached, so both the mean pore diameter and porosity are
larger than that of boss.

(4) Petaloid is dominated by rectilinear stereom. The mean
pore diameter of petaloid is 14.6 um based on 55 mea-
surements, and the average trabecular thickness is 12.2
pm based on 78 measurements. The porosity of petaloid
stereom is dense (1.2; Table 1).

(5) Oral plate is dominated by galleried stereom. The mean
pore diameter is 19.2 pm based on 242 measurements,
and the average trabecular thickness is 12.2 um based on
261 measurements. The porosity of galleried stereom in
oral plates is dense (1.6; Table 1).

(6) On the margins of oral plates, some spike-like trabecu-
lae, penetrating into adjacent plates are present. The
average trabecular thickness of these spikes is 20.3 pm
based on 98 measurements.

(7) Measurements based virtual reconstructions of pCT-
100X images fit within the ranges of our results derived
from thin sections.
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APPENDIX
Table Al. List of thin sections in Lin (2021).

NTUG No. Specimen No. Thin section no. Collection NTUG No. Specimen No. Thin section no. Collection
NTUG300-FU01001 NTU1 NTU1 R300 NTUG300-FU01030 NTU47 NTU47 R300
NTUG300-FU01002 NTU2 NTU2 R300 NTUG300-FU01031 NTU48 NTU48 R300
NTUG300-FU01003 NTU3 NTU3 R300 NTUG300-FU01032 NTU49 NTU49 R300
NTUG300-FU01004 NTU4 NTU4 R300 NTUG300-FU01033 NTUS50 NTUS0 R300
NTUG300-FU01005 NTUS NTUS R300 NTUG300-FU01034 Pl Pl RI11
NTUG300-FU01006 NTU6 NTU6 R300 NTUG300-FU01035 P2 P2 RI11
NTUG300-FU01007 NTU7 NTU7 R300 NTUG300-FU01036 P3 P3 RI11
NTUG300-FU01008 NTUS NTUS8 R300 NTUG300-FU01037 P4 P4 R111
NTUG300-FU01009 NTU9 NTU9 R300 NTUG300-FU01038 P5 P5 R111
NTUG300-FU01010 NTUI10 NTUI10 R300 NTUG300-FU01039 P6 P6 R111
NTUG300-FU01011 NTUI11 NTUI11 R300 NTUG300-FU01040 P7 P7 R111
NTUG300-FU01012 NTUI12 NTUI12 R300 NTUG300-FU01041 P8 P8 R111
NTUG300-FU01013 NTU13 NTU13 R300 NTUG300-FU01042 P9 P9 R111
NTUG300-FU01014 NTU14 NTU14 R300 NTUG300-FU01043 P10 P10 R111
NTUG300-FU01015 NTUI1S NTUI15 R300 NTUG300-FU01044 P11 P11 R111
NTUG300-FU01016 NTU16 NTUI16 R300 NTUG300-FU01045 P12 P12 R111
NTUG300-FU01017 NTU17 NTU17 R300 NTUG300-FU01046 P13 P13 R111
NTUG300-FU01018 NTU18 NTU18 R300 NTUG300-FU01047 P14 P14 R111
NTUG300-FU01019 NTU19 NTU19 R300 NTUG300-FU01048 P15 P15 R111
NTUG300-FU01020 NTU20 NTU20 R300 NTUG300-FU01049 P16 P16 R111
NTUG300-FU01021 NTU21 NTU21 R300 NTUG300-FU01050 P17 P17 R111
NTUG300-FU01022 NTU22 NTU22 R300 NTUG300-FU01051 P18 P18-1 RI11
NTUG300-FU01023 NTU23 NTU23 R300 NTUG300-FU01052 P18 P18-2 RI11
NTUG300-FU01024 NTU24 NTU24 R300 NTUG300-FU01053 P19 P19 RI11
NTUG300-FU01025 NTU25 NTU25 R300 NTUG300-FU01054 P20 P20 RI11
NTUG300-FU01026 NTU42 NTU42 R300 NTUG300-FU01055 P21 P21 R111
NTUG300-FU01027 NTU43 NTU43 R300 NTUG300-FU01056 P22 P22 R111
NTUG300-FU01028 NTU45 NTU45 R300 NTUG300-FU01057 P23 P23 RI111
NTUG300-FU01029 NTU46 NTU46 R300 NTUG300-FU01058 P24 P24 RI111

Note: * = modern S. mirabilis, indicates a modern specimen from Japan.
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Table Al. (Continued)

NTUG No. Specimen No. Thin section no. Collection NTUG No. Specimen No. Thin section no. Collection
NTUG300-FU01059 P25 P25 R111 NTUG300-FU01073 a4 a4-2 R111
NTUG300-FU01060 P26 P26 R111 NTUG300-FU01074 a4 a4-3 R111
NTUG300-FU01061 P27 P27 R111 NTUG300-FU01075 as a5 R111
NTUG300-FU01062 P28 P28 R111 NTUG300-FU01076 a6 a6 R111
NTUG300-FU01063 P29 P29 R111 NTUG300-FU01077 a6 a6-2 R111
NTUG300-FU01064 P30 P30 R111 NTUG300-FU01078 a6 a6-3 R111
NTUG300-FU01065 P31 P31 R111 NTUG300-FU01079 a7 a7 RI11
NTUG300-FU01066 P32 P32 R111 NTUG300-FU01080 a8 a8-1 RI11
NTUG300-FU01067 Tl Tl R111 NTUG300-FU01081 a8 a8-2 RI11
NTUG300-FU01068 T2 T2 R111 NTUG300-FU01082 a8 a8-3 RI11
NTUG300-FU01069 T3 T3 R111 NTUG300-FU01083 a9 a9-1 R111
NTUG300-FU01070 a2 a2-1 R111 NTUG300-FU01084 a9 a9-2 R111
NTUG300-FU01071 a2 a2-2 R111 NTUG300-FU01085 al3 al3 R111
NTUG300-FU01072 a4 ad-1 RI111 NTUG300-FU01086 SMO16%* SMO16%* RI111




