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Geochemical and microstructural approaches for high resolution reconstruction of

paleoclimate and paleoecology using giant clam shells
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Chapter 1: Giant clam shell as a high temporal resolution paleo environment proxy

Paleo environment proxies such as foraminifera tests in sediment core,
speleothem, ice core, tree rings, and historical documents have been used for
reconstructing paleo climate changes prior to instrumental records. In surface tropical
surface ocean, coral skeletons and bivalve shells have used as powerful tools for
reconstructing tropical climate with high temporal resolution (Fig. 1-1). Bio genetic
carbonate such coral skeletons and bivalve’s shells consist of calcium carbonate and
oxygen isotopes and trace elements have been widely used as the sea surface temperature
(SST), upwelling, and insorration and so on. Bivalve shells had growth lines such as
annual ring and daily growth ring, thus we can estimate the date for geochemical analysis
in the shell specimen. In addition, the growth increments in the bivalve shell reflects
surrounding environment and its growth patterns [Kennish and Olsson, 1975]. The giant
clam (Tridacnidae) is widely distributed over the coral reefs in Indo — Pacific oceans and
forms the largest shells among all bivalves [Rosewater, 1965]. Symbiont algae
(zooxanthellae) in their hypertrophied mantle enable rapid growth, e.g., approximately
15 mm/year in a Tridacna gigas inner shell layer [ Watanabe et al., 2004]. Tridacna shell
has a fast growth rate and large daily growth increment (Fig. 1-2). Therefore, Tridacna
8'"80snen provides high-resolution paleotemperature reconstruction on decadal to century
timescales [ Watanabe and Oba, 1999]. In addition, because giant clam has dense and
thick shell, it is easily to get well preserved fossil sample [Watanabe et al., 2004]. Giant
clam fossil appeared from Eocene, thus we can expect high temporal paleo environment
reconstruction using giant clam shell (Fig.1-3). The studies about paleo environment
reconstruction using giant clam shell mainly have focused the calibration such as
comparing geochemical signals and instrumental environment records. The aim of this
studies was to inspect the possibility of reconstructing short time period climate events,
such as typhoon using geochemical and microstructure signals in the giant clam shell.
Besides, we applied the method of modern shell specimen to the fossil shell specimens
and tried to reconstruct the short-term climate changes in late Miocene, late Pleistocene,

and Holocene when had different climate backgrounds.
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Marine sediments (Marine)

Figure 1.1 | Paleoenvironmental recorders with various temporal resolutions. (modified from
Watanabe, (2002a))
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Figure 1-2: Giant clam shell and its growth increment.

a) to d): Late Miocene Tridacna gigas fossil, b) shell thin section of a),
c) enraged image of b), Scanning electron microscope (SEM) image of
a).

e) to h): modern Tridacna maxima, f) the shell section of e) red lines
showed annual growth lines. g) The shell section stained with Mutvei’ s

solution to observe micro growth increments, h) enraged image of g),
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Figure 1-3. The fossil record of the Tridacnid species and atmospheric CO2 partial
pressure of the Cenozoic.When ancestral type of Tridacnid appeared, the atmospheric
CO3 partial pressure was higher than pCO2 minimum expected in 2100. Modified from

Beerling and Royer (2011), and Harzhauser ef al. (2008).
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Chapter 2: Methods for paleo environment reconstruction studies using giant clam
shell

2.1 Sample preparation

The soft tissues of the modern shell specimens were removed immediately after
collection. After that, the shell specimen was washed with distilled water and dried.
The shell specimen was put into a Polyester Solidifier (p-resin, Geoscience Materials
Nichika) or covered with epoxy bonding agent (quick weld, J-B weld) to prevent breakage
of the shell outer layer structure during cutting (Figure 2.1). The shell was cut in two 10-
mm-thick sections with a stonecutter (blade thickness 0.5 mm, ISOMET 100, Buehler)
along the maximum growth axis (Figure 2.1). One shell section was for geochemical
analysis and the other was for sclerochronological analysis (Figure 2.1). When thin
section needed, the shell was cut into 5 mm-thick section. The sections were polished
with #800, #2000, and #8000 polishing powder. The sections were ultrasonically rinsed
(ultra-sonic bath, SND corp. US-207) in deionized water for 15 minutes between the three
rounds of polishing.

2.2 Evaluation of diagenetic alternation in fossil giant clam shell samples

It is necessary to evaluate diagenetic alternation in the fossil shell specimens
before geochemical analysis. Diagenetic alternation in the shell, such as precipitation of
calcite or secondary aragonite to the pristine aragonite microstructure in the shell is
thought to be the cause of inaccuracy in the paleo environment proxies (McGregor and

Gagan, 2003; Hendy et al., 2007; Sayani et al., 2011; Water et al., 2015). To evaluate the

12



diagenetic alternation in the biogenic carbonate samples, X-ray diffraction (XRD) and
scanning electron microscope (SEM) is generally used for determination of mineral
phases and for determination of secondary carbonate deposition or dissolution
respectively (McGregor et al., 2002; Reuter et al., 2005; McGregor and Abram, 2008;
Sayani et al. 2011; Watanabe et al., 2004; Watanabe et al., 2011; Faylona et al., 2011;
Warter et al., 2015; Warter and Miiller, 2017) (Fig. 2.2). Using staining method for
identification of diagenetic alternation in biogenetic carbonate samples in the field work
is the simple first step in the determining whether the sample is suitable for paleo
environment proxies. Hutchinson (1974) introduced a mineral phases determination flow
chart of carbonate mineral species by staining method (Fig. 2.3). Both Feigl’s solution
method (Feigl, 1934) and Meigen’s solution method (Meigen, 1901) are known to
selectively dye aragonite among calcium carbonate. Feigl’s solution is made by placing
1 g Ag2S04 in 100 ml of % wt % MnSO4 water solution, boil it, cooling it, and filter the
suspension with filter paper. Then add 1-2 drops of NaOH and after 1-2 hour filter again
the solution with filter paper and store in light shielded bottle (Aoyagi, 1975; Kato et al.,
2001). When using this staining solution, the surface of aragonite is stained black, but
calcite is not stained (Htchinson, 1974) (Fig. 2.4). On the other hand, Meigen’s solution
can be used as a staining solution by adjusting cobalt nitrate (II) to distilled water to a
concentration of 10 % by weight (Suzuki et al., 1993, Kato et al., 2001). When suing this
staining solution, the aragonite surface is stained purple, but the calcite is not stained

(Suzuki et al., 1993, Kato et al., 2001) (Fig.2.5).
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Feigl’s staining method is easy to prepare and has the advantage of being able to carry
out the reaction at room temperature, and it can easily distinguish aragonite and calcite
by bringing it to the field work site. Although Meigen’s solution staining method requires
keeping the temperature at 70 °C during reaction, a thin firm of fine particles is formed
on the aragonite, thus it is possible to evaluate more detailed diagenetic alternation. This

staining method is considered to be useful also when observing with SEM observation.

2.3 Sclerochronological methodology

To emphasize the growth increments, one shell section was immersed in Mutvei’s
solution [Schone et al., 2005]. Increments were clearly observed after 15 min of etching
in Mutvei’s solution (500 ml acetic acid 1%, 500 ml glutaraldehyde 25%, and 0.1 g of
alcian blue powder) at 37-40 °C (Figure 1.0 g, h). The other methods to emphasize the
growth increment are making thin section of the shell and peel method (Figure 2.6).
Photographs of the shell section were taken under a digital microscope (KEYENCE VHX
- 2000), and the increment thickness in the outer layer was measured using the image
processing software ImagelJ [Rasband, W.S., 1997-2015.]. The increments were measured
in the recent (edge; collected date) to old direction along the growth axis, corresponding
to the geochemical analysis transect on the other section. By comparing composite
photographs of geochemical and sclerochronological analysis shell sections, we can

determine the calendar date for the geochemical analysis results.
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2.4 Stable Isotope Analysis

Powder samples for isotope analysis were taken from the pair of shell sections.
Each sample was obtained from the parallel to the growth increments using a hand drill
(HP-200S, Toyo associates Co., Ltd., Japan) with a 0.4-mm drill bit (model BS1201,
Minitor Co. Ltd., Japan) (Figure 2.6). The sampling grooves were taken discretely. Hand
drill sampling provided an average width of 400 pm providing 20 - 40 pg powder samples
for isotope analysis. The microsampling stage provided an average width of 300 pm,
length of 1000 pm, and ~200 um depth groove providing 200~300 pug powder samples
for isotope analysis. The 20- to 40-pg powder samples were reacted with 100%
phosphoric acid at 70 °C in a carbonate preparation device (Kiel IV Carbonate preparation
device), and the produced CO was analyzed using a stable isotope ratio mass
spectrometer (Thermo Scientific MAT 253). Isotopic values (5'%0 and §'°C) were one-
point calibrated against National Bureau of Standards (NBS) 19 and reported in standard
0 notation relative to Vienna Pee Dee belemnite (VPDB) and confirmed the calibration
using NBS 18. The standard deviations (1o) for 22 replicate measurements of NBS 19
are 0.03%o and 0.02%o for 3'30 and §'3C as external long-term reproducibility throughout

this study, respectively.

2.5 Analysis of trace elements in the shell
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Barium and calcium concentrations were analyzed by Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) (Agilent 7700 ICP-MS coupled with
New Wave Research NWR193 laser ablation system: 193 nm ArF excimer laser (pulse
width <5 ns)) along the same sampling line used for isotopic analysis sampling. The laser
conditions were below; irradiance 0.82 GW/cm?, repetition rate 10 Hz, and 40 second of
laser duration. The sample surface was cleaned by 5 seconds of pre-ablation. The shell
sample was ablated using a 100-um laser spot, and each spot was adjacent to its neighbor,
without overlap. There were 2 to 6 growth increments in each ablated spot. The
calibration of the signal intensity to the Ba/Ca ratio was performed using glass standard
materials: NIST 612 standard grass distributed by the National Institute of Standard and
Technology [Shirai et al., 2008]. *Ca was used as an internal standard, and '**Ba was
expressed in terms of its molar ratio to *Ca. The analytical error for the Ba/Ca ratio
(relative standard deviation) was within 3.86 % (n =42, 1o NIST612) as external long-
term reproducibility throughout this study. After isotopic and Ba/Ca ratio analysis, the
sampling grooves and spots on the shell section were compared to the growth increment
positions by overlaying photographs of the sections. I also measured Strontium Calcium
ratio (Sr/Ca), Magnesium Calcium ratio (Mg/Ca), and Ba/Ca with an Inductively Coupled
Plasma Optical Emission Spectrophotometer (ICP-OES) installed at Hokkaido University.
Approximately 132 & 15 pg of giant clam powder sample was dissolved in 4 mL of HNOs.
The sample solution for the measurement of trace elements was prepared via serial

dilution with 2% HNO3 for a Ca concentration of ca. 9 ppm. Analytical precision of the
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Sr/Ca, Mg/Ca, and Ba/Ca determinations were 0.06, 0.4, and 5.5 RSD (%, n = 23, 1o,

JCt-1) respectively.
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Figure 2.1

Giant clam shell sample cutting preparation.

(a) The shell specimen was put into a Polyester Solidifier
(p-resin, Geoscience Materials Nichika). Red lines indicate
cutting lines. (b) The shell section which covered with
epoxy bonding agent (quick weld, J-B weld). (c) The shell
sections.
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Figure 2.4

Digital microscope image of Feigl’s
staining method for fossil giant clam
shell specimen. In (d), white allow
indicate the portion that were not
stained.
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Figure 2.5

Digital microscope image
of Meigen’s staining
method for fossil giant
clam shell specimen.

In (d) and (e), white
allows indicate the
portion that were not
stained.
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Comparison of sclerochronologucal methodology
Black lines show dairy growth lines.
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(b)

Figure 2.7
(a) Hand drill and stereo-microscope,
(b) micro sampling stage for shell sample
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Chapter 3: Geochemical and microstructural signals in giant clam Tridacna maxima

recorded typhoon events at Okinotori Island, Japan

Abstract

To validate the usability of the giant clam shell as a recorder of short-term environmental
changes such as typhoons, we collected a live Tridacna maxima from Okinotori Island,
Japan on June 15, 2006. Growth increment thickness, stable isotope ratio (8'®Osghel,
8'3Cshen) and the barium/calcium ratio (Ba/Ca) in the Tridacna maxima shell sample were
measured and compared to Okinotori Island instrumental environmental data. In the outer
layer of the shell sample, there were 365 + 6 growth increments per year, as estimated by
the 8'8Oghenl profile compared with sea surface temperature (SST). The growth increments
in the specimen were formed daily, and thus, we can determine the date of the sampling
points of 8'"®Ognel, 8'*Csneni and the Ba/Ca ratio by counting growth increments. After
typhoons approach, there is a decrease in increment thickness and some disturbed growth
increments. The positive peaks in the shell Ba/Ca ratio and §'*Oghen corresponded to lower
SST caused by typhoons. These results indicated that the microstructural and
geochemical record in Tridacna maxima shells could be useful for detecting past typhoon

events.

1 Introduction
In recent years, with global warming of the climate, there is concern that the frequency

of major tropical cyclones such as typhoons, hurricanes or cyclones will increase [/PCC,
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2013]. The passage of major tropical cyclones is a weather phenomenon that occurs in a
few days but sometimes causes great damage to human society. Clarifying the frequency
of tropical cyclones in an era warmer than the present age would provide important
information for predicting the frequency of tropical cyclones caused by global warming.
Paleotempestology has sought to develop tropical cyclone activities over a large range of
timescales, from daily to millennial-scale reconstructions [Muller et al., 2017]. The more
commonly used archives for past tropical cyclone activities include (1) historical
documentary record, such as official histories, gazettes, newspaper, and civilian writings
like travel logbooks, diaries, poems etc. [Fan and Liu, 2008]; (2) speleothem [Frappier,
2008; Haig et al., 2014], coral-ring [Hetzinger et al., 2008; Kilbourne et al., 2011,
Kilbourne et al., 2011], and tree-ring archives [Li et al., 2011]; (3) beach ridges [Nott et
al., 2009; Forsyth et al., 2010; Nott, 2011a; Nott and Forsyth, 2012]; and (4) coastal
lacustrine, lagoonal, and marsh overwash deposits [Horton et al., 2009; Woodruff et al.,
2009; Williams, 2012]. However, there are no daily records before human history in
historical documents, and it is difficult to clarify individual typhoons due to the
insufficient time resolution of these past tropical cyclone archives. Therefore, a proxy to
clarify the occurrence of typhoons with high temporal resolution is important for high-
resolution paleotempestology applications.

The giant clam (Tridacnidae) is widely distributed over the coral reefs in Indo — Pacific
oceans and forms the largest shells among all bivalves [Rosewater, 1965]. Symbiont algae
(zooxanthellae) in their hypertrophied mantle enable rapid growth, e.g., approximately

15 mm/year in a Tridacna gigas inner shell layer [ Watanabe et al., 2004]. Annual and
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daily growth increments were recognizable in the shells of 7. gigas, T. maxima, T.
squamosa and Hippopus hippopus [Bonham 1965; Pannella and MacClintock 1968;
Aharon and Chappell 1986; Patzold et al. 1991; Watanabe and Oba 1999; Watanabe et
al. 2004; Aubert al., 2009; Sano et al., 2012 Duprey et al. 2014; Warter et al., 2015].
Counting daily growth increments provides us exact deposition dates for daily increments.
This attribute also allows precise dating for geochemical analysis data from a Tridacna
shell [ Watanabe and Oba, 1999; Aubert et al., 2009; Duprey et al., 2014]. Growth pattern
analysis is useful for reconstruction of past environments with daily resolution
[Upwelling: Aubert et al., 2009; Cyclone: Schwartzmann et al., 2011]. In addition,
Tridacnidae precipitates a dense aragonite shell resistant to diagenetic alternation. Growth
increments are well preserved in a fossil shell specimen and give accurate
paleoenvironmental records [Aharon and Chappell 1986, Watanabe et al., 2004; Ayling
et al., 2015; Warter et al., 2015; Warter and Miiller, 2016].

The oxygen-stable isotope ratios (8'30) of a biogenic carbonate-including bivalve shell
is a function of both sea surface temperature (SST) and the oxygen isotopic composition
of the surrounding seawater (8'30sw) [Epstein et al., 1953; Grossman and Ku, 1986]. The
3'%0 of biogenic carbonates sometimes deflects from the isotopic equilibrium with
surrounding sea water; this is called the “vital effect” [Urey ef al., 1952; Horibe and Oba,
1972, e.g., coral skeleton]. However, Tridacna shells calcify essentially in isotopic
equilibrium with surrounding seawater [e.g., Aharon, 1983; Watanabe and Oba, 1999].
5'80 of bivalve shell (8'80snen) is sometimes affected by ontogenetic growth [e.g.,

Goodwin et al., 2003]. However, Tridacna shell has a fast growth rate and large daily

29



growth increment. Therefore, Tridacna &'®Owmen provides high-resolution
paleotemperature reconstruction on decadal to century timescales [ Watanabe and Oba,
1999]. In addition, previous studies have suggested that Tridacnidae shell is secreted in
isotopic equilibrium with seawater [Aharon and Chappell 1986; Jones et al. 1986;
Romanek and Grossman 1989; Aharon, 1991; Watanabe and Oba 1999: Duprey et al.,
2014]. The earlier study of Romanek and Grossman [1989] revealed that the &'8Ognen
profile of the giant clam Tridacna maxima recorded seasonal SST periods. 7. maxima has
the widest distribution in the Indo-Pacific Ocean in Tridacnidae [Moir, 1985] and
generally occurs in geological and archaeological fossil assemblages [Faylona et al.,
2011].

Barium has a nutrient-like distribution in the ocean, and the coralline barium /calcium
ratio (Ba/Ca) has been used as record of upwelling events in the tropical ocean [Lea et
al., 1989]. In bivalve species, common mussel (Mytilus edulis) calcite shell Ba/Ca profiles
appear to show seasonal peaks in Ba associated with changes in particulate Ba, dissolved
Ba or phytoplankton productivity [Gillikin et al., 2006]. Similarly, Ba/Ca peaks in the
inner shell layer of 7. gigas appear to reflect the timing and amplitude of chlorophyll
peaks associated with phytoplankton blooms [Elliot et al., 2009].

In this study, we measured growth increment width, 8'%0smen, and Ba/Ca in Tridacna
maxima from Okinotori Island, a site in the open ocean in the tropical western Pacific.
Okinotori Island is very isolated from any sources of anthropogenic contamination, and
the island is in the path of typhoons approaching Japan (Figure 1). From 1993-1998, 46

of 157 typhoons passed within a radius of 500 km from the island [JAMSTEC].
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According to Japan Metrological Agency’s classification of typhoon zone, 500 to 800 km
radius typhoon is called major typhoon and there is possibility of blowing wind speed of
15m/s or more. 7. maxima from Okinotori Island is thus appropriate for an investigation
of whether the giant clam can be used as a record of abrupt environment changes. The
aim of this study was to validate whether the shell of 7. maxima in Okinotori Island, Japan

could record daily- to weekly-scale environmental events such as typhoons.

2 Materials and Methods

2.1 Okinotori Island and Tridacna maxima sample

Okinotori Island (20° 25'N, 136° 05'E) is the southernmost island (an atoll) in Japan and
is isolated from islands with human inhabitants (Figure 1). Thus, there are few terrestrial
and artificial effects on its coral reefs. According to general seasonal Sea Surface
Temperature (SST) variation for Okinotori Island (statistics processed for April 1993 to
February 2001) reported in Nakano et al. [2001], SST in Okinotori Island monotonously
rises through April to June and reaches up to 29.5 °C in July. SST in Okinotori Island
exceeds 29 °C from June to September. After that, SST decreases gradually from October
to February. The average amplitude of annual SST changes in Okinotori Island is 4.8 °C
[Nakano ef al., 2011]. A living Tridacna maxima specimen was collected at 2 m depth in
the coral reef of Okinotori Island on 15th June 2006, during the cruise KH-06-2 of the
Research Vessel (R/V) Hakuhoumaru. We caught few Tridacna maxima specimen from
the island and we used the youngest shell specimen with fast growth rate to detect the

geochemical and sclerochronological signals during typhoon approaches. The shell was
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12.8 cm long and 8.6 cm tall (umbo-edge) (Figure 2. a). All Tridacnidae in Okinotori

Island are 7. maxima [Yoneyama et al., 2006].

2.2 Sample preparation

The soft tissues of the 7. maxima specimen were removed immediately after collection.
The shell was put into a Polyester Solidifier (p-resin, Geoscience Materials Nichika) to
prevent breakage of the shell outer layer structure during cutting. The shell was cut in two
10-mm-thick sections with a stonecutter (blade thickness 0.5 mm), along the maximum
growth axis (Figure 2. a, b). One shell section was for geochemical analysis and the other
was for sclerochronological analysis (Figure 2. b, c, d). The sections were polished with
#800, #2000, and #8000 polishing powder. The sections were ultrasonically rinsed (ultra-
sonic bath, SND corp. US-207) in deionized water for 15 minutes between the three

rounds of polishing.

2.3 Sclerochronological methodology

To emphasize the growth increments, one shell section was immersed in Mutvei’s
solution [Schone et al., 2005]. Increments were clearly observed after 15 min of etching
in Mutvei’s solution (500 ml acetic acid 1%, 500 ml glutaraldehyde 25%, and 0.1 g of
alcian blue powder) at 37-40 °C (Figure 2. d). Photographs of the shell section were taken
under a digital microscope (KEYENCE VHX - 2000), and the increment thickness in the
outer layer was measured using the image processing software ImagelJ [Rasband, W.S.,

1997-2015.]. The increments were measured in the recent (edge; collected date) to old
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direction along the growth axis, corresponding to the geochemical analysis transect on
the other section (Figure 2d). By comparing composite photographs of geochemical and
sclerochronological analysis shell sections, we can determine the calendar date for the

geochemical analysis results.

2.4 Stable Isotope Analysis

Powder samples for isotope analysis were taken from the pair of shell sections (Figure
2¢). Each sample was obtained from the parallel to the growth increments using a hand
drill (HP-200S, Toyo associates Co., Ltd., Japan) with a 0.4-mm drill bit (model BS1201,
Minitor Co. Ltd., Japan) (Figure 2d). The sampling grooves were taken discretely and
had an average width of 400 um, providing 20 - 40 pg powder samples for isotope
analysis. Each sampling groove contained 8 - 36 increments depending on shell growth
rates (Figure 2 c). The 20- to 40-ug powder samples were reacted with 100% phosphoric
acid at 70 °C in a carbonate preparation device (Kiel IV Carbonate preparation device),
and the produced CO; was analyzed using a stable isotope ratio mass spectrometer
(Thermo Scientific MAT 253). Isotopic values (5'%0 and §'3C) were one-point calibrated
against National Bureau of Standards (NBS) 19 and reported in standard 6 notation
relative to Vienna Pee Dee belemnite (VPDB) and confirmed the calibration using NBS
18. The standard deviations (1c) for 22 replicate measurements of NBS 19 are 0.03%o
and 0.02%o for 8'30 and §'°C as external long-term reproducibility throughout this study,

respectively.
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2.5 Analysis of the Barium / Calcium Ratio

Barium and calcium concentrations were analyzed by Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) (Agilent 7700 ICP-MS coupled with
New Wave Research NWR193 laser ablation system: 193 nm ArF excimer laser (pulse
width <5 ns)) along the same sampling line used for isotopic analysis sampling (Figure
2¢). The laser conditions were below; irradiance 0.82 GW/cm?, repetition rate 10 Hz, and
40 second of laser duration. The sample surface was cleaned by 5 seconds of pre-ablation.
The shell sample was ablated using a 100-um laser spot, and each spot was adjacent to
its neighbor, without overlap. There were 2 to 6 growth increments in each ablated spot.
The calibration of the signal intensity to the Ba/Ca ratio was performed using glass
standard materials: NIST 612 standard grass distributed by the National Institute of
Standard and Technology [Shirai et al., 2008]. **Ca was used as an internal standard, and
13¥Ba was expressed in terms of its molar ratio to **Ca. The analytical error for the Ba/Ca
ratio (relative standard deviation) was within 3.86 % (n = 42, 1o NIST612) as external
long-term reproducibility throughout this study. After isotopic and Ba/Ca ratio analysis,
the sampling grooves and spots on the shell section were compared to the growth

increment positions by overlaying photographs of the sections.

2.6 Environmental Data
The SST in Okinotori Island was observed by the Japan Agency for Marine—Earth
Science and Technology (JAMSTEC; SST data available at the JAMSTEC Okinotori

Island Web site, http://www.jamstec.go.jp/j/database/okitori/index.html). The SST was
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measured in 40-minute intervals at an automatic observatory in Okinotori Island. These
datasets were converted into daily averages to compare to the temporal resolution of the
isotope analysis. The data on temporal chlorophyll-a concentrations (8-day binned data
available at NASA’s Ocean Color Web, http:// oceancolor.gsfc.nasa.gov/) were obtained
from a 9 km by 9 km pixel containing Okinotori Island in SeaWiFS (Sea-viewing Wide
Field-of-view Sensor) [McClain et al., 2004] by Yamazaki et al. (2011). The outgoing
long-wave radiation (OLR) is the intensity of infrared emission from ocean, land or cloud
surfaces, which decreases with cloud cover. Cloud surfaces emit relatively short-wave
radiation, reflecting the cooling temperature altitude. In contrast, warming surfaces emit
long-wave radiation. In the tropical zone, low OLR values show active convective activity
and much rainfall. OLR can be used as an indicator of high sunlight-like OLR in strong
sunlight [Shupe and Intrieri, 2004]. Typhoons that passed over Okinotori Island were
defined from the past position of typhoons in a weather chart (Japan Meteorological
Agency), and the wind speed at Okinotori Island was observed by JAMSTEC (wind speed
data available at http://www.jamstec.go.jp/j/database/okitori/index.html).

3 Results

3.1 Sclerochronological record and Chronology for 7. maxima

The growth increments in the shell section appeared under microscopic observation as a
pair of less-etched white lines (growth lines) and deeply etched blue bands (growth
increments) when stained with Mutvei’s solution (Figure 2d). There were 937 increments
observed in the shell section (5-time replication counting error was within +1.3 % of

increments number). The thicknesses of the increments ranged from 6.16 to 59.9 um, and
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the average thickness was 25.2 um. Bivalves sometimes form irregular growth increment
patterns called “growth breaks” [Kennish, 1980]. There is a distinct growth break
characterized by a deep V—shaped notch in the outer shell layer at the 230th growth
increment counted from the shell edge and the growth break continued to the
measurement part (Figure 2c, d). In addition, there are growth breaks in which width
suddenly decreased appearing at the 98th, 122nd, 241st, 411th, 617th, 795th, 831st, and
858th growth increments (Figure 3 arrow marks).

To assign calendar dates to the isotope ratios and Ba/Ca ratio, the age model was
established using the number of growth increments (Figure 3). The growth increments in
Tridacna maxima shells are formed daily, i.e., they are a “daily growth increment”
[Duprey et al., 2014]. We determined the date of sampling spots for §'0, §!°C and the
Ba/Ca ratio by counting growth increments from the shell edge (collected on 15th June
2006) toward each center of sampling spot (Figure 3). The shell §'®0 minima were at the
108th, 455th, and 886th increments and assigned as 28th February 2006, 18th March 2005
and 12th January 2004 (Figure 3, vertical lines). For shell §'%0, we assigned the calendar
date to each isotope ratio and the Ba/Ca ratio.

To confirm the accuracy of daily growth increment counting, we counted the number of
growth increments between the shell §'®0 maxima (Figure 3c). The number of days
between the SST minimum and the next year SST minimum were 124 days during period
A (15th June 2006 to 12th February 2006; Figure 3 A), 343 days during period B (12th
February 2006 to 7th March 2005; Figure 3 B) and 428 days during period C (7th March

2005 to 5th January 2004; Figure 3 C). The number of growth increments between the
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shell §'%0 maxima were 108 during period A, 348 during period B and 432 during period
C (Figure 3). When 8'®0gen maxima correspond to the date of SST minima, the number
of days and the number of growth increments coincide. The differences between the
number of days and growth increments (day - increments) were 16 in period A, -5 in
period B and -4 in period C (Figure 3). Consequently, the number of increments between
the shell §'%0 maxima almost corresponded with the number of days within increments
counting error.

To validate the daily growth increment-based chronology, we established another
chronology using the relationship between 16.6-day average SST and 8'®Osnen. The
resolution of the micro sampling for §'®Oshen analysis was approximately 400 um, and
there were 8 to 36 growth increments in the sampling grooves. On average, each §'®Osnen
datum reflected the 16.6-day average SST and §'80sw. We calculated the 16.6-day
average SST from daily instrumental SST. The dates of the 16.6-day average SST minima
in each year were 23rd January 2006, 13th March 2005, and 7th January 2004,
respectively. There was no significant difference in SST minima between the 1-day
average SST and 16.6-day average SST except for 2006. As time control points, maxima
of the 8'8Oghenn were tied to the minima of the 16.6-day average SST. For 16.6-day average
SST-based chronology, the dates and the number growth increments during each SST
minima were as follows. From 15th June 2006 (collected date) to 23rd January 2006 (143
days), the number of growth increments was 107. From 23rd June 2006 to 13th March
2005 (315 days), the number of growth increments was 347. From 13th March 2005 to

7th January 2004 (432 days), the number of the growth increments was 431. Thus, using
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the 16.6-day average SST-based chronology, the differences between the number of days
and the growth increments were 36, -32, and 1, respectively. Therefore, the chronology
based on daily growth increments was more accurate than the age model established from
the chronology using SST and §'*Oghel.

These results showed that the growth increments in our specimen formed growth
increments on a daily basis and confirmed the accuracy of a daily growth increment-based

chronology.

3.2 Stable isotope ratios in Okinotori 7. maxima

The shell §'*0 ratios of the 7. maxima shell ranged from -1.81 to -0.38%o with an average
of -1.25%o (n = 57) (Figure 3d). Lower §'%0 values in biogenic carbonates are normally
associated with warmer and/or wetter conditions. The shell 8'30 ratios and SST were
correlated with SST (r = 0.62, p < 0.001) from 21 November 2003 to 5 June 2006. The
8'3C ratios of the 7. maxima shell ranged from 0.40 to 1.23%o with an average of 0.81%o
(n=57) (Figure 3c). The §'°C ratios decreased during the period of lower SST (winter or

typhoon season, e.g., 2004, 2005) (Figure 3c, 3e).

3.3 Ba/Ca in Okinotori 7. maxima
The Ba/Ca ratios of the 7. maxima shell ranged from 0.53 to 3.06 umol/mol, with an
average of 0.79 umol/mol (n = 245) (Figure 3a). The Ba/Ca profile showed sharp positive

peaks. The Ba/Ca peaks appeared (Figure 4, 2004: 19th April, 7th June, 29th August;
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2005: 30th March, 27th April, 18th June, 27th July, 8th October). The highest peak (3.07
umol/mol) was in August - September 2004 when four typhoons passed across Okinotori
Island in succession. However, there was also a Ba/Ca peak at 19th April and the end of

March 2005, even though no typhoon approached (Figure 4a, 4e).

4 Discussion

4.1 Shell growth increments and chronology

Comparison of SST records and §'®Oshent confirms that the growth increments in Tridacna
maxima were daily growth increments and confirms the accuracy of the daily growth
increment-based chronology. The two error factors for calendar date were uncertainty of
the peak position of §'®Osheir and formation of the growth increment. The difference in the
chronology on a daily growth increment basis was large in period A. Since low SST
continued in the winter of 2006, the date for the 3'®*Oshen maximum may not coincide with
the date of minimum water temperature. In addition, abrupt SST decreases on 12th
February 2006 may have caused thermal stress to the specimen, and the specimen stopped
or decreased growth, causing a growth break (14th February 2006) (Figure 3b). The
Tridacna maxima specimen stopped growth and did not make a growth increment when
the specimen was exposed to thermal stress. However, in periods B and C, the remainder
(number of days — that of increments) showed more growth increments than the number
of days between SST minima (5 and 4, respectively) (Figure 3). These disagreements
were within counting error (£1.3 % of increments number). Duprey et al. [2014]

suggested 7. maxima sometimes made complex daily growth increments (sub-daily
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growth increments) and it might be related to sub-daily rhythms in shell deposition itself
related to sub-daily shell gaping behavior in 7. maxima. Therefore, our specimen could
also make complex growth increments and it might cause of over counting of growth
increments. Although there was some uncertainty in of counting the growth increments,
we could assign dates to geochemical analysis data using a daily growth increment-based
chronology with 12.9%, 1.5%, and 0.9% counting error in periods A, B and C respectively

(Figure 3).

4.2 Shell stable oxygen isotope ratios

In this study, the §'®Osw in Okinotori Island is unknown, therefore we assumed that §'*Og
was 0 %o and used the aragonitic shell bivalves relationship: T (°C) =21.8 — 4.69 * (§'*0
— 8"80sw) [Grossman and Ku, 1986] for reconstruntinon of Okinimnotori Island SST. The
instrumental SST and reconstructed SST differed. Causes of the differences are
considered below.

First, insufficient sampling resolution of 8'*Oghei is a likely contributing factor. In March
2005, a reconstructed SST minimum (25.7 °C) was approximately 3 °C higher than the
instrumental SST minimum (22.86 °C). In March 2005, the growth increment thickness
suddenly fell below 20 um for 26 days (23rd February 2005 to 21st March 2005) with
SST decrease (Figure 3b, €). The sampling point of maximum §'®Ogpen in 2005 included
growth lines corresponding to 5th March to 25th March 2005. The average instrumental

SST from 5th March to 25th March 2005 was 24.28 °C. Therefore, the disagreement
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between the reconstructed SST and instrumental SST in March 2005, was caused by a
decreasing growth rate and reduction in the temporal resolution of §'3Oghen.

Second, the higher oxygen isotope ratios of sea water may cause the difference. The
reconstructed SST minimum in February 2006 (23.6 °C), corresponded with the
instrumental SST minimum in February 2006 (23.48 °C). However, from April to June
20006, the reconstructed SST was 1 °C higher than the instrumental SST. In this period,
high OLR indicated that insolation promoted evaporation of sea water. The evaporation
might lead to higher oxygen isotope ratios of sea water. Third, thermal stress to the giant
clam might cause the differences. In January 2004, the reconstructed SST minimum
(24.9 °C) almost corresponded with the instrumental SST minimum (24.11 °C). However,
from October 2004 to February 2005, the reconstructed SST maximum (29.2 °C) was
approximately 3 °C lower than the instrumental SST maximum (32.28 °C). After three
typhoons from 25th August 2004 to 7th September 2004, the instrumental SST increased
6.06 °C during the period from 7th September 2004 to 20th October 2004. This SST
increase (6.06 °C) was higher than the annual average SST amplitude (4.8 °C), and the
SST reached 32.38 °C on 20th October 2004. In addition, the SST above 30 °C might
stress the giant clam specimen [Andréfouét et al., 2013]. Instrumental SST above 30 °C
continued from 26th September 2004 to 16th December 2004. Indeed, the growth
increment thickness fell below 30 um from 16th November 2004 to 22nd December 2004
(Figure 3b). The continuous high SST might hinder the growth of giant clam specimens.
However, the decrease in growth caused by thermal stress was not a sufficient reason for

the disagreement between the reconstructed SST and instrument SST at that time. The
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two 8'%0gnen values around November to December 2004, reflected SST from 2nd
November 2004 to 13th November 2004 and from 17th November 2004 to 6th December
2004, respectively (Figure 3 d, e). The average SST from 2nd November 2004 to 13th
November 2004 was 31.89 °C, and the average SST from 17th November 2004 to 6th
December 2004 was 30.77 °C. The disagreement between the reconstructed and
instrumental SST in October 2004, was not completely explained by the reduction in the
temporal resolution of §'®Ognen with shell growth decrease.

Consequently, §'®Ognen reflected annual SST fluctuation, while the reconstructed SST

from 8'®Ognen is affected by the sampling resolution of the shell growth.

4.3 Synchronous geochemical and microstructural signals in the giant clam shell
with approaching typhoons

The World Meteorological Organization (WMO) category of typhoons passing above
Okinotori Island are shown as black circles (category 5: maximum wind speed above 33
m/s) and gray circles (category 3: maximum wind speed from18 to 24 m/s; category 4:
maximum wind speed from25 to 32 m/s) above the SST profile (Figure 3, 4). We
distinguished the typhoons affected to the specimen habitat using the WMO category and
whether the typhoons were within more than 500 km from Okinotori Island. We
compared the time series of §'%Osnen, Ba/Ca, and increment thickness of the giant clam
specimen to metrological data (Figure 3, 4). The shell Ba/Ca and §'¥Oghen profiles

showed abrupt changes during periods of typhoons approach (Figure 3, 4). In addition,
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there was a decrease in increment thickness and some disturbed growth increments after
typhoon approach. The shell Ba/Ca and 8'®Ogen had positive peaks and decreasing

increment thickness when SST suddenly decreased in May 2004.

4.3.1 Growth increments and growth breaks -

Hippopus hippopus (Tridacnidae; Linné, 1758) closes its valves and decrease its shell
growth during an intense upwelling event [Aubert et al., 2009] and cyclone [Schwartzman
et al.,2011]. In addition, Aubert et al. [2009] suggested that abrupt SST decrease caused
a decrease in growth increment thickness. Our specimen (7ridacna maxima) can also
close its valves and decrease its shell growth when typhoon approaches. Indeed, there
was a decrease in growth increment thickness during typhoon periods (Figure 3b, 4b).
Cold upwelling water and strong waves caused by typhoons could stress the shell
specimen. Shell growth quickly returned to normal after the typhoons (Figure 3b, 4b).
The specimen had nine growth breaks in its growth increments (see section 3.1). Previous
studies revealed that the growth increment pattern of several bivalve species relates to
environmental changes. For example, a growth break in hard-shell clams (Mercenaria
mercenaria) 1s classified as a Freeze-shock break, Heat-shock break, Thermal-shock
break, Abrasion break, Spawning break, Neap-tide break or Storm break via its
microgrowth patterns [ Kennish and Olsson, 1975]. However, sclerochronology studies of
giant clam are scarce [Aubert et al., 2009; Schwartzman et al., 2011]. Daily growth
increments for giant clams would be a paleoenvironmental proxy with high temporal

resolution. In our results, the 7. maxima shell specimen had some growth breaks (arrows
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in Figure 2, Figure 3b, and Figure 4b). In particular, the distinct growth break around
November 2005, characterized by a V-shape notch, was observed from the shell scute
surface to the shell outer layer (white arrow in Figure 2d, Figure 3c, and Figure 4b). On
3rd September 2005, the most powerful typhoon passed through the meteorological
observation in Okinotori Island during 1993 - 2013. Another distinct break characterized
by a notch in the shell outer layer corresponded to September 2004, when continuous
typhoons passed the island (Figure 4e). These growth breaks suggest that typhoons can
disturb the giant clam specimen habitat; simultaneously decreasing SST would be a stress
for the specimen.

Environmental factors but also ontogenetic factors cause growth breaks. For instance, a
spawning break could be a factor for growth breaks. Kubo and Iwai [2006] reported that
T. maxima reaches sexual maturity at approximately 120 mm of shell length or 500,000
mm?® volume. Furthermore, 7. maxima in Okinawa Island in southern Japan increases
gonad development in spring [Kubo and Iwai, 2006]. Although the timing of gonadal
development of 7. maxima in Okinotori Island is unknown, our 7. maxima specimen shell
length was 12.8 mm. Thus, the specimen likely reached sexual maturity, and reproduction
may cause the growth breaks in the spring of each year (Figure 4b). It is possible to
differentiate spring growth breaks (mainly seasonal spawning) and fall breaks (mainly

typhoons) from its seasonality.

4.3.2 8'30shen and SST decrease with the typhoon
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The instrumental SST rapidly decreased after typhoons approached Okinotori
Island (Figure 3e, 4e, Table 1). The base of Okinotori Island is a seamount from the deep
sea (approximately 2500 m) that causes upwelling [ Genin and Boehlert, 1985]. Heavy
winds due to tropical cyclones also causes upwelling [Price, 1981]. Consequently,
typhoons approaching Okinotori Island cause upwelling and decreasing SST in the
Okinotori Island reef. In addition, typhoon precipitation also causes decreased SST.
The 8'8Osnen reflected SST changes caused by typhoons (summary in Table 1).
For example, huge typhoons approached Okinotori Island on 29th August 2005 and
especially 3rd September 2005 (maximum wind speed 72 m/s) (Figure 4e). The
instrumental SST decreased 3.08 °C from 1st September 2005 (29.31 °C) to 7th
September 2005 (after two typhoons, 26.23 °C), and the SST increased 2.56 °C to 15th
September 2005 (28.79 °C) (Figure 4e). The reconstructed SST from &'®Oghen
correspondingly decreased 2.2 °C at that time (Figure 4d).
There was a sharp decline in the SST with of 2.70 °C from 20th May 2004 (29.86 °C) to
24th May 2004 (27.41 °C) without typhoon (Figure 4e). The reconstructed SST from
8'80snen correspondingly decreased 1.5 °C at that time (Figure 4d).
The reconstructed SST changes were sometimes smaller than the instrumental SST
changes when typhoons approached. On 15th July 2005 when the typhoon approached,
the instrumental SST decreased 2.17 °C from 14th July (30.28 °C) to 16th July (28.11 °C)
(Figure 4e). However, the reconstructed SST from &'®Osnen decreased 0.8 °C (Figure 4d).
The OLR decreased when the typhoons approached, suggesting the development of

cumulonimbus. The cumulonimbus caused precipitation, and 830w decreased. Rainfall

45



led to low 8'®Osnen, and the reconstructed SST changes were consequently smaller than
the instrumental SST changes, reflecting the combined effects of low §'%0 rainwater and
high 8'®0snen due to cooler SSTs. When typhoons approached Okinotori Island, as in
September 2004 and September 2005, there were lags between the minima of the
instrumental SST and the maxima for §'®Ognen (Figure 4d, 4e, Table 1). These lags could
result from the different geographical locations of the observatory and specimen. Because
the location of the specimen was separated from the channel of the Okinotori Island reef,
it might have delayed the SST decrease due to typhoons. Additionally, the insufficient
sampling resolution could not reconstruct the minima of decreasing SST in the typhoon
periods exactly.

Consequently, §'®Ognen reflected SST decreases due to typhoons and the higher resolution

5'80snen may clearly reflect the SST changes caused by the typhoons.

4.3.3 Ba/Ca in T. maxima

Ba/Ca peaks in the 7. maxima shell specimen appeared when a typhoon approached
Okinotori Island (Figure 4a, e). Elliot et al. [2009] suggested that the amplitude and
timing of Ba/Ca peaks in the inner layer of the Tridacna gigas shell reflected the increase
in chlorophyll concentration associated with phytoplankton blooms. Previous studies
have suggested that Ba concentration in the bivalve shell reflects the concentration of
dissolved or particulate Ba in ambient sea water [Lazareth et al., 2003; Vander Putten et

al.,2000] and Ba-rich phytoplankton ingested by the shell specimen [Stecher et al., 1996].
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However, in the Tridacna shell, the exact mechanisms of Ba concentration in the shell
have not been defined.

To investigate the mechanisms of Ba concentration in the Tridacna shell, we compare the
Ba/Ca peaks and meteorological data. We compared the timing of the chlorophyll
concentration near Okinotori Island with the Ba/Ca peaks in the shell specimen to
estimate the effect of phytoplankton ingestion on the Ba/Ca peaks (Figure 4). The Ba/Ca
peaks in the shell coincided with the chlorophyll peaks in April 2004, in June 2004, in
September 2004, in March 2005, in April 2005, from September to November in 2005,
and from April to May in 2006 (Figure 3a, 3g 4a, 4g). Yamazaki et al., [2011] reported
that vertical mixing carried nutrients from deeper water to sea surface of Okinotori Island.
Thus, the chlorophyll concentration increased during the period of the low SST and in
typhoon seasons, which indicated the timing of vertical mixing and phytoplankton bloom.
The Ba/Ca peaks in June 2004, March 2005, and October 2005 did not coincide with
typhoons but corresponded with chlorophyll peaks and SST decreases (Figure 4a, 4e, 4g).
The period of the Ba/Ca peaks did not always correspond to chlorophyll peaks. The Ba/Ca
peak in June 2005, July 2005, and August 2005 when the typhoons approached Okinotori
Island did not coincide with chlorophyll concentration (Figure 4a, 4g). Chlorophyll data
consisted of the 8-day average of the satellite observation, and thus, the amplitude and
the timing of chlorophyll concentration might be underestimated because developed
cumulonimbus which estimated by low OLR values in these periods prevented satellite
observation. In addition, shell Ba/Ca may be controlled not only by not ingestion of

phytoplankton but also by variation in dissolved Ba in seawater. The vertical distribution
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of oceanic Ba is similar to that of nutrients [e.g., Lea et al., 1989; Monnin et al., 1999].
Upwelling due to typhoons could bring Ba-rich deep sea water to the surface of the
Okinotori Island reef. Yamazaki et al. [2011] measured coral skelet al Ba/Ca in Porites
lobata from Okinotori Island during the same period as this study, suggesting that coral
Ba/Ca peaks and oceanic chlorophyll peaks appeared in typhoon season and winter with
the supply of nitrate from deep sea water. In addition, the coral Ba/Ca ranged from 5 to
14 pmmol/mol and averaged 6.6 pmmol/mol [Yamzaki et al., 2011], with different
amplitude and values from the Tridacna maxima shell Ba/Ca (0.53 to 3.06 umol/mol,
averaged 0.79 umol) in this study. Because Ba in the coral skeleton reflects seawater-
dissolved Ba, with a partition coefficient of D, = [Ba/Ca]she/[Ba/Ca]water = 1 [Lea et al.,
1989; Alibert et al., 2003], Dga in T. maxima might be smaller than coral Dg.. Comparing
the Ba/Ca results in this study to those in Yamazaki et al. (2011), the T. maxima shell
Ba/Ca peaks did not appear in winter (Figure 4a, S2). The coral skelet al/ Ba/Ca peaks in
winter were relatively smaller than the Ba/Ca peaks in the summer typhoon season. Thus,
Ba/Ca peaks in winter did not appear in the 7. maxima shell due to small Dg.. However,
Ba/Ca peaks in T. maxima clearly appeared in each typhoon period because the shell
specimen had high temporal resolution records. Our sampling resolution (100um spot: 2
to 6 day) was sufficient to detect the typhoons. The range of shell Ba/Ca peaks suggested
the influence of typhoons continued for 12.9 day (min. 8 day and max. 21day) (Figure 4).
Ba/Ca peaks in the 7. maxima specimen shell could be affected by the upwelling of Ba-

rich seawater and its ingestion by phytoplankton, which bloomed due to this upwelling.
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In summaryi, it is expected that the shell Ba/Ca peaks, the decrease in growth increment
thickness, and the increase in oxygen isotope ratio of the 7. maxima shell in Okinotori
Island will occur as follows, regarding typhoons. During a typhoon, the giant clam closes
its shell, the growth of the shell decreases, the growth increment thickness decreases, and
sometimes, growth breaks with a sharp decrease in thickness appeared.

Okinotori Island is an atoll on the seamount, and thus, surface seawater was mixed with
cold water from below the thermocline by the typhoon, and cold deep sea water upwelled.
As aresult, cold deep sea water increases 8'®Osheir. Since deep seawater has more Ba than
surface sea water, Ba was captured from the surrounding seawater in the calcium
carbonate of the shell, increasing Ba/Ca in the shell when shell growth recovered from
typhoon stress. In addition, deep sea water transported by upwelling due to a typhoon and
vertical mixing in winter was abundant in nutrients, sometimes causing plankton blooms
(chlorophyll concentration in sea water increases). The giant clam ingested these
phytoplankton, and thus, significant Ba was taken up in the shell. Moreover, when the
stress of environmental factors such as abrupt SST decreases and ecological stresses such
as spawning time occur, the growth increment thickness decreases, and Ba/Ca peaks may
occur.

5 Conclusions

We presented seasonal variations in §'®Ogshein, 8'°Cshen, Ba/Ca, and growth increment
thicknesses in the Tridacna maxima shell from Okinotori Island. By counting the daily
growth increments in the shell, it is possible to determine the exact date for geochemical

analysis. In addition, §'®Ognen reflected seasonal variations in SST. When typhoons
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approached Okinotori Island, the growth increment thickness decreased, &'8Osnen
increased, and the Ba/Ca showed positive peaks. The increment thickness of the T.
maxima decreased with typhoon stress. Although, similar patterns in growth and
geochemistry that occur in spring are attributed to seasonal spawning behavior rather than
typhoons which are restricted to summer and fall occurrence. An increase in &'*Ogheln
during typhoons reflected a decrease in SST due to the typhoon. High resolution sampling
for stable isotope analysis will improve the reconstruction of SST changes during typhoon
periods. Positive peaks for Ba/Ca in the shell are considered to reflect upwelling and
plankton blooms resulting from typhoons. Although the cause of the Ba/Ca peaks varies
by region, these results suggest that by combining the growth increments and §'*Ogpel,
these signals will be a useful tool to reconstruct past typhoons using giant clam shell
fossils.
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Figure 1. (a) Location of Okinotori Island (black circle; 20°25'N, 136°05'E). (b)
Okinotori (20°25'N, 136°05'E) and sampling point (star), and (c) trajectory of typhoons
1993 — 1998 (Modified from Iwao et al., 2002). Okinotori Island locates passage of

typhoons approach Japan. 46 (red) of 157 (blue) typhoons passed in radius of 500km from

Okinotori Island.
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Figure 2. The shell samples of Tridacna maxima specimen. (a) The whole Tridacna
maxima valve. The dotted line shows maximum growth axis. (b) Thick shell sections
from maximum growth axis. The left one is for geochemical analysis and the right one is
for sclerochronological analysis, outer layer (OL), inner layer (IL), hinge area (H), (c)
sampling design for geochemical analysis, and (d) microscopic image of the shell
microgrowth lines. (A) is enlarge image of the shell edge and shows sampling design for
geochemical analysis in another shell section and (B) is enlarge image of the growth break

in the shell ornamentation. The growth break continued to sampling line.
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Figure 3. The time series of the geochemical and sclerochronological profiles in the
Tridacna maxima shell and the environmental data of Okinotori Island.

(a) Ba/Ca ratio in the shell, (b) growth increment thickness in the shell (thin line: row
plots, solid line: 10-day average plots). Black and white arrows show growth breaks
and white one is distinct growth break (see Fig.2), (c) carbon isotope ratio in the shell
(8"3Csnen), and (d) oxygen isotope ratio in the shell (8'30snen). The §'%0 y-axis is reversed
for better comparison with the instrumental SST data. The numbers below the profile are
the number of DGI (DGI: daily growth increments) between &'8Osnen minima to the other
minima. (e) Daily sea surface temperature (SST) from the observatory of Japan Agency
for Marine-Earth Science and Technology (JAMSTEC). The numbers above the profile
are the number of the days between SST minima to the other minima. Category of the
typhoons passing above Okinotori Island was shown as black circles (category S5:
maximum wind speed larger than 33 m/s) and gray circles (category 3: maximum wind
speed 18 to 24 m/s, category 4: maximum wind speed 25 to 32 m/s) above the SST profile.
Maximum wind speed is 10-minute average of wind speed, (f) weekly outgoing long-
wave radiation (OLR) from satellite data of NOAA, and (g) Chl-a concentration

calculated from 8-day composite image of Sea WiFS.
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Figure 4. Enlarge images of typhoon periods described in Figure 3. (A) 2004 and (B)
2005

typhoon periods respectively. (a) Ba/Ca ratio in the shell, vertical lines show the Ba/Ca
peaks. (b) Growth increment thickness in the shell (thin line: row plots, solid line: 10-day
average plots). Black and white arrows show growth breaks and white one is distinct
growth break (see Fig.2), (c) carbon isotope ratio in the shell (§!*Cshen), and (d) oxygen
isotope ratio in the shell (8'®Osnen). The §'%0 y-axis is reversed for better comparison with
the instrumental SST data. (e) Daily sea surface temperature (SST), (f) weekly outgoing
long-wave radiation (OLR) from satellite data of NOAA, and (g) Chl-a concentration

calculated from 8-day composite image of Sea WiFS.

Year 2004 2005

25th Aug., 3rd
Typhoon date No typhoon Sep., and 7th
Sep.

15th Jul.,,and  29th Aug., and

ot Jim 23rd Jul. 3rd Sep.

SST decrease 20th to 24th 3rd Aug. to 7th | 6th Jun. to 16th  15th Jul. to 30th  1st Sep. to 14th

periods (days) May (5) Sep. (35) Jul. (11) Jul. (16) Sep. (15)
Instrumental
SST changes 2.45 3.09 1.3 2.17 3.08
()
Reconstructed

20th May to 29th Aug. to
15th Jun (26)  29th Sep. (31)

29th May to  19th Jul. to 8th ~ 25th Sep. to

SST period 8th Jun (10) Aug. (20) 28th Oct. (33)

(days)
Reconstructed

SST changes 1.5 2.8
(C)

1.2 0.8 2.2

18
g Oshcll

changos %) 0.33 0.59

0.26 0.18 0.47
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Table 1. The instrumental and reconstructed SST changes during typhoon period and
SST decrease period.

SST decrease periods (days) indicate the SST decrease period due to the typhoons.
Instrumental SST (°C) indicate the amplitude of instrumental SST changes during the
typhoon period. Reconstructed SST periods (days) were decided using daily growth
increment dating. Reconstructed SST (°C) and 8'®Osnen changes (%o) showed the
amplitude of reconstructed SST and &'®Osnen changes during the typhoon period

respectively.
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Chapter 4: Late Pleistocene MIS 3 high temporal resolution climate reconstruction

using giant clam fossils in Kikai Island, Japan

1. Introduction

Pleistocene was 258.8 million years ago (Ma) to 0.0117 Ma and has been
characterized by glacial-interglacial climates. Especially, Marine Isotope Stage 3 (MIS-
3) has been characterized by short cycle and high amplitude climate changes known as
Dansgaard-Oeschger cycles [Dansgaard ef al., 1993] . Besides, MIS-3 was the period
of drastic changes in human history. For example, extinction of Neanderthal and
immigration of Homo sapiens to Europe[Andel, 2002; d’Errico and Goiii, 2003]. For
example, Ice core, and lake deposits have been used for reconstructing MIS-3 climate
changes [Van Meerbeeck et al., 2011; Swann et al., 2005]. These paleo environments
proxies have several dozen to hundred years resolution even so using high temporal
resolution methods. On the other hand, coral skeleton and bivalve shell have daily to
centennial temporal resolution climate information. Thus, we can evaluate the influence
of climate changes for the human society using coral skeleton and bivalve shell.

Kikai island, Kagoshima, Japan is characterized by a high uplifted rate, which
was estimated to be 1.7 m/kyr based on the altitude of the MIS-5e¢ terrace on top of the
island [Ota and Omura, 1992]. This characteristic allows us to obtain fossil coral or giant
clam specimens from late Pleistocene to Holocene continuously. Especially, the sea level
of MIS-3 was 30 m lower than that of today(Sasaki et al., 2004), MIS-3 coral reefs is

unique and limited in high uplift area such as Huon peninsula in Papua New guinea, and
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Kikai island. In addition, Kikai island where locates between North-pacific and East
China sea has been affected by monsoon and typhoon. Thus, Kikai island is an unique
site for revealing the climate changes in Pleistocene to Holocene East Asia.

In this study, fossil and modern giant clam shell specimens were obtained from up rifted

coral reefs in Kikai island to reconstruct MIS-3 short term climate changes.

2. Materials and Methods
2-1. Giant clam shell samples

The three fossil and one modern giant clam shell specimens were obtained from Kikai
island (Figure 4-1). The soft tissues of modern specimen were removed immediately. The
sample ages were datamined using radiocarbon date for Holocene samples and U/Th date
of the coral fossil which was obtained from same stratigraphy (Nalkaya et al., 2016,
Watanabe T. K. in preparation). The species of the fossil giant clam specimens were
decided by shell form shows in Table 4-1. The shell was cut in two 5-mm-thick sections

with a stonecutter (blade thickness 0.5 mm), along the maximum growth axis.

2-2. Evaluation of diagenetic alternation and dating in fossil samples

It is important to evaluate the fossil preservation when reconstruct paleo
environment using fossil biogenetic carbonates. In fossil giant shell specimen, the pristine
shell aragonite sometimes altered to calcite, and or secondly aragonite precipitation
occurred [Faylona et al., 2011] . For example, the concentration of trace element in the

altered coral skeleton and giant clam shell did not preserve original values (Coral
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skeleton: McGregor and Gagan, 2003, Giant clam shell: Warter et al., 2015). Mineral
phase of fossil specimens was checked using X-ray diffraction machine (MiniFlex II) in
Hokkaido University Institute for the Advancement of Higher Education. In order to
evaluate diagenetic alternation, the shell thin section observation by optical microscope
and scanning electron microscope (SEM) observation were performed.

The sample ages were datamined using radiocarbon date (Yamagata university)
for Holocene samples and U/Th date of the coral fossil which was obtained from same
stratigraphy (Nalkaya et al., 2016, Watanabe T. K. in preparation). OxCal 4.21 (Ramsey
et al.,2009) was used for calendar year calibration of 14C dating, and Marine 13 (Reimer

et al., 2013) was used for calibration curve data.

2-3. Sclerochronological analysis of giant clam shell

The shell specimens were cut in two 5-mm-thick sections with a stonecutter
(blade thickness 0.5 mm), along the maximum growth axis. One of the sections was
polished to make thin section (~100 pum thickness) and took panoramic photos using
digital microscope (KEYENCE VHX-2000). The growth increment thicknesses were

measured using image processing software ImageJ [ Abramoft et al., 2004].

2-4. Stable oxygen and carbon isotope ratios in giant clam shell

Another shell section was used for geochemical analysis. The shell samples

were milled with 300 um width using micro cross slide tables (KISO POWER TOOL
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MFG.CO., LTD.) attached hand drill (HP-200S, Tokyo associates Co., Ltd., Japan) with

dental drill bit (Fissher curva Shohu Co., Ltd., Japan). The 20 to 40 pg powder samples
were reacted with 100% phosphoric acid at 70 °C in a carbonate preparation device (Kiel
IV Carbonate preparation device), and the produced CO> was analyzed using a stable
isotope ratio mass spectrometer (Thermo Scientific MAT 253) in Hokkaido University.
Isotope ratios (8'%0 and §'3C) were one-point calibrated against National Bureau of
Standards (NBS) 19 and reported in standard & notation relative to Vienna Pee Dee
belemnite (VPDB) and confirmed the calibration using NBS 18. The standard deviations
(1o) for 22 replicate measurements of NBS 19 are 0.12 %o and 0.04 %o for §'%0 and §'*C

as external long-term reproducibility throughout this study,

2-5. Trace elements in giant clam shell

MIS-3 fossil specimen’s barium and calcium concentrations were analyzed by
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) (Agilent
7700 ICP-MS coupled with New Wave Research NWR 193 laser ablation system: 193 nm
ArF excimer laser (pulse width <5 ns)) along the same sampling line used for isotopic
analysis sampling. The laser conditions were below; irradiance 0.82 GW/cm?, repetition
rate 10 Hz, and 40 second of laser duration. The sample surface was cleaned by 5 seconds
of pre-ablation. The shell sample was ablated using a 100-um laser spot, and each spot
was 1 spot per 500pum along analytical line. The calibration of the signal intensity to the

Ba/Ca ratio was performed using glass standard materials: NIST 612 standard grass
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distributed by the National Institute of Standard and Technology [Shirai et al., 2008].
#3Ca was used as an internal standard, and '**Ba was expressed in terms of its molar ratio
to “*Ca. The analytical error for the Ba/Ca ratio (relative standard deviation) was within
3.86 % (n =42, 16 NIST612) as external long-term reproducibility throughout this study.

Barium calcium ratio in modern shell specimen was measured using
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES; Thermo
scientific iCAP6100) connected with ultrasonic nebulizer (DBA CETAC Technologies
U-5000AT"). The samples were same powder for stable isotope analysis. Each sample
weighted within 115~128 pg and dissolved with 280 pl of 25 % nitric acid. Then, the
samples solution diluted with milli-Q water to adjust 9 ppm of calcium concentration.
The calibration of the signal intensity to the Ba/Ca ratio was performed using GSJ
certified geochemical reference material JCt-1 Giant Clam (7Tridacna gigas) [Okai et al.,

2004].

2-6. Meteorological data and SST in Kikai island

Meteorological data in Kikai island from 2008 to 2015 was obtained from Japan
Meteorological Agency web page (http://www.data.jma.go.jp/obd/stats/etrn/). Sea
surface temperature (SST) surrounding Kikai island data set was obtained from Advanced
Very High-Resolution Radiometer: (AVHRR) ( IR/LDEO Climate Data Library :

http://iridl.ldeo.columbia.edu) .

3. Results
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3-1. Preservation and dating of the fossil giant clam samples

In X-ray diffraction, there were no significant calcite peak (Fig. 4-2). In
addition, there were no significant altered aragonite or dissolved aragonite with SEM
observation. Moreover, modern and fossil shell thin section also had clear growth
increments (Fig. 4-2). Thus, these fossil samples were suitable for geochemical analysis.

Two Holocene fossil samples (KFT-02 and KFT-03) were 7,220+45 and
3,924+49 years ago respectively with radiocarbon dating (2c). 2°Th/?**U date of the coral
fossil which was obtained from same stratigraphy with the late Pleistocene sample (KFT-

01) was 55,794+195 years ago (Watanabe T. K. in preparation).

3-3. Sclerochronological result
The summary of giant clam shell sclerochronological results showed in Table
4-2. The growth increments in the shell thin section appeared under microscopic
observation as a pair of dark and light-colored bands (Fig. 4-3). There were 2406
increments observed in the modern shell thin section (KSTm150613). The thickness of
the increments in KSTm150613 ranged 6.77 to 83.32 um, and the average thickness was
27.27 um. There were almost clear growth increments, but also there were sometimes
unclear growth increment such as translucent layer in shell edge for instance (Fig. 4-3).
In Holocene fossil samples KFT-02 and KFT-03, there was 1148 and 1300
increments observed in the shell thin sections respectively. The thickness of the
increments in KFT-02 and KFT-03 ranged 5.47 to 113.82 um and 8.44 to 96.91 um, and

the average thickness were 34.47 pm and 28.97 pum. In late Pleistocene MIS-3 fossil
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sample KFT-01, there were 2683 increments observed. The thickness of the increments
in KFT-01 ranged 6.79 to 98.83 um, and the average thickness was 29.50 pm. There were

12 growth breaks in the shell outer layer.

3-4. Geochemical analyses in the shell specimens

The summary of giant clam shell stable oxygen and carbon isotope ratios
(8" O0shenn and 83 Csherr) showed in Table 4-3. §'¥Oghen in each modern and fossil sample
showed clear annual cycles.

The Ba/Ca ratios of the modern KSTm150613 ranged from 1.17 to 255.35
umol/mol, with an average of 4.60 pmol/mol (n = 138) (Fig. 4-6). The Ba/Ca ratios of the
MIS-3 sample KFT-01 ranged from 1.33 to 93.29 umol/mol, with an average of 5.51
pmol/mol (n = 138) (Fig. 4-6). Both modern and MIS-3 shell sample showed Ba/Ca peaks

corresponded with §'®Oghenn maxima (Fig. 4-6).

3-5. Chronology for geochemical

Giant clam makes daily growth increments and it is a useful characteristic for
chronology to the shell geochemical data (Duprey et al., 2014; Komagoe et al., 2018).
However, giant clam sometimes does not make the growth increments daily basis
(Komagoe ef al., 2016) and it makes growth increments basis chronology difficult. The
age model for modern KSTm150613 was established using the relationship between the
8'80ghen profiles and SST (Fig. 4-5). As time control points, the maxima for the §'®Oghel

were tied to the minima for SST. In MIS-3 fossil samples, the number of growth
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increments between the maxima for the §'3Ogmenr were 324, 316, 296, 329, 219, 272, 243
and 251. In addition, the growth breaks in KFT-01 suggested the hiatus of the shell
growth (Fig. 4-6). The age model for MIS-3 KFT-01 was established using the
relationship between the §'8Ognen profiles and SST minima which assumed as February 1
(Fig. 4-6). In modern Kikai island, the average SST minimum was almost Februaly (Fig.
4-7). To convert distances into dates, the growth rate was assumed to be constant during
each of the tied points. Then, chronology for the growth increments were decided to
compare growth increments and geochemical sampling points. The time series of the
geochemical and sclerochronological profiles in the modern and fossil specimen were

showed in Figure 4-7.

4. Discussion
4-1. Shell stable oxygen isotope ratios

To compare the modern monthly Kikai island SST and &'®Osnen changes,
reconstructed SST was calculated using he aragonitic shell bivalves relationship: equation
T (°C) = 21.8 — 4.69 (5'*0 — 5180sw) [Grossman and Ku (1986)] (Fig. 4-7). The average
annual amplitude of salinity in Kikai island was 34.48 %o (August) to 34.9 %o (February)
and it was 0.18 %o changes in sea water 5'%0 (5'*Osw) [Kimura et al., 2000]. The 0.18 %o
changes in §'®0y consist with 0.7 °C SST changes, which is not so bigger changes than
annual SST amplitude in Kikai island 8.2 °C. Thus, in this study, the §'30sy in Kikai island
is unknown, therefore we assumed that §'®Og was 0 %o. The modern §'®Ogsnen well

corresponded with instrumental SST (» =0.96, p < 0.01) (Fig. 4-7). The modern
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reconstructed SST showed minima in February and maxima in September to November
similar to instrumental SST records (Fig. 4-7). On May, Jun, and November when
precipitation gains, the reconstructed SST was higher than instrumental SST. Thus, it was
considered that lighter value §'%0sy brought by precipitation affected the 5'®Oghen (Fig. 4-
7). 8'80shen of MIS-3 KFT-01 showed clear seasonal cycles (Fig. 4-6). The number of
8" Oghen in KFT-01 decreased because of reduction of later growth in life span of the
specimen (Fig. 4-6). Watanabe and Oba (1998) showed that in the case of rough sampling
intervals of analytical samples of giant clam shell, the amplitude of §'®Osnen could not
reflect SST minima or maxima. However, §'®0gnenr amplitude in KFT-01’s later growth
did not change, thus 300 um sampling interval for KFT-01 was enough to reconstruct
seasonal SST (Fig. 4-6).

Next, I calculated the 55 ka average monthly SST changes in Kikai island from 8'3Ogheln
in KFT-01. 8'80gnhen reflects SST and §'80sy, thus it is necessary to consider §!%0s when
reconstruct past SST. Lea et al., (2002) reconstructed past 350 thousand years sea level
and §'"®Osy using planktonic foraminiferal shell §'*0 and magnesium calcium ratio in the
sediment core and they showed §'®*Ogw = 0.55 in 55 ka. Then, the 55 ka average monthly
SST changes in Kikai island were reconstructed using Grossman and Ku (1986) equation
(Fig. 4-8). The reconstructed 55 ka SST showed that average SST in 55 ka was 2.5 °C
lower and amplitude was 1.9 °C smaller than that of modern Kikai island (Fig. 4-7). warm
period (April to September)

The reconstructed 55 ka SST was much lower in cooling season (November to March)

than warm period (April to September). In addition, SST maxima in 55ka appeared on
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Jun which was 3 months earlier than that of today (Fog, 4-8). The 55ka SST profile
showed short summer at that time. The average reconstructed 55ka SST minimum in
February (19 °C) was close to the limit SST of coral reef development (18 °C) [Veron and
Minchin, 1992]. Thus, MIS-3 55ka SST seasonality in Kikai island seemed to be close to

the minimum SST of coral reef development.

4-2. Shell stable carbon isotope ratios

In order to clarify the seasonal variation 0f3'*Cgnenr of the modern sample KSTm150613,
the carbon isotope ratio was calculated as the average of each month. The §'*Cghen in
modern KSTm150613 decreased in rainy season Jun and July (Fig. 4-7). November has
comparatively much precipitation however, the '*Csnen did not decreased. Thus, 8 Csheil
changes is not only because of precipitation. Watanabe et al., (2004) showed that carbon
isotopic fractionation in giant clam is complex, the two possible sources of carbon for
shell carbonates are dissolved inorganic carbon (DIC) in ambient seawater, and metabolic
CO» passing through the respiration photosynthesis pathways, which includes symbiotic
zooxanthellae within giant clam tissue. In the case of hermatypic corals skeleton, which
have been studied much more than Tridacna, it has been suggested that carbon isotopic
variations could be a useful proxy of insolation mediated by water depth, because
insolation determines the photosynthetic activity of symbiotic zooxanthellae in corals
[Grottoli, 2000]. Because giant clam also has symbiotic zooxanthellae in its tissue, its
activity will be changed by insolation and 8'*Cgenr Will be a proxy of insolation. In this

study, there was no instrumental record of insolation in Kikai island which is important
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to investigate the cause of §'*Cshen changes. DIC in Kikai island was also unknown. Kikai
institute for coral reef science in Kikai island established in 2014 investigates water
condition in Kikai island with monitoring water quality and installing data logger. It is
expected that these environmental data will be compared with geochemical analysis such
as carbon isotope ratio in giant clam shell. 8'*Cshen profile of KFT-01 had clear cycles and
correlation with §'"®Oshen (7 = 0.83, p < 0.01). Thus, it seemed that the §'*Cgpenn of KFT-01
mainly derived from photosynthesis of symbiotic zooxanthellae caused by the seasonal

fluctuation of irradiation.

4-3. Growth pattern comparison modern and MIS-3 giant clam

Growth increment thickness in modern KSTm150613 had correlation with (» = 0.91, p <
0.01) and SST (r = 0.86, p < 0.01) (Fig. 4-7). The seasonal changes of the growth
increment thickness were 22.1 £ 5.8 um in winter (January to March), and 29.0 £ 7.9 um
in summer (July to September). The maximum was on September and the minimum was
on March. The growth increment thickness decreased gradually summer to winter (Fig.4-
7). The translucent layer in the outer layer of KSTm150613 was estimated as on
November, 2012, August to September, 2014, and April to Jun, 2015 (Fig. 4-5). The
seasonal changes of the growth increment thickness of MIS-3 KFT-01 were 20.2 £ 7.6
um in winter (January to March), and 40.1 £ 16.0 pm in summer (July to September).
The maximum was on August to September and the minimum was on March (Fig.4-7).
The standardized Growth Index (SGI) which was subtracted the decrease in growth

increment width with age and converted to monthly average, showed that growth of MIS-
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3 sample had been increased in a short period of summer when the water temperature rose
(Fig. 4-7). In addition, there were growth breaks which showed the hiatus of the growth
in winter and summer (Fig. 4-6). The growth breaks in winter looked like deep notched
shape (Fig. 4-3), it seems to be winter ring when the giant clam stopped the growth in
winter. The growth pattern of MIS-3 giant clam (Tridacna squamosa) was different from
modern because SST and its amplitude of Kikai island at that time (MIS-3, 55ka) was
lower than that of today. Thus, SST frequency was calculated from 8'®*Oghen of MIS-3
sample (Fig. 4-8). Since the sampling interval of 8'3Osen is constant (0.3 mm), the
reconstructed SST with a high occurrence frequency indicates that the SST continued for
a long period of time or that the giant clam grew more. The modern KSTm150613 grew
evenly in the SST rage of 12 to 28 °C (Fig 4-8). The frequency of reconstructed SST
decreased on the SST of 29 °C or more and 21 °C or less. In this SST rages, it indicated
that growth of the sample slowed. Because the appearance frequency of the reconstructed
SST of 23.4 °C or less decreased, it was considered that MIS-3 fossil sample slowed its
growth in that SST range. Since the MIS-3 sample also had winter growth break and
decline of the growth in winter, the MIS-3 sample might have taken a strategy of fast
growing in the SST range suitable for growth. SST was important factor for giant clam
survive. Watson ef al., (2012) showed that the survival rate of Tridacna squamosa fell to
less than 20% in future anticipated global warming - acidified sea water temperature and
carbon dioxide partial pressure. MIS-3 giant clams (7ridacna squamosa) in Kikai island
adapted lower SST and Tridacna squamosa lives in Kikai island now. Giant clam fossil

growth records in Kikai island where fossil giant clam from 100 thousand years ago to

80



modern are available will provide the information of adaptation and distribution of the

giant clams.

4-4. Past typhoon reconstruction in modern and MIS-3

The Ba/Ca ratio of modern KSTm150613 had positive peaks in August to November
and winter season (December and February) (Fig 4-6). The Ba/Ca ratio of MIS-3 KFT-
01 had positive peaks in winter season and from April to November (Fig 4-6). The Ba /
Ca ratio of the giant clam shell will be an indicator of plankton bloom by correlation the
timing and fluctuation range of the peak with the chlorophyll concentration of
surrounding surface seawater (Elliot et al., 2009). Komagoe et al., 2018 showed that after
typhoon approach, there was a decrease in increment thickness and some disturbed
growth increments and the positive peaks in the shell Ba/Ca ratio and 6180shell
corresponded to lower sea surface temperature caused by typhoons. Modern
KSTm150613 showed positive Ba/Ca and growth decrease in summer season
corresponded to the approaching typhoons (Fig. 4-7). In order to evaluate the typhoon
approaching in Kikai island detection from geochemical and sclerochronological signals,
these signals and meteorological data were compared. The frequency of approaching
typhoon was calculated by geochemical geochemical and sclerochronological signals in
the giant clam specimens (Fig. 4-10). The modern reconstructed typhoon frequency
detected 56% of instrumental typhoon records. The frequency was lower than actual
records, but seasonality of the typhoons was almost reconstructed. As same process, MIS-

3 (55ka) typhoon frequency was reconstructed (Fig. 4-9). The frequency of the
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reconstructed typhoons in MIS-3 was about half and the seasonality was different from
that of today (Fig. 4-9). The typhoon peak in MIS-3 was early summer (May) and §'3Ogheln
of MIS-3 showed short summer period in Kikai island at that time (Fig. 4-6, 4-9). Driscoll
et al., (2014) compared MIS-3 and Holocene El Nino Southern Oscillation (ENSO) using
the deviation of 8'®Ogpenr in fossil giant clams shell from Huon Peninsula, Papua New
Guinea and they showed that ENSO variability seen during the late twentieth century is
rare but not unprecedented within glacial MIS-3 (34 ~ 60 ka) climates. Kikai island is
located in high latitude compared to Papua New Guinea and there is not located in the
Western Pacific Warm Pool (WPWP).

Typhoons approaching Japan today occur most frequently during the period from July
to October. The typhoons occur in early spring at low latitudes and heads west towards
the Philippines, but in the summer the typhoons occur in the higher latitude and there are
many typhoons going around the Pacific high pressure to the north towards Japan (Japan
Meteorological Agency). Reconstructed typhoon seasonality and short summer period in
MIS-3 seems that MIS-3 has different strengths of westerly wind and Pacific high
pressure, which determines typhoon path. By reconstructing the approach frequency and
the timing of the typhoon from the MIS-3 or the Holocene fossil giant clam shell from
Kikai island, it can be expected to clarify the transition of the typhoons approaching to

Japan during the glacial period.

5. Summerly

*The fossil giant clam shell well preserved from diagenetic alternation.
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* As a result of dating, fossil samples were 3942+83 BP, 7203+£93 BP, and 55ka.
*Oxygen isotope ratio and growth line widths of the modern sample correlated with SST
and showed seasonal variation.

* The reconstructed MIS-3 (55ka) SST in Kikai island was about 4°C lower and showed
short summer period.

*The growth pattern of the giant clam in MIS-3 was different from today and It seemed
that the giant clam might have taken a strategy of growth at a stretch in a SST rage suitable

for growth.

* The reconstructed typhoon seasonality from modern giant clam shell reflected 56% of

typhoons approached Kikai island and seasonality.
*Reconstructed typhoon seasonality and short summer period in MIS-3 seems that MIS-
3 has different strengths of westerly wind and Pacific high pressure, which determines

typhoon path.
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Figure 4-1giant clam samples and sampling place

(a) Distribution of harvested samples of Shigella crassa and the Holocene marine terraces
of Kikai Island. (Based on Ota et al. 1978). The alphabet indicates the sampling place of

each sample. (b) Current living silkworm (collected on Shion Road Nagahama Park on
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13th June 2015). (¢) Holocene shipwreck fossil stored in coral reef terraces. (d) Sakkogai
fossil stored on the wall of the well. (e) Sakkogai fossil stored in the outcrop of Late
Pleistocene. (f) (e) Expansion of the surroundings of the funnel. The rock formations
consist of unconsolidated coral rudstone ~ floatstone, framestone, branches of Acropora,

broken coral gravels.

(o

KFT-01@55Ka) &I B (55ka) 7 . B (2015.6.13)

b
1B
& 754k
o | HMEAE
i
TSad+4 F

25 27 29 31 33 35

ElHTAE (20)

Figure 2 The diagenetic alternation evaluation of late Pleistocene (55 ka) fossil shells

(a) Chemical Analysis Surface of Fossil Sediments. Powder was taken from the broken
line and X-ray diffraction was performed.

(b) X-ray diffraction results. Peaks at the bottom of the graph are peaks of aragonite and

calcite for comparison.
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(c) Observation of cross section of late Pleistocene fossil shells with electron microscope.
(d) Observation of the cross section of the reptilian shell in an electron microscope.

(e) Enlarged image of (¢).

(f) Enlarged image of (d).
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Figure 4-3. Growth increment in Holocene and MIS-3 giant clam samples.
(a), (b), (c), and (d) showed the growth increments thickness in modern T. maxima,
Holocene (3.9ka) T. maxima, Holocene (7.2ka) T. squamosa, and late Pleistocene (MIS-

3, 55ka) T. squamosa specimens respectively.
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Figure 4-4. Isotopic signature of Kikai island fossil giant clams.
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Figure 4-10. The comparison of reconstruction frequency and seasonality from modern

and MIS-3 giant clams.
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Chapter 5: A Late-Miocene climate reconstruction from fossil 7Tridacna gigas in Java

island, Indonesia

1. Introduction

Cenozoic is the age range of the next Mesozoic, from the K / Pg boundary
extinction has occurred of dinosaurs to the present day, and it was divided into Cenozoic
Paleogene, Neogene, and Quaternary periods. Miocene was 23,030,000 to 5,333,000
years ago (23.03-5.333Ma), it corresponds to the Neogene of the first era (Fig. 3-1).
Neogene period is tectonics progressed colder compared to Paleogene, a time when such
expansion of Strait of formation and back-arc basin has been actively. The warmer
climate in Oligocene was sharply getting cooler and glaciers developed, referred to as the
Miocene first ice age (Mi-1 Glaciation) Miocene begins from at that period. Miocene first
Aquitanian period (23.03-20.44 Ma) was relatively cold in a dry climate. The next
Burdigalian period (20.43-15.97 Ma) was a warm period and had Mid-Miocene Climatic
Optimum (17-15 Ma). After 15 million years ago (15Ma) the climate had been cooler
again, and monsoon climate in Asia had been remarkable (Zachoset al., 2001). The
reconstruction of the high temporal resolution environment when was warmer period will
be important information to predict future greenhouse Earth.

Contemporary species of giant clams appeared in late Miocene (Fig. 1-3), thus
high temporal resolution paleoclimate reconstruction using giant clam shell was
conducted (Batenburg et al., 2011, Warter et al., 2015, Warter et al., 2017). Since giant

clam had thick and dense aragonite shell, the shell contents were well preserved even if
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it was late Miocene fossils. However, these prior studies used relatively short life span
giant clam specimen, thus more long record needed for reconstructing interannual to

decadal climate variability in late Miocene.

2. Material and methods
2-1. Sample description and meteorological data in Java island

The two late Miocene fossil giant clam shells (THL8-1 and THL8-2, Tridacna
gigas identified in Kase et al., 2015) was obtained from Nyalindung layer, Titalahab
valley, Pelabuhanratu, west Java island, Indonesia (7°01'16.3"S, 106°56'35.2"E) (Fig. 5-
1). Nyalindung layer is a stratum of the the beginning of the Miocene by Oostingh (1938),
and Bemmelen (1972) decided the formation as in the Middle Miocene. In recent years,
Batenburg et al. (2011) suggested that the Nyalindung layer was 10-13Ma (Serravallian,
13.82-11.62 Ma to Tortonian, 11.6-7.2 Ma) as the Tiiangsana layer close to Nyalindung
layer contained large foraminifera. There were no index fossils in Nyalindung layer, but
Kase et al., 2015 found index fossil Discoaster hamatus (about 10 Ma, eary late Miocene)
in a lower to middle layer of Titalahab valley. Thus, the giant clam fossils estimated as
about 10 Ma.

Indonesia is divided into a tropical climate. West Java where was a sample

collected point is a tropical rain forest climate, the east is the monsoon climate
characterized dry and rainy season. Sea surface temperature (SST) surrounding west Java

island (106.875E, 7.875S ) data set was obtained from Advanced Very High-Resolution
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Radiometer: (AVHRR) (IRI/LDEO Climate Data Library : http://iridl.ldeo.columbia.edu)

(Fig. 5-1)

2-2. Sclerochronological analysis of the giant clam shell and evaluation of diagenetic
alternation

Fossil Giant clam shell samples cut into Smm-thick sections with rock cutter
along the maximum growth axis. The one of the shell sections were processed into thin
section (~100 pum thickness) and took panoramic photos using digital microscope
(KEYENCE VHX-2000). The growth increment thicknesses were measured using image
processing software Imagel] [Abramoff et al., 2004]. The surface of each 5 mm-thick
sections were polished using alumina polishing powder (#800#2000#6000).

It is important to evaluate the fossil preservation when reconstruct paleo
environment using fossil biogenetic carbonates. In fossil giant shell specimen, the pristine
shell aragonite sometimes altered to calcite, and or secondly aragonite precipitation
occurred [Faylona et al., 2011] . Powder samples for evaluation of diagenetic alternation
were taken next to the sampling spots for geochemical analysis. Mineral phase of fossil
specimens was checked using X-ray diffraction machine (MiniFlex II) in Hokkaido
University Institute for the Advancement of Higher Education. In order to evaluate
diagenetic alternation, the shell thin section observation by optical microscope and

scanning electron microscope (SEM) observation were performed.

2-3. Stable oxygen and carbon isotope analysis
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Powder samples for isotope analysis were taken from the pair of shell sections.
The position for powder sampling was selected due to avoid diagenetic altered part in the
shell inner layer. Each sample was obtained from the parallel to the growth increments
using a hand drill (HP-200S, Toyo associates Co., Ltd., Japan) with a 0.4-mm drill bit
(model BS1201, Minitor Co. Ltd., Japan) (Figure 2.6). The sampling grooves were taken
discretely. Hand drill sampling provided an average width of 400 um providing 20 - 40
ug powder samples for isotope analysis. The microsampling stage provided an average
width of 300 pum, length of 1000 um, and ~200 pm depth groove providing 200~300 ug
powder samples for isotope analysis. The 20- to 40-ug powder samples were reacted with
100% phosphoric acid at 70 °C in a carbonate preparation device (Kiel IV Carbonate
preparation device), and the produced CO2 was analyzed using a stable isotope ratio mass
spectrometer (Thermo Scientific MAT 253). Isotopic values (5'%0 and §'°C) were one-
point calibrated against National Bureau of Standards (NBS) 19 and reported in standard
0 notation relative to Vienna Pee Dee belemnite (VPDB) and confirmed the calibration
using NBS 18. The standard deviations (1o) for 22 replicate measurements of NBS 19
are 0.03%o and 0.02%o for 3'30 and §'3C as external long-term reproducibility throughout

this study, respectively.

2-4. Trace element analysis

(1) LA-ICP — MS
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Magnesium  /Calcium  (Mg/Ca), Magnesium /Calcium (Mg/Ca),
Strontium/Calcium (Sr/Ca), and Barium and calcium (Ba/Ca) concentrations were
analyzed by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS) (Agilent 7700 ICP-MS coupled with New Wave Research NWR 193 laser ablation
system: 193 nm ArF excimer laser (pulse width <5 ns)) along the same sampling line
used for isotopic analysis sampling. The laser conditions were below; irradiance 0.82
GW/cm?, repetition rate 10 Hz, and 40 second of laser duration. The sample surface was
cleaned by 5 seconds of pre-ablation. The shell sample was ablated using a 100-pum laser
spot, and each spot was adjacent to its neighbor, without overlap. There were 2 to 6
growth increments in each ablated spot. The calibration of the signal intensity to the
Ba/Ca ratio was performed using glass standard materials: NIST 612 standard grass
distributed by the National Institute of Standard and Technology [Shirai et al., 2008].
43Ca was used as an internal standard.

(2) ICP-AES

Strontium Calcium ratio (Sr/Ca), and Magnesium Calcium ratio (Mg/Ca) were
measured with an Inductively Coupled Plasma Atomic Emission Spectrophotometer
(ICP-AES) installed at Hokkaido University. Approximately 132 + 15 pg of giant clam
powder sample was dissolved in 4 mL of HNOs;. The sampling grooves for ICP-AES
were independent from stable isotope and LA-ICP-MS sampling spots. The sample
solution for the measurement of trace elements was prepared via serial dilution with 2%
HNO3 for a Ca concentration of ca. 9 ppm. Analytical precision of the Sr/Ca, Mg/Ca, and

Ba/Ca determinations were 0.06, 0.4, and 5.5 RSD (%, n =23, 1o, JCt-1) respectively.
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3. Results
3-1. Sample preservation and sclerochronological data in the Miocene giant clam
shell

It is important to avoid altered biogenetic aragonite sample to precise paleo
environment reconstruction. X-ray diffraction for THL8-1 and THLS8-2 showed no
significant calcite peaks (Fig. 5-2)

In addition, there were less secondary or dissolved aragonite in two fossil samples by
SEM observation. Thus, thick giant clam inner layer of THL8-1 and THLS8-2 was well
preserved though these were 10 Ma fossils.

Growth curve of the Miocene giant clam was established using growth
increments in the shell thin sections (Fig. 5-3). Pair of transparence and translucent
growth increments were assumed as annual growth ring and there were 25 and 7 annual
rings observed in THL8-1 and THL 8-2 respectively. The shape of the growth curve was
similar to the growth curve of same species in Holocene optimum reported in Watanabe
et al., 2004, but the amount of growth was about 50% of Holocene one. There were 4479
and 2284 of micro growth increments observed in THL8-1 and THLS-2 respectively. The
thickness of the increments in THLS8-1 ranged 4.66 to 43.70 um and 15.77 for the average.
In THLS8-2 the thickness ranged 7.29 to 67.13 um, and the average thickness was 19.83

um (Fig. 5-3).

3-2. Stable oxygen and carbon isotope ratio in the shell specimens
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The average of stable oxygen isotope ratios (5'®Oshen) was -2.85 and -2.91 %o
for THLS8-1 and THLS-2 respectively (THLS-1; n=143, THLS8-2; n=90). The maximum
of stable oxygen ratios was 2.08%o and -2.39%o, and the minima was -3.42%o*-3.34%o for
THLS-1 and THLS-2 respectively. In THLS8-1, §'3Ognen profile showed annual like cycles
in earlier growth (0 to 55 mm from the shell edge), but unclear cycles in later growth (50
to 55mm from the shell edge.) In THL8-2, §'®Oghent profile showed annual like cycles and
suddenly 8'8Oghen increased in 19 to 35 mm from the shell edge.

The average of stable oxygen isotope ratios (8'*Cshe) was 2.15 and 1.88 %o for
THLS8-1 and THL8-2 respectively (THL8-1; n=143, THL8-2; n=90). The maximum of
stable oxygen ratios was 9.27 %o and 2.37 %o, and the minima was 0.87 %o and 1.25 %o
for THLS-1 and THLS-2 respectively. There was annual like cycles in 8'3Cshen of each
sample. Watanabe et al., 2014 showed the two possible sources of carbon for shell
carbonates. There were dissolved inorganic carbon (DIC) in ambient seawater, and
metabolic CO, passing through the respiration and photosynthesis pathways, which

includes symbiotic zooxanthellae within Tridacna tissue.

3-4. Trace elements in the shell specimens
LA-ICP-MS
Trace element concentrations using LA-ICP-MS were below.

Manganese /Calcium (Mn/Ca)

Mn/Ca in THLS8-1 ranged 0.002 to 169.14 pumol/mol and the average was 1.24

umol/mol (n=753). The standard error was 7.15 pmol/mol of replicated measurement
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of NIST 610 (n=123). Mn/Ca in THL8-2 ranged 1.18 to 16.22 pmol/mol and the average
was 4.05 umol/mol (n=468). The standard error was 5.01 umol/mol of replicated
measurement of NIST 610 (n = 75). The concentration of Mn/Ca in THL8-2 was about
three times bigger than THL8-1 and showed clear cycles.

Magnesium /Calcium (Mg/Ca)

Mg/Ca in THLS-1 ranged 0.29 to 1.53 mmol/mol and the average was 0.66
mmol/mol (n=753). The standard error was 0.033 mmol/mol of replicated measurement
of NIST 610 (n=123). Mg/Ca in THLS8-2 ranged 0.36 to 1.28 mmol/mol and the average
was 0.69 mmol/mol (n=468). The standard error was 0.015 mmol/mol of replicated
measurement of NIST 610 (n =75).

Strontium/Calcium (Sr/Ca)

Sr/Ca in THLS8-1 ranged 1.68 to 3.28 mmol/mol and the average was 2.13
mmol/mol ( n=753 ) . The standard error was 0.0048 mmol/mol of replicated
measurement of NIST 610 (n = 123). Sr/Ca in THLS8-2 ranged 1.81 to 2.91 mmol/mol
and the average was 2.25 mmol/mol (n=468). The standard error was 0.0035 mmol/mol
of replicated measurement of NIST 610 (n = 75).

Barium/Calcium (Ba/Ca)

Ba/Ca in THLS8-1 ranged 0.99 to 14.25 umol/mol and the average was 2.41
umol/mol (n=753). The standard error was 3.40 pmol/mol of replicated measurement
of NIST 610 (n =123). Ba/Ca in THLS-2 ranged 1.81 to 2.91 umol/mol and the average
was 2.25 pmol/mol (n=468). The standard error was 2.56 umol/mol of replicated

measurement of NIST 610 (n =75).
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ICP-AES
Trace element concentrations using ICP-AES were below.

Magnesium /Calcium (Mg/Ca)

Mg/Ca in THLS-1 ranged 0.37 to 1.20 mmol/mol and the average was 0.67
mmol/mol (n=130). Mg/Ca in THLS-2 ranged 0.43 to 2.05 mmol/mol and the average
was 0.69 mmol/mol (n=77). The standard error of Mg/Ca measurements in ICP-AES
were 0.0055 mmol/mol of replicated measurement of JCt-1 (n = 23).

Strontium/Calcium (Sr/Ca)

Sr/Ca in THLS8-1 ranged 1.81 to 2.43 mmol/mol and the average was 2.02
mmol/mol (n=753). Sr/Ca in THLS8-2 ranged 1.84 to 2.55 mmol/mol and the average
was 2.17 mmol/mol (n=77). The standard error of Sr/Ca measurements in ICP-AES

were 0.0067 mmol/mol of replicated measurement of JCt-1 (n = 75).

4. Discussions
4-1. Sample preservation and growth of Miocene giant clam Tridacna gigas

There were no significant calcite peaks in THL8-1 and THL8-2 (Fig.5-2).
McGregor et al., 2002 showed Sr/Ca, 6180, and 613C in hermatypic coral skeleton
decreased due to diagenetic precipitated calcite or secondary aragonite. In this study, the
range of 8'3C in THLS-1 and THLS-2 were similar to that of §'3C in 6 ka Tridacna gigas
reported in Watanabe et al., 2004. In addition, St/Ca and Mg/Ca in THLS8-1 and THLS-2
were almost similar to the modern Tridacna gigas (Table 5-1). Thus, THLS-1 and THLS8-

2 were well preserved fossil specimen and showed the resistance of the Tridaca gigas
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thick inner layer to diagenetic alternation.

In the thin sections of THL8-1 and THL8-2, there were growth bands which
were characterized with translucent and transparence growth lines. Bonham, 1965 first
found that growth bands observed in the giant clam shell section were annual growth
bands. After that discovery, it is considered that black (translucent) growth band grows
in winter season and lighter colored (transparence) growth band growth in summer season
respectively (Aharon and Chappell, 1986, Aharon, 1991, Patzold, 1991, Watanabe et al
2004, e.g.). The shape of the growth curve was similar to the growth curve of same species
in Holocene optimum reported in Watanabe et al., 2004, but the amount of growth was
about 50% of Holocene one. Also, there were micro growth increments, which was
considered daily growth increments of Tridacnidae (Aharon and Chappell, 1986,
Watanabe and Oba, 1999 e.g.). In THL8-1, there were 25 pair of translucent and
transparence growth band and there were about 160~365 micro growth increments. After
5th growth bands, the width of the growth band gradually decreased and about 200 micro
growth increments were observed. In THLS8-2, there were 7 pair of translucent and
transparence growth band and there were about 365 micro growth increments in each
growth band. The width of micro growth increments also decreased along the growth
stage (Fig. 5-3). 'O and Sr/Ca cycles in THLS-1 and THLS-2 were corresponded with
the growth bands, thus the growth band was supposed as annual growth bands. Although
Miocene Tridacna gigas THL8-1 and THLS8-2, the dark colored (translucent) growth
bands were corresponded lower SST season. It was useful to reveal the growth pattern in

fossil giant clam to use growth bands, stable oxygen ratio.
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4-2. Seasonality delivered from trace element and stable isotope ratio

Growth increment thickness, trace elements, and stable isotope ratio in THL8-
land THLS8-2 were arranged along the growth increments (Fig. 5-6). The positions of
translucent growth banding observed in the shell thin sections were corresponded with
maxima §'%0 and minima of Mg/Ca of the shell. These features agreed with prior
Miocene giant clam studies, Batemburg et al., 2011 and Warter et al., 2015. In addition,
there were significant correlation between §'*0 and §'*C of THLS-1 and THLS-2 (Table
5-2). Although THLS-1 had no clear correlation between 8'0 and Mg/Ca, THLS-2 had
significant correlation between §'%0 and Mg/Ca. It is not clear why §'%0 and the Mg/Ca
records agree well in case of THL8-2, while this does not apply for the corresponding
records of THL8-1. Warter et al., 2015 suggested Mg/Ca in the giant clam shell was
controlled by the incorporation of environmental signals, species-specific effects, which
partly control biomineralization. Elliot ef al., 2009 showed Mg/Ca in modern Tridacna
gigas shell increased along the giant clam maturity. THL8-1 was older than THL8-2 and
it might be one of the causes that THL8-1 had no clear correlation between §'°0 and
Mg/Ca.

Warter et al., 2015 presented the comparison of late Miocene Tridacna gigas
5'80 record and reconstructed SST. To compare this study’s Tridacna gigas §'%0 record,
the comparison was presented in Table 5-3. THL8-1 and THLS8-1 had lower §'30 values
and reconstructed average SST was approximately 1 ~ 2 °C higher than other studies

(Table 5-3). The amplitude of SST seasonality in THL8-1 and THL8-2 was slightly
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smaller than other late Miocene Tridacna gigas records. Warter et al., 2015 suggested the
high standard deviation of LGS1 might reflect high and low ENSO periods within the 15
years of growth of this specimen. Thus, ENSO variability in late Miocene might be a
cause of differ SST seasonality amplitude in late Miocene Tridacna gigas because of

short term giant clam SST records.

4-3. ENSO like Inter annual variability in 10Ma Late Miocene

Assuming that the maxima of oxygen isotope ratio is September, time axis was
determined as the result of geochemical analysis. Thus, stable oxygen isotope ratio
anomaly was calculated using the same way of Driscol et al, 2014 (Fig. 5-7). Arias-
Ruiz et al., 2017 showed stable oxygen isotope ratio anomaly in the giant clam shell
caught in Sulawesi island gained in La Nifia Phase and decreased in El Nino Nino. When
anomalies of the oxygen isotope ratio of the late Miocene giant clam shell value shifted
to the negative, and the carbon isotope ratio in the giant clam increased (Fig. 5-8). Thus,
it was suggested that the amplitude of annual SST decreased, and the precipitation
increased same as in the current La Nifia in Indonesia (Fig. 5-8). In addition, the lowest
813C was April in La Nifia and Jun in El Nifio conditions (Fig. 5-8). The observed inter
annual variability of the fossil giant clam §'30 record suggested that an ENSO-like inter
annual variability existed 10 Ma late Miocene Java island and demonstrated that fossil

giant clam shells could record past ENSO-like inter annual climate variability.
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(a), and (¢) Growth curve for Miocene Tridacna gigas THL8-1 and THLS-2 respectively;
closed circles represent the shell height and open circles the growth-line interval. (¢), and
(d) growth increment thickness of THL8-1 and THLS-2 respectively.

Vertical grey lines showed the position of translucent growth lines observed in the shell

specimen thin sections.
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Vertical grey lines showed the position of translucent growth lines observed in the shell
specimen thin sections. Back lines showed in growth increment thickness, Mg/Ca, Sr/Ca,

and Ba/Ca were 10 points moving average.

120



3130 (%o0)

8180 (%o0)
-3.5 35
o N o
-2.7 - 27
23 - ~ / / 23 ]
__THL8-1
19 4 T R -~
L <> T T T T T T T T T T T : : : :
2 years 2 years
3180 anomaly (%0) 3180 anomaly (%0)
-0.8 -0.8
; N || TtHL82 |
-04 04 4
lo :10
0 - 0.21 0 To2s M q‘&
0.4 4 0.4 4
i EN
0.8 - 0.8 F —t '
2 years 2 year
1 1
08 1 113C anomaly 08 { d13C| anomaly
0.6 0.6
0.4 0.4 w’l«'
02 @ 02 j

10: | m
|

0.8 0.8
! - 1
35 35
; di3C X d13d

=
<
=
=
=

!

Figure 5-8. Stable oxygen and carbon isotope ratio anomalies in Miocene giant clam

fossils. The method for ENSO detection based on Driscoll et al., 2014.
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Figure 5-9. The comparison of stable oxygen and carbon isotope ratio seasonality in

modern (a, b; 7. Squamosa from Sulawesi island, Arias-Ruiz et al., 2017) and Miocene
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(c, d ,e ,f) giant clam fossils. Orange and Blue colored profiles showed the seasonality of

La Nina and EI Nino phase respectively.

LA-ICP-MS ICP-AES
Sr/Ca Mg/Ca Mg/Ca
(mmol/mol) (mmo/mol) St/Ca (mmol/mol) (mmo/mol)
Elliot et al., 2009 (Ea?ig ’ri’zth)
Modern 14-18 v Erow - 1.4-4.4
T oi 24-54
- 818as (After maturity)
vanetal 201303 204 ] 2.04-2.40 ]
odem Ave. 1.69 £0.14 Ave. 2.24%0.10
T gigas
Batenburg., et al.,
2011
. 1000 - 2500 25-175 - -
Late Miocene 7
T gigas
Warter et al., 2015
Late Miocene 1.7-29 0.4-14 - -
. 04-1.0
T gigas
This study 1.68 - 3.28, 0.29 - 1.53, 1.81-2.43 0.37-1.20
Late Miocene 1.89-2.91 0.36 - 1.28 1.84-2.55 0.43-2.05
T. gigas Ave. 2.13,2.25 Ave. 0.66, 0.69 Ave. 2.02,2.17 Ave. 0.67, 0.69

Table 5-1. The comparison between Sr/Ca and Mg/Ca in modern and fossil Tridacna

gigas shell.
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THLR8-1 | n=142
3'%0 d13C Mg Sr Ba
3180 0.256086178 0.100989145 0.043070941 -0.080754735
3¢ 0.256086178 1 0.149472178 0.102530857  0.278502661
Mg 0.100989145 0.149472178 1 0.163441532 0.051037559
Sr 0.043070941 0.102530857 0.163441532 1 0.532675681
Ba -0.080754735 0.278502661 0.051037559 0.532675681 1
THLS-2 | n=93
3180 d31C Mg Sr Ba
3130 0.538973182  0.432408573 -0.458387448 -0.583069344
d13C 0.538973182 1 0.159786645 -0.271655189 -0.276745584
Mg 0.432408573  0.159786645 1 -0.450845068 -0.618538726
Sr -0.458387448 -0.271655189 -0.450845068 1 0.67756206
Ba -0.583069344 -0.276745584 -0.618538726 0.67756206 1
Significant correlation | P <0.01 | p<005 | | p<0.10

No correlation

]

Table 5-2. The correlation of each geochemical signals in Miocene giant clam fossils.

Trace element was obtained using LA-ICP-MS.
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5" 0. min (%o) 50,5 max (%) average 8" * O (%)

THLS-1 -3.42 -2.08 -2.85
THLS-2 -3.47 -1.88 -2.73
Water et al., LGS1 -2.90 -1.46 215
Water et al., BW4B -3.00 -1.59 =231
Batenburg ef al. -2.97 -1.72 -2.30
T(°C) max T(°C) min T (°C) average
THLS-1 33.70 2741 31.04
THLS-2 33.95 26.50 30.49
Water et al., LGS1 31.28 25.54 27.78
Water et al., BW4B 31.75 25.13 28.52
Batenburg ef al. 31.60 25.74 28.50
average & :‘0\'-41: min (%) average & :‘0\‘1-1: max (%o)

THLS-1 -2.96 -2.59

THLS-2 -2.87 -2.38

Water et al., LGS1 -2.66 -1.69

Water et al., BW4B -2.62 -2.05

Batenburg ef al. -2.53 -2.09

average T (°C) max average T (“C) min average seasonality T (°C)

THLS-1 3158 29.81 1.77
THLS-2 3115 28.82 234
Water et al., LGS1 30.17 25.60 4.57
Water et al., BW4B 29.96 27.27 2.69
Batenburg ef al. 29.54 2747 207

Table 5-3. §'8Oghen maxima, minima, and averaged values and respective calculated
paleotemperature data of THL8-1 and THLS8-2. For comparison, published data of
Miocene Tridacna gigas (Batenburg ef al. 2011; Warter et al., 2015) and corresponding
paleotemperature and paleoseasonality estimates are presented.
Paleotemperature/paleoseasonality was assessed using the aragonitic oxygen isotope

temperature equation by Grossman and Ku (1986) and assuming 6180sw = 0.88%.
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Chapter 6: Summaries and Future perspective of giant clam paleo recorder

It is useful and important tool for reconstructing tropical-subtropics
paleoenvironment to use giant clam shell and harmatypic coral skeleton. The
paleoenvironmental information obtained from the coral skeleton lasts for several
hundred years, but the giant clam has a short life span of several decades to one hundred
years. However, the shell composed of precise aragonite is resistant to the sequential
action [Watanabe ef al., 2004]. The microstructure of the shell such as annual growth
bands and daily growth increment is preserved well even if it had been altered diagenetic
effects.

Microstructure in the shell is an advantage to the another paleoenvironment
proxies. Dairy growth increment and trace element in the giant clam shell have several
hours to 1day, very high temporal resolution information [ Watanabe and Oba, 1999, Sano
et al., 2012, Hori et al., 2015, Warter et al., 2017]. Thus, the giant clam shell is also
frequently found in the tropical zone ruins [Faylona ef al., 2011], we can clarify the
meteorological phenomena experienced by the past human beings on the same time scale
as human life.

Giant clam has not only interesting ecology such as having zooxanthella, but they are an
important signpost to forecast future Earth environment to reconstructing paleo
environments. The researches using the giant clam shell will become more sophisticated

to handle high temporal resolution geochemical and microstructure analysis. Also,
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calibration researches to reveal the correspondence among giant clam shell geochemical

signals, its surrounding environment, and its ecological responses will be subjected.
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