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Abstract

The Mekong River is one of the most important river systems in the world, politically,
economically, and environmentally. It is originated from Tibetan Plateau, flow through six
countries, China, Myanmar, Laos, Thailand, Cambodia, and Viet Nam before reaching to Mekong
Delta in East Sea Viet Nam (ESVN). Mekong River and ESVN are strongly dominated by the
seasonal reversing of East Asian Monsoon (EAM) which causes strong seasonal climatic
variations. Instrumental records of past climate variations and paleoclimatic history of Mekong
river are temporally short (20-30 years), and geographically constrained, limiting our ability to
examine long-term climate fluctuations. In order to resolve and reconstruct past climate variations,
EAM variabilities and Mekong River discharge, the geochemical records of marine carbonates
such as scleractinian corals can be used. The coral cores were collected from the colony of Porites
sp. alive at ~20m water depth on the southwest side of Con Dao island, south of ESVN and about
90 km distance from Mekong river mouth. We measured Sr/Ca and Ba/Ca ratios using inductively
coupled plasma atomic emission spectrometry (ICP-AES) and oxygen and carbon stable isotope
ratios using an automated carbonate preparation device (Kiel V) coupled to stable isotope ratio
mass spectrometer (Thermo scientific MAT 253) installed at Hokkaido University. All
geochemical proxies were measured in monthly resolution during the period 1924 — 2005.

The results showed the high correlation between Sr/Ca and instrumental SST (r = 0.90; P
< 0.01). The differences between the reconstructed and observed SSTs were 0.45, -0.89 and -0.33
°C for annual maximum, minimum and mean values, respectively. The reconstructed SST in
period from 1924 to 2005 is quite stable and the standard deviation of residuals of the regression
was determined to be 1.45 °C due to differences in ocean conditions and SST between observation
site and sampling site. For determining ENSO variability and its impacts to ESVN, | compared
between coral Sr/Ca and Nino 3.4 index. | found that coral Sr/Ca ratios from 1924 to 1990 showed
significantly correlation with Nino 3.4 index with correlation coefficient r = 0.516 and r = 0.725
corresponding to winter and summer, respectively. This result suggested that interannual
variability SST around Con Dao island is strongly influenced by ENSO. From 1990 to 2005,
relationship between Nino 3.4 index and summer Sr/Ca are almost opposite due to influence of
Mekong river discharge or the eruption of Mount Pinatubo, Philippines.

The time series of Ba/Ca is characterized with intra-annual double peaks, the first large one
in March during the dry season and relatively small one in August during the wet season. Coral
Ba/Ca record in Con Dao Island could reflect the sediment discharge from the Mekong River. The
maximum discharge of freshwater from the river reached our coral site in summer (from May to
November), however the sediment discharge model of the Mekong River indicated that the amount
of suspended sediment influencing on Con Dao Island was high in winter (from December to
April) because of the influence from the seasonal migration of the Asian monsoon and ocean
currents. Coral Ba/Ca ratios can be used as reflection of the suspended sediment discharge from
Mekong river in period 1924 to 2005 and divided into 3 stages: Before war (1924 to 1945),
Indochina war (1946 to 1975) and After war and hydropower dams construction (1976 — 2005).



The variability of Ba/Ca can be explained by human activities such as: land-use changes,
hydropower dams construction and Indochina war.

On the other hand, coral Ba/Ca ratio and 5'®Os could be used as indicators of flooding
from the Mekong Delta. During the period from 1980 to 2005, the difference in seasonal
characteristics of geochemical signals in flood years and no-flood years was detected. During the
flood years, in the warm/wet season, the Ba/Ca ratios and §*80sy data significantly increased and
decreased, respectively. These results reflect the increase in the Mekong River freshwater
discharge and the sudden increase of precipitation when floods occurred in warm/wet season. In
period from 1980 to 2005, the averaged value of Ba/Ca ratios in summer months (May to
November) of flood years was calculated as 3.6 umol/mol. Based on this, 11 flood events can be
detected by averaged value of Ba/Ca in summer months similar or higher than 3.6 pmol/mol in
1926, 1930, 1933, 1935, 1948, 1952, 1960, 1961, 1975, 1976, and 1978, especially expected big
flood events in 1948 and 1960 with averaged Ba/Ca is 4.23 and 4.25 pmol/mol, respectively.

Ba/Ca ratios and 58O recorded by Porites coral in Con Dao island can be used as proxy
for northeast and southwest monsoon, respectively. 5!80sy showed a high correlation with 520 in
coral from Koshiki island which is also influenced by East Asian Monsoon. | found the significant
correlation between §0sy and Pacific Decadal Oscillation (PDO) index, suggested that climate
of ESVN was teleconnected with decadal variation of Pacific Ocean during the last 80 years. High
correlation between summer §'80sy and winter PDO index during 1924 to 1990 indicated that
EASM may be a possible driving force of winter PDO variability. The no correlation between
summer §'80sy and winter PDO index from 1990 to 2005 corresponds with cooling event showed
in the results of Sr/Ca variation.

In conlusion, the geochemical data from Porites coral of Con Dao island, Viet Nam
provided a better understanding about interannual variability of sea surface conditions, Mekong
river discharge and flood events determination during period from 1924 to 2005. Moreover, the
interaction between ENSO and East Asian monsoon and their impacts to East sea Viet Nam were
also clarified partly.



Chapter 1.
INTRODUCTION

1. East Asian monsoon

The East Asian monsoon is characterized by a distinct seasonal reversal of monsoon flow
driven by temperature differences between the Pacific Ocean and East Asian continent. Because
of these distinct differences, the annual cycle of the East Asian monsoon can be divided into warm,
wet summer, and cold, dry winter, monsoons: this division is related to the seasonal reversal of
large-scale atmospheric heating and steady circulation features (Chang, 2004; Wang, 2006). the
East Asian monsoon strongly influences the global climate system and prediction. The East Asian
monsoon system is much more complicated than other individual global monsoon systems because
the East Asian monsoon is located in the subtropics, while the other monsoons are located in the
tropics. The East Asian monsoon is influenced by mid-latitude disturbances and convective
activity to represent the meridional transports of heat and momentum, in addition to significant
land-sea contrast. Moreover, the East Asian monsoon system is linked to the Arctic effect and
some feedbacks to the other regional tropical monsoons of the global monsoon system (Kwon et
al., 2005; Lee et al., 2005).
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Figure 1.1. East Asian monsoon climate characterized with Southwest monsoon and Northeast
monsoon

2. Mekong River basin and climate variability

The Mekong River is one of the largest river systems in the world, rises in Tibet and flows
4600 km from its source before draining into the East sea of VViet Nam. The area of the Mekong
River basin is about 8.0x105 km? and extends into six countries: China (21%), Myanmar (3%),
Thailand (23%), Laos (25%), Cambodia (20%), and Vietnam (8%). Annual water discharge from
the river is tenth largest in the world with 475 km® (Lu and Siew, 2005), in which Laos contributes
some 35% of this water, followed by Thailand and Cambodia (18% each), China (16%), Vietnam
(11%) and Myanmar (2%). The annual sediment discharge of Mekong River is 1.6x108 tons
(Milliman and Syvitski, 1992), ninth largest in the world. The Mekong River basin can be divided
into two parts: the "upper Mekong basin" in Tibet of China and small part of Myanmar, and the
"lower Mekong basin" from Yunnan downstream, China to the East sea of Viet Nam, including:



Laos, Cambodia, Thailand and Viet Nam. The Upper and Lower basins make up 24 and 76 percent
respectively of the total area of the basin (MRC, 2005). The Mekong Basin is particularly rich in
biodiversity. The Mekong river basin is a diverse region with population of 70 million people and
70% of the basin’s population rely on agriculture and fisheries for their livelihoods.

Mekong River basin is strongly dominated by East Asian monsoon with two distinct
seasons — a wet season from May to November and a generally dry season for the rest of the year
corresponding to southwest monsoon and northeast monsoon, respectively. In the lower Mekong
river basin, the southwest monsoon brings high rainfall resulting in the onset of the rainy or wet
season while the northeast monsoon has low rainfall and forms the dry season. Air temperature is
remarkably uniform due to the area’s maritime infl uence and generally low elevation. High
temperatures occur except during part of the northeast monsoon when cool winds blow from
Central Asia. Lowest temperatures occur between November and February (MRC, 2003). The
hottest months are at the beginning of the dry season with average air temperatures of 30-38°C.

Precipitation in the region varies with location. Rainfall is low on the Tibet Plateau and
increases southwards through the Mekong River basin, being the highest in the Mekong Delta of
Viet Nam. The rainfall ranges from 600 to 3200 mm per year. Cyclonic disturbances during the
rainy season may cause widespread rainfall of long duration during July-September, resulting in
flooding (Chu et al. 2003). With the onset of the southwest monsoon in May, the level of the
Mekong River rises reaching its peak in mid-August or early September in the upper part of the
lower Mekong river basin, and in mid-September or early October in the Mekong Delta (MRC,
2003). Flooding in the Cambodian and Vietnamese parts of the Mekong river basin is usually
disastrous with up to 4 million ha of Cambodia’s lowland areas and up to 1.8 million ha in the
Mekong Delta inundated annually.
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Figure 1.2. Mekong River basin map (Source: FAO 2011)
3. Geochemical records from corals as proxies for paleoclimate and paleoenvironment

Tropical coral reefs are complicated ecosystems that have existed in tropical and
subtropical Oceans for millions of years. Their distribution is mainly at shallow warm water
regions. During their growth, massive corals incorporate a large array of geochemical elements
into their aragonitic skeleton and form varying density bands that have been demonstrated to
follow the annual cycles of key environmental parameters. When coral cores were cut into 5-10



mm slices along the vertical growth axis, these couples of annual density band are apparent on X-
radiographs, which make these massive coral skeletons record of past tropical climates and
environments significantly. In comparison with other climate records (i.e., tree rings, ice cores,
sediment cores) massive corals have several characteristics that make them unique marine proxies:

- Annual density bands enable absolute chronological control

- Rapid and continuous growth (~1cm/yr) allow for annual and subseasonal sampling
resolution

- Growth of several meter high colonies provide coral records of several decades up to
centuries.

- The large of geochemical tracers incorporated into the aragonite skeleton reflects
environmental conditions of the ambient seawater in which the coral grew.

- Main oceanographic parameters such as sea surface temperature (SST) and salinity (SSS)
can be reconstructed from the coral skeleton.

- Good preserved fossil coral skeleton allows for high-resolution paleoclimate
reconstruction.

The coral-based paleoclimatology benefits in order to reconstruct important oceanographic
parameters such as SST and SSS at high temporal resolution. The climate reconstruction for a long
time has significantly improved our understanding of the variability of the tropical and subtropical
climate system.

Coral Skeleton Global warming prediction
* Isotope geochemistry (Oxygen Coral skeletal climatology * Increase in temperature, change
and carbon isotope ratio * Increased precision and of rainfall
analysis) advancement of micro-sampling e Variation of monsoon systems
* Carbonate inorganic chemistry method (temporal resolution) * Variation of El Nino, La Lina.
(ICP element analysis) * Diversification of subject
element and isotopes Diagnosis of coral reef and marine
Geology and Geophysics (environmental indices) environment
» Sample exploration, geological * Increased high precision and »  Abnormally high temperature
survey analysis speed for element and and mass coral bleaching
¢ Climatology, paleooceanography isotope ratio ¢ Ocean acidification and
¢ Advancement in data analysis decreased calcification
Biology, molecular biology * Understanding the properties of
 Investigation by culture coral record Disaster prevention
experiment ¢ Tsunami, typhoon, flood events

Figure 1.3. Scheme of research development for coral skeletal climatology

Proxy Environmental variable
5180 Sea surface temperature, sea surface
salinity
d13C Light intensity, nutrients/ zooplankton
levels

AYC Ocean ventilation, water mass circulation
Sr/Ca Sea surface temperature
Mg/Ca Sea surface temperature

U/Ca Sea surface temperature
Mn/Ca Wind anomalies, upwelling
Cd/Ca Upwelling

5B pH




F Sea surface temperature
Ba/Ca Upwelling, river outflow, sea surface
temperatures
Light (seasonal changes), stress, water
motion, sedimentation, sea surface
temperature
Fluorescence River outflow

Skeletal
growth bands

Table 1.1. Environmental variables that can be reconstructed from coral skeletal isotopes, minor
elements, trace elements and growth record. Some variables, such as SST, SSS and upwelling
associate more directly to ENSO

2.1. Coral Sr/Ca ratio, a temperature proxy

Sea surface temperature (SST) is one of the most important environmental parameters
influence on regional and global climate variability, and therefore it is one of the most important
oceanographic parameters for predicting future climate scenarios through numerical simulations.
Trace elements (i.e., Sr, Mg, and U) incorporated in coral skeletons are widely used as robust
paleothermometers. The ratios of strontium/calcium (Sr/Ca), magnesium/calcium (Mg/Ca), and
uranium/calcium (U/Ca) are largely determined by the temperature-dependent distribution
coefficient of Sr/Ca, Mg/Ca, and U/Ca between aragonite and seawater. When sea surface
temperature increases, the Sr/Ca and U/Ca ratios of the coral skeleton decrease while Mg/Ca ratio
increases.

Since the pioneering work by Smith et al., (1979) and Beck et al., (1992), the Sr/Ca ratio
of coral skeleton is the most extensively used proxy for reconstructing past SSTs. A large number
of successful climate reconstructions using coral Sr/Ca further prove that Sr/Ca ratio is an good
sea surface temperature proxy (e.g., Beck et al., 1992; McCulloch et al., 1994; Alibert and
McCulloch, 1997; Gagan et al., 1998; Hughen et al., 1999; Swart et al., 2002; Winter et al., 2003;
Cohen and Hart, 2004; Correge et al., 2004; Felis et al., 2004; Pfeiffer et al., 2006; Goodkin et al.,
2008b; Abram et al., 2009; Asami et al., 2009; Felis et al., 2009; Felis et al., 2010; Hetzinger et
al., 2010).

No Study Location b a Species
1 Mitsuguchi et al. (1996) Ishigaki island, ECS — Pacific 10.543 -0.0608 | Porites lutea
2 Shen et al. (1996) Taiwan, SCS 10.307 -0.0505 | Porites lutea
3 | Weietal. (2000) Hainan island, SCS 10.600 -0.0504 | Porites lutea
4 Yu et al. (2005) Leizhou Peninsula, SCS 9.836 -0.0424 | Porites lutea
5 Sun et al. (2005) Xisha island, ESVN 10.327 -0.0534 | Porites sp.

6 Mitsuguchi et al. (2008) Con Dao island, ESVN 10.105 -0.0446 | Porites sp.
7 A. Bolton et al. (2014) Hon Tre island, ESVN 10.573 -0.055 Porites sp.
8 Gagan (1998) Pacific, Australia 10.78 -0.066 Porites lutea




9 L\gggszh)all and McCulloch Pacific, Australia 10.4 -0.0575 | Porites lutea
10 | Linsley et al. (2004) Pacific, Fiji 10.65 -0.053 Porites lutea
11 | Felis et al. (2009) Pacific NW, Ogasawara 10.781 -0.0597 | Porites sp.

12 | Corrége (2006) Pacific, N. Caledonia 10.407 -0.0576 | Porites sp.

13 | Zinke et al. (2004) Madagascar 10.323 -0.05 Porites lobata

Table 1.2. Table of published Sr/Ca-SST relationships for near-monthly sampling resolution
expressed in the form of Sr/Ca (mmol/mol) = a x SST (°C) + b, where a is the slope and b the
intercept.

When ambient sea surface temperature increases, corals incorporate less Sr into their
calcium carbonate and thus, record the SST of the ambient sea water as they grow (Smith et al.,
1979; Beck et al., 1992). Recent analytical improvements in the application of Sr/Ca
paleothermometry combined with the development of a new high-precision method of Sr/Ca
determination, via Inductively Coupled Plasma Atomic Emission Spectrophotometer (ICP-AES)
that compares very regularly coral samples values to a reference solution (Schrag, 1999).

During the aragonite skeleton formation of coral, both Sr and Ca are incorporated into the
skeletal structures. Sr2+ mainly replaces to Ca2+ in crystal lattice (Kinsman and Holland, 1969).
Because of the chemistry of Sr2+ is very similar to Ca2+, sothat their behaviour is similar. The
Sr/Caratio in coral is believed to be predominantly controlled by two factors, (1) the Sr/Ca activity
ratio of seawater and (2) the Sr/Ca distribution coefficient (Dsr) between aragonite and seawater
(Smith et al., 1979). Therefore, when Sr is picked up from a well defined solution, the Sr/Ca
concentration in coral can be calculated by its distribution coefficient:

Dsr = (Sr/Ca)coral/ (Sr/Ca)seawater

Although Sr and Ca are very conservative elements in seawater, the seawater Sr/Ca ratio
is effected by weathering of exposed aragonite on the continental shelves during low-sea level
stand (Stoll and Schrag, 1998). Moreover, small changes in coral skeleton Sr/Ca concentration
have been recorded due to coral symbionts, biological activities (called as “vital effects”, as well
as other local effects (de Villiers et al., 1994; de Villiers et al., 1995; Shen et al., 1996; de Villiers,
1999; Cohen et al., 2002).

Despite the potential of coral Sr/Ca paleothermometry, there are several notable concerns
that have prevented the acceptance and validity of coral Sr/Ca as a robust paleothermometer: 1)
each species modern coral calibrated to instrumental SST shows a different coral Sr/Ca-SST
relationship in both slope and intercept and 2) coral-based SST reconstructions in the tropical
ocean for the Last Glacial Maximum (LGM) have shown SST conditions 2 to 4 times cooler than
recorded by other marine paleoproxies (Beck et al., 1992), both implying that the Sr/Ca ratio in
coral skeleton is not a simple a thermodynamic relationship (Marshall and McCulloch, 2002).



These all demonstrate that the coral Sr/Ca ratio is a good proxy of the past SST and
therefore, judicious strategies should be used to extract robust estimations of the coral Sr/Ca-
derived SST variability.

Oxygen isotope

ratio of corals
Temperature (5'80,)

Salinity

Oxygen isotope

Salinity |:> ratio of seawater

(5'°Ogy)

Sr/Ca ratio of
Temperature |:> / corals

Figure 1.4. Sea surface condition parameters influence on geochemical record in coral
2.2. Coral 680, a combined temperature and salinity proxy

The 580 of coral skeleton is influenced by both sea surface temperature and oxygen
isotopic composition of ambient seawater (§*30sw). The §*0sw is linearly related to the sea
surface salinity (SSS). §'0sw is consistent to paleoclimatology because it is closely related to the
balance between precipitation and evaporation, and therefore 580sw reconstruction could expose
important information about past changes in hydrological cycle. However, because the 580 of
coral skeletons is a function of both SST and 5'%0sw (Weber and Woodhead, 1972), it is it is
normally difficult to devide the effects of SST and 5'80sw by using coral 5'80 only. Therefore, in
association with the coral Sr/Ca-based SST reconstruction, coral 580 can be used to reconstruct
5'80sw, a critical oceanographic parameter. Several studies have used paired coral Sr/Ca and §'8Oc
in order to appreciate past changes in the hydrological cycle recorded in the coral skeletons
(McCulloch et al., 1994; Gagan et al., 1998; Ren et al., 2003; Zinke et al., 2004; Sun et al., 2005;
Linsley et al., 2006; Pfeiffer et al., 2006; Cahyarini et al., 2008; Felis et al., 2009; Hetzinger et al.,
2010).

Basically, 5180 is a measure of the ratio between heavy and light oxygen isotopes 20 and
180, respectively, in reference to a standard. This oxygen isotope ratio is reported in part per
thousand or "per mil" (%o) and is calculated as follows:

5180 = (((**0/*®0)sample/(*80/*0)standard)-1)*1000

where the standard has a known isotopic composition such as Pee Dee Belemnite (PDB).



Pioneer studies by McCulloch et al., (1994) and Gagan et al., (1998; 2000) attempted to
quantitatively separate the effects of SST from those of §'0sw on coral skeletal 520, by using
paired coral §'80 and Sr/Ca analysis on the same coral samples. The authors estimated the
relationship of coral 5'80 and SST, as well as Sr/Ca and SST, using univariate linear regression
equations. These equations are then used to convert both proxies to temperature, in order to
subtract the temperature component from coral !0 as described below:

8"80coral = 5'80sst + 5805w
Where
5'80sst = y1/B1 (Sr/Cacorar)
therefore,
5'80sw = 8 80coral - Y1/ B1 (Sr/Cacorar)

where §80sst and §!80sw are the temperature and seawater oxygen isotopic component
of the measured §'®Ocoral, respectively. Here, y1 and Bl are the §'®0-SST and Sr/Ca-SST
regression slopes, respectively.

The oxygen isotopic composition of sea water (5'¥0Osw) and SSS covary in the surface
ocean waters on a global scale (Schmidt et al., 1999 "Global Seawater Oxygen-18 Database -
v1.20" http://data.giss.nasa.gov/018 data/). The positive relationship between the 5'¥0sw and SSS
is a critical relationship in paleoclimatology, because in combination with thermodynamic
properties of the ambient sea water it provides the chance to estimate the density of sea water, an
important oceanographic parameters involved in the meridional overturning circulation in the
North Atlantic. Both parameters are largely related to the hydrological cycle, with higher SSS and
5'80sw values observed in regions where evaporation exceeds precipitation, whereas lower values
are characteristic of regions dominated by precipitation and river runoff. Furthermore, both
parameters of the surface waters are influenced by oceanic advection and diffusion processes.
Since the relationship between SSS and §'80sw has been extensively studied in past few decades
(Schmidt, 1999; Delaygue et al., 2000), a unique study performed on Caribbean seawater
(Watanabe et al., 2001) yielded to the conclusion that seasonal variation of §*®0sw is mostly
governed by SSS changes. The 530sw-SSS relationship from these data is:

5180sw = 0.204 (£0.03)*SSS - 6.54 (+0.68) (r =0.93, n = 20)

Consequently, reconstruction of past changes in Caribbean SSS on time scales ranging
from seasonal to multidecadal can be achieved from the reconstructed 5'80sw inferred from the
paired coral Sr/Ca and 580 measurements. Such an approach performed on tropical Atlantic corals
will provide unique insights on the variations of hydrological cycle in the southern Caribbean Sea
on these time scales.

2.3. Ba/Ca variation

Barium (Ba) has a nutrient-like distribution in the ocean, generally depleting in surface
waters and enriching in deep waters, and such concentration profiles indicate involvement in
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biological processes (Lea and Boyle, 1989; Dymond and Collier, 1996; Stecher and Kogut, 1999;
Paytan and Griffith, 2007). The concentrations of Ba in seawater (Sternberg et al., 2008) and
sediment (Pfeifer et al., 2001; Paytan and Griffith, 2007) have been recently employed as proxies
for past biogeochemical processes. Ba incorporated into bivalve shells has been used as a tracer of
local primary productivity (Vander et al., 2000; Elliot et al., 2009).

In scleractinian corals, Ba can substitute for Ca into the crystal lattice of coral aragonite
(Lea et al., 1989; Fallon et al., 1999; Sinclair and McCulloch, 2004), with a partition coefficient
Dga = Ba/Cacora/Ba/Caseawater = 1) (Lea et al., 1989; Alibert et al., 2003). Its skeletal concentration
faithfully records the concentration of Ba in the ambient ocean, thus making it a potential tracer of
a number of different oceanographic processes. Coral Ba/Ca, first studied by Bowen (1956) and
Harriss and Almy (1964), is thought to reflect ambient seawater conditions, and therefore parallels
the environment in which the coral grew. Coralline Ba/Ca has been shown to track upwelling
and/or coastal runoff, depending upon the local sources of barium to surface waters (e.g. Lea et
al., 1989; Sinclair and McCulloch, 2004b; Sinclair, 2005; Montaggioni et al., 2006; Fleitmann et
al., 2007; Prouty et al., 2010; Maina et al., 2012; Moyer et al., 2012). Barium is removed from the
dissolved phase in the upper water column by the precipitation of micron-scale barite crystals,
formed in microenvironments of decaying organic matter and probably by other poorly described
mechanisms as well (Dehairs et al., 1980; Bishop, 1988; Ganeshram et al., 2003). Barium is then
returned to the dissolved phase in the thermocline and below, such that the resultant vertical
concentration profile resembles that of silicate, which is remineralized deeper than nitrate and
phosphate. Because of this *“nutrient- like” Basw water column profile, Ba/Ca in surface corals has
been used to reconstruct changes in the upwelling of nutrient-rich thermocline waters (Lea et al.,
1989; Fallon et al., 1999; Montaggioni et al., 2006; Allison and Finch, 2007). However, the
increase of Basw with depth is relatively subtle compared to the major nutrients nitrate and
phosphate. Therefore, terrestrial runoff inputs of Ba to coastal upwelling sites can compromise the
interpretation of Ba/Ca as an upwelling proxy in some locations. In coastal regions affected by
river discharge, skeletal Ba/Ca has been shown to record changes in sediment discharge, as barium
desorbs from suspended sediment in low salinity estuarine waters, increasing Basw and thus,
skeletal Ba/Ca coral (Alibert et al., 2003; McCulloch et al., 2003; Sinclair and McCulloch, 2004a;
Prouty et al., 2008, 2010; Carriquiry and Horta-Puga, 2010; Horta-Puga and Carriquiry, 2012;
Maina et al., 2012; Moyer et al., 2012; Mallela et al., 2013).

Moreover, inshore coral skeletal Ba/Ca records correlate well with flood events (or
freshwater events) associated with intense rainfall during wet seasons allowing monitoring of long
term changes in rainfall patterns. Ba/Ca peaks match well with peaks in skeletal fluorescence, a
robust proxy for freshwater flood events (Isdale, 1984; Lough et al., 2002), confirming that the Ba
is sourced mainly from river discharge (Sinclair and McCulloch, 2004).

4. Aim of this study

The reasons to choose this research:
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- In recent years, paleoclimate, climate change and its effects on marine environments are
one of great concern of the World in general and Viet Nam Government in particular. In Viet Nam,
researches using coral geochemical records for reconstruction of paleoclimate and
paleoenvironment are relatively limited. Therefore, this research will be very important.

- Mekong river and Mekong Delta have an important role to economic of Viet Nam. This
study will contribute to prevent the disaster due to floods from Mekong River and climate changes,
and to promote economic development in the Mekong Delta.

- Coral reefs in Vietnam are very rich and diverse with many different species. This will
be good conditions to carry out this study.

- The VNU University of Science has invested in modern equipment and laboratories for
paleoclimate and climate change researches. This will be a new direction for researching and
education at our university.

The aim of this study is to examine the potential of geochemical records from Porites coral
in Con Dao island as proxies for climate changes, environment and East Asian monsoon
variability. Using the correlation between them to reconstruct SST, SSS, Mekong river discharge
and indicate flood events from Mekong delta. Establish the relationship between geochemical of
corals with some phenomenon such as: El nino, La lina...
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Chapter 2
MATERIALS AND METHODS

1. Sampling site and climate data

Con Dao island is located at 8°41'35”N 106°34'36"E, in the south-east region of Viet Nam.
The distance from Con Dao islands to Me Kong river mouth is about 90 km (Figure 2.1). It sits in
the Asian monsoon climate and influenced by ocean climate. By dint of this, Con Dao weather is
portrayed by characteristics of sub-equatorial and ocean climate. In a year, there are two monsoon
movements: south-west monsoon from May to September, and north-east monsoon from October
to April correspond to East Asian summer monsoon and East Asian winter monsoon, respectively.
The climate of Con Dao island is characterized by two seasons: warm/wet season (from May to
November) and cool/dry season (from December to April).
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Figure 2.1. (a) Location of the East Sea and Mekong River of Vietnam. The climate of this area
is strongly dominated by the East Asian monsoon: summer monsoon and winter monsoon
correspond to southwesterly winds and northeasterly winds, respectively. Con Dao Island located
in the ESVN, ~ 90 km from the mouth of the Mekong River. (b) Map of Con Dao Island
showing the location of the sampling site at the southwest side of the island (red circle).
Meteorological observation station (blue circle) located 15 km distance away from the sampling

site.
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The meteorological observation records (Figure 2.2) have been recorded since January
1980 in the Con Dao meteorological observation station (Institute of Hydrology and Meteorology
of Vietnam), which is located in about 15 km away from the coral sampling site. The local mean
sea surface temperature (SST) in Con Dao is 28.3°C, within the range from 25°C (monthly mean
SST in January) to 31°C (monthly mean SST in May). The annual precipitation is about 2,200 mm
and 95% of this occurs in warm/wet season and reaches the highest in August to October. In
contrast, precipitation is minimal in the cool (dry) season, when the North-east monsoon is active.
The meteorological observation records show that the mean seasonal cycle of SSS is about 6%o
with a maximum of 34%o in February — April and a minimum of 28%. in October. The mean annual
SSS is 32%o.
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Figure 2.2. Monthly climate data recorded by meteorological observation station in Con Dao
island (a) SST from 1980 to 2007, (b) Precipitation from 1984 to 2007, (c) SSS from 1980 to
2007 and calculated climatological data, respectively.

2. Sample preparation

In June 2006, we drilled 4 Porites sp. coral cores (CD-4) from water about 20 m depth in
south-west side of Con Dao island (N 8°33.43° E 106°33’). The cores, taken vertically from the
coral body, were 150 cm in total length and 5 cm in diameter.

The coral cores were cut into 5-mm-thick slabs using a diamond saw blade along the axis
of major growth. Each coral slab was ultrasonically cleaned with deionized water for 10 min to
remove surface contaminants. This procedure was repeated 3 times after which each coral piece
was oven dried at 40 °C for 48 h. The slabs were then photographed under UV light and X-rayed.
The UV photo and X-ray photo revealed luminescent banding and density banding in the coral,
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respectively (Figure 2.3). There are 82 couple bands in total, and all bands are quite clear. The 82
couple bands were assumed to be annual growth bands covering the period AD 1922 — 2005.
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Figure 2.3. X-radiograph (top) and UV-luminescence photograph (bottom) of a coral skeletal
core slab (Porites sp.) from Con Dao Island showing annual bands for AD 1922 - 2005. The UV
photograph and X-ray photograph revealed clear luminescent banding and density banding in the

coral, respectively. One year is represented by high-density/low-density couplet. The red lines

indicate the measurement lines for geochemical analysis. The scale bars are 30 cm.

On the basis of the banding patterns in the UV-luminescence photo and X radiograph, 11
measurement lines were determined on the coral slabs for sampling along the skeletal growth
direction. Along the measurement lines, 1050 sub-samples were drilled using a 0.8 mm diameter
micro-drill at 1 mm intervals with a drilling depth of 1 mm.

3. Oxygen isotopes analysis

Coral stable isotope ratios were measured following the standard procedures on a Finnigan
MAT 253 mass spectrometer with an automatic carbonate device (Kiel 1V) in Hokkaido University
(Figure 2.4). The coral powder was weighed, and 20-40 ug powder was reacted with 100% H3sPO4
at 70°C. Isotopic ratios are expressed in conventional delta notation in per mil units relative to
Vienna Pee Dee belemnite through measurements of the isotopic ratio of CO> gas derived from
National Bureau of Standards NBS-19 and NBS-18. The internal precision for 5'0 and §*3C was
+0.04%. and 0.08, respectively (n = 80).

Figure 2.4. The Finnigan MAT 253 mass spectrometer with an automatic carbonate device (Kiel
IV) in Hokkaido University.
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4. Trace elements analysis
Pretreatment of samples for trace elements analysis:

Because trace elements are highly effected by both to pre-existing surface contamination
(detritus and organic) and contamination introduced in sample recovery and preparation.
Therefore, chemical pretreatment steps in sample preparations for coral material are often
necessary. | will test the analytical effects of chemical treatment on coral aragonite standard JCP1
and chose which methods can be used for my coral samples from Con Dao island.

Based on study of Watanabe et al., 2001, | use some of cleaning processes as follow:

»| 4a. Clean with 0.1 M NaOH for 15 min. at 25 °C

A 4b. Clean with 1:1 mixture of 30% H202 and
0.1 M NaOH in a 60 °C water bath for 15 min

» 1. No treat A 4c. Clean with 1:1 mixture of 30% H202 and
ICP-1 0.1 M NaOH in a 60 °C water bath for 60 min
; ; 3. Wash with - -
powder A 2. Rinse with | 0?);5:‘“ ) 4d. Clean with 1:1 mixture of 30% H202 and
Milli-Q water : , 0.2 M NaOH in a 60 °C water bath for 60 min
HNO3 for 15

»| 4e. Clean with 15% H202 for 15 min. at 25 °C

v

4f. Clean with 5% NaClO for 24 hours at 25 °C

| 4. Clean with 30% H202 for 15 min. ina 60 °C
water bath

i 4h. Clean with 30% H202 for 60 min. in a 60 °C
water bath

Figure 2.5. Some of cleaning processes use for testing in my research

Sr/Ca ratio in coral is relative stable and effect of organic compounds is negligible in
aragonite corals (Amiel et al., 1973). Therefore | only chose the pretreatment method using for
Ba/Ca and Mg/Ca analysis.

20 . Ba4554/Ca3706
16 |

12
s |
kil
0

1 2 3 4a 4b 4c 4d 4e 4f 49 4h

22




5 - Mg2795/Ca3706
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Figure 2.6. Ba/Ca and Mg/Ca result in JCP1 using for each cleaning processes. Error bar
indicates standard deviation of results.

1

Each steps were measured 5 times, the result of Ba/Ca and Mg/Ca will be averaged values
(Figure 2.6). My testing showed that Ba/Ca and Mg/Ca ratios in corals are significantly affected
by chemical treatment. The standard deviation (20) of duplicate analysis were calcualted with each
procedure. The highest and lowest standard deviation values of Ba/Ca ratios are 7.1 and 0.32
corresponding to organic clean 4e (with 5% NaClO for 24 hours at 25 °C) and 4¢ (with 1:1 mixture
of 30% H202 and 0.1 M NaOH in a 60 °C water bath for 60 min), respectively. Standard deviation
value of samples rinsed with milli-Q water is also noticeably, 0.44. The highest and lowest
standard deviation values of Mg/Ca ratios are 0.51 and 0.089 corresponding to no pretreatment
and rinse with milli-Q water, respectively. Due to Ba/Ca and Mg/Ca ratios will be calculated from
1 measument, therefore I should chose the procedure with best standard deviation for both. The
step 2 (the sample washed with milli-Q water) show good standard deviation for both Ba/Ca and
Mg/Ca. Therefore, I will apply this pretreatment method for my samples.

In order to measure the coral trace element ratio, we use inductively coupled plasma-atomic
emission spectrometry (ICP-AES) in Hokkaido University. Sample solution for coral Sr/Ca ratios
analysis was prepared by using 80-90 g sample powder dissolved in 0.5 ml HNOs 25% then add
milli-Q to get a Ca concentration of 7 ppm.
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Figure 2.7. The inductively coupled plasma-atomic emission spectrometry (ICP-AES)
in Hokkaido University

For Mg/Ca and Ba/Ca ratios, the 115 — 128 g powder sample was rinsed with 2 ml milli-
Q water in ultrasonic bath for 10 minutes for removing the possible organic contamination. The
solution was then centrifuged for 15 minutes and removed 1.8 ml milli-Q water. Residual solution
was mixed with 0.5 ml HNOs 25% and milli-Q to get a Ca concentration of 9 ppm. This analysis
was held using ICP-AES, coupled to an ultrasonic nebulizer.

Accuracy was monitored by analyzing the Porites coral standard JCp-1. Analytical
precision of the Sr/Ca, Mg/Ca and Ba/Ca determinations was 0.07%, 0.5 % and 1.2 % respectively.

5. Age model

We used the coral Sr/Ca ratios to create an age model for all proxies. Minima and maxima
of the Sr/Ca ratios were tied to the maxima and minima of observed SST from Con Dao Island.
The Sr/Ca data and instrumental SST were re-sampled to a monthly resolution with 12 samples
per year using AnalySeries software (Paillard et al., 1996).
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Chapter 3
Mekong River discharge and the East Asian monsoon recorded by a coral geochemical

record from Con Dao Island, Vietnam

Abstract

The offshore flow of the Mekong River is strongly governed by the East Asian monsoon
(EAM). Monthly-resolved skeletal carbonate Sr/Ca, Ba/Ca and oxygen isotope (5'80c) data
from 1980 to 2005 of a Porites coral from Con Dao Island, ~90 km from the Mekong River
mouth, were analyzed for capturing the past flood events and the signal of East Asian winter
monsoon. Ba/Ca time series is characterized with intra-annual double peaks, the first large one
in March during the dry season and relative small one in August during the wet season. The
low values of seawater 520 (5!%0sw), deduced from both the Sr/Ca ratio and §'8Qc, in the wet
season resulted from precipitation and/or freshwater input from the Mekong River. The
difference in the seasonal characteristics of Ba/Ca and 5'®QOsw between flood and no-flood years
could be attributed to the seasonal reversal of the regional ocean current derived from the EAM.

Keywords: coral record; Ba/Ca; seawater oxygen isotope; Con Dao Island; Mekong River

1. INTRODUCTION

The Mekong River is one of the largest river systems in the world. The climate in the
lower Mekong region is dominated by the East Asian monsoon. Precipitation occurs mainly
during the warm/wet season from May to November. River discharge reaches a maximum in
September or October and a minimum in April (based on averaged water discharge data from
the Tan Chau station from 1979 to 2005). The Mekong River plume is mostly geostrophic and
exhibits a strong seasonal variability related to the monsoon wind and water current system,
which is northward in winter and southward in summer (Tang et al., 2006; Hein et al., 2013;
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Unverricht et al., 2014). The Mekong River in Vietnam represents a great potential for
agriculture and aquaculture production. However, the knowledge about Mekong River
discharge and past flood events have been very limited because of the lack of observations and
historical documents (Tran, 2009; Xue et al., 2012). The paleoclimatic history of Mekong River
discharge will contribute to prevent the disaster due to floods and climate changes, and to
promote economic development in the Mekong Delta.

The geochemical compositions of Porites coral skeletons are affected by the prevailing
environment at the time of skeletal deposition and high-resolution geochemical analyses of the
skeletons provide useful information about seasonal variations in past sea surface climates and
environments (Watanabe et al., 2003). Coral skeletal Sr/Ca ratios have been used as a proxy for
sea surface temperature (SST) (e.g. Mitsuguchi et al., 2008; Bolton et al., 2014). The coral
stable oxygen isotopic record (8'®Qc) has also been used for the reconstruction of SST
(Watanabe et al., 2003; Cahyarini et al., 2014). Using both the Sr/Ca ratio and &80, we can
reconstruct the oxygen isotopic composition of sea water (5'30sy) as an indicator of sea surface
salinity (SSS) related to freshwater runoff into the coral reefs. McCulloch et al. (1994)
calculated §*®Osy and residual variation in coral §*80 for the Great Barrier Reef of Australia.
Their results were shown to correlate with the freshwater runoff from a nearby major river. This
was used as proxy for the reconstruction of past flood events related to ENSO cycles in the
western tropical Pacific corals.

Ba/Ca ratios in coral skeletons have been well calibrated with Ba concentration in
seawater (La Vigne et al., 2016, Gonneea et al., 2017). Coral Ba/Ca ratios reflect changes in
the seawater Ba/Ca composition due to oceanic upwelling, local rainfall, and suspended
sediment flux associated with river discharge, land-use changes and coastal development (e.g.
McCulloch et al., 2003, Montaggioni et al., 2006, Carriquiry and Horta-Puga, 2010, Horta-Puga

and Carriquiry, 2012). McCulloch et al. (2003) indicated that the Ba/Ca ratios in coral skeletons
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from the Great Barrier Reef increased five to ten-fold after the arrival of European’s in
Australia. They argued that the sediment load from the Burdekin River increased with soil
erosion rate due to increasing cattle grazing and agricultural activity around its catchment area
and influenced on the coral reef environment. Ba/Ca ratios in coral skeletons have been used as
powerful recorder of sediment loading by river discharge inthe various coral reefs such as Great
Barrier Reef (Jupiter et al., 2008), the Gulf of Mexico (Carriquiry and Horta-Puga, 2010), and
Madagascar (Maina et al., 2012). In this paper, we attempted to establish the relationship
between Mekong River discharge, flood events and coral Ba/Ca ratios, reconstructed §*8Qsy

based on a 26 year-old Porites coral core from Con Dao Island, Southern Vietnam.

2. MATERIALS AND METHODS
2.1. Coral sampling

From 2 to 8 June 2006, we drilled cores (CD-4) from two Porites coral colonies living
at 20 m depth on the southwest side of Con Dao Island, Vietnam (N 8°33.43’ E 106°33”), which
is located 90 km away from the Mekong Delta coast (Figure 3.1). The total length of the core
was 150 cm and 5 cm in diameter. The coral cores were cut into 5--mm-thick slabs using a
diamond saw blade along the axis of major growth. Each coral slab was ultrasonically cleaned
3 times with deionized water for 10 minutes to remove surface contaminants. Then, the coral
slabs were dried in an oven at 40 °C for 48 h. The slabs were photographed under UV light and
X-ray. The UV and X-ray photographs revealed luminescent bands and density bands on the
coral skeletons, respectively (Figure 3.2). There were 82 bands in total, and all bands were
clear. These bands were assumed to be annual growth bands covering the period AD 1924—
2005. On the basis of the banding patterns in the UV-luminescence photograph and X-
radiograph, measurement lines were determined on the coral slabs for sampling along the
skeletal growth axis. A total of 1150 sub-samples were taken from 0.8 mm diameter drill spots
at 1 mm intervals with a drilling depth of 1 mm. In this paper, we have already analyzed 398

27



sub-samples corresponding to the period from 1980 to 2005.
2.2. Oxygen isotope analysis

Coral oxygen isotope ratios were measured with an isotope ratio mass spectrometer
(IRMS; Finnigan MAT 253) connected with a carbonate device (Kiel 1V) at Hokkaido
University. The 20 - 40 pg carbonate powder was reacted with 100% HsPO4 at 70 °C, and the
emitted CO- gas was purified and introduced from the carbonate device to the IRMS. Oxygen
isotope ratios are expressed as delta notation relative to Vienna Pee Dee Belemnite. The internal
precision for §*80 was 0.04 %o using replicate measurements of the NBS-19 standard (1o, n =

80).
2.3. Trace element analysis

Trace element concentrations in the coral skeletons were measured with inductively
coupled plasma-atomic emission spectrometry (ICP-AES; iCAP6200) at Hokkaido University.
The sample solution for coral Sr/Ca ratio analysis was prepared using 80 - 90 g sample powder

dissolved in 0.5 ml HNO3 25% and milli-Q water, adjusting the Ca concentration to 7 ppm.

For Ba/Ca analysis, the 115 - 128 ug powder sample was rinsed with 2 ml milli-Q water
in an ultrasonic bath for 10 minutes for removing the possible organic contamination. The
solution was then centrifuged for 15 minutes and 1.8 ml milli-Q water was removed. The
residual solution was mixed with 0.5 ml HNO3z 25% and milli-Q water to adjust the Ca
concentration to 9 ppm. The ultrasonic nebulizer was coupled to ICP-AES to detect trace
amounts of barium. Measurement accuracy was monitored by analyzing the Porites coral
standard JCp-1. Analytical precision of the Sr/Ca and Ba/Ca determinations was 0.07 % and

1.2 %, respectively.

2.4. Climate data
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The monthly SST, SSS and precipitation (Figure 3.3) have been recorded since January
1980 at the Con Dao meteorological observation station (Institute of Hydrology and
Meteorology of Vietnam), which is located approximately 15 km away from the coral sampling

site.
2.5. Age model

We used the coral Sr/Ca ratios to create an age model for all proxies. Minima and
maxima of the Sr/Ca ratios were tied to the maxima and minima of observed SST from Con
Dao Island. The Sr/Ca data and instrumental SST were re-sampled to a monthly resolution with

12 samples per year using AnalySeries software (Paillard et al., 1996).
2.6. Data calculation

The seasonal variation of all proxies in period from 1980 to 2005 were calculated by
using averaged data of each months during 26 years (Figure 3.4). And the standard error was

showed as standard deviation values (o) of the means of each months (Figure 3.4 and 3.5).

3. RESULTS AND DISCUSSION
3.1. Coral proxy calibrations

The coral Sr/Ca ratios and 5'®0 showed 26 distinct annual cycles (Figure S2). The
average of the Sr/Ca ratios was 8.90 (mmol/mol), with values ranging from 8.71 to 9.09
(mmol/mol). The &80 averaged -5.68 (%0VPDB) and ranged from -5.04 to -6.51 (%0VPDB).
The calibration of the coral Sr/Ca thermometer was obtained from the linear least squares
regression between the coral Sr/Ca maxima (minima) and the SST maxima (minima) at Con
Dao station from 1980 to 2005 as below:

Sr/Ca (mmol/mol) = (-0.0504 + 0.004)*SST (°C) + (10.305 £ 0.17)
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(r*=0.8108, P < 0.01)

The slope of the Sr/Ca - SST regression was -0.0504 + 0.004 mmol/mol/°C, which lies
within the range for slope values, from -0.0424 to -0.0608 mmol/mol/ °C, recorded in other
Porites corals in the East China Sea, South China Sea and East Sea of Vietnam (Figure 3.6).

We established a regression line between the SST data from Con Dao Island and §*0,
assuming that §'80 reflected only SST variations, as follows:

510 (Y%ovpps) = - 0.2207*SST (°C) + 0.4568
(r?=0.8495; P < 0.01)

Coral 880 is influenced by both SST and the &0 in seawater. The mean seasonal
variation in SSS was approximately 6 %o, with a maximum of 34 %o in February - April and a
minimum of 28 %o in October. 50y might be a significant contribution to coral §*30. §'80sy
values was calculated from both the coral Sr/Ca ratio and §'®Oc. To isolate 68O, the SST
component was removed from the §'80c values using Sr/Ca-SST estimates (Cahyarini et al.,
2014). The average calculated §*80sy Was approximately 0.11 (%0VPDB), and the values ranged
between -1.01 to 0.97 %o. The error of calculated §*80sw was £ 0.11 %o (+0) (Following Nurhati

et al., 2011).
3.2. Factors controlling the Ba/Ca ratio

The coral Ba/Ca ratios varied from 2.51 to 8.45 (umol/mol), with an average value of
3.7 (umol/mol). The Ba/Ca ratios also showed seasonal variation with peaks typically occurring

between January and March (Figure 3.3).

There is still much debate about the possible influence factors on coral Ba/Ca. The main
influence factors that can affect the coral Ba/Ca ratio include: (1) SST, (2) seasonal upwelling,
(3) “vital effects” including extension rates and phytoplankton blooms and (4) precipitation

associated with river discharge and flood events.
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SST has been known to be a thermodynamic driver regulating the incorporation of
cations in corals and other marine carbonates. Previous studies reported the correlation between
SST and the coral Ba/Ca ratio. Gaetani and Cohen (2006) suggested that barium incorporation
into coral skeletal is inversely correlated with SST between 15 and 75°C. Moreover, Chen et
al. (2011) showed that the maxima of coral Ba/Ca from Daya Bay, northern South China Sea,
coincided with the winter minimum SSTs. However, in our study, we compared coral Ba/Ca
values with SST from Con Dao Island and found that there was no association with SST, only
a weak correlation (r = 0.003, n = 398, P < 0.001) (Figure 3.3). Therefore, our results suggest

that SST did not significantly affect coral Ba/Ca ratios.

Previous studies were successful in using coral Ba/Ca ratios as a proxy for seasonal
upwelling (Montaggioni et al., 2006). Upwelling is a regular phenomenon during summer (June
to September) in the continental shelf of the East Sea in Vietnam (ESVN). Upwelling events
along the coast of Vietnam are driven by the southwest monsoon, which causes strong seasonal
winds parallel to the coast. The upwelling appears along the coast, ~270 km distance from Con
Dao Island (Hu and Wang, 2016)(Figure 3.7). Moreover, our Ba/Ca peaks mostly occurred in
cold winters (March) and not in the upwelling season (June to September). Furthermore, there

is no evidence showing upwelling can affect the coral in Con Dao Island.

The underlying principle for inferring palaeoenvironmental conditions from coral
geochemistry is the assumption that coral physiology does not pose random influence upon the
chemical composition of the skeleton. However, coral geochemistry might be modulated by
biological influences (termed as ‘vital effects’) that affect the utility of coral skeleton for
environment monitoring purposes. Gaetani and Cohen (2006) indicated “vital effects”
accompanying coral growth influences on Ba incorporation in corals. In our core, the coral
extension rates show quite stable through the 26 years, on average 12 mm/year with a range

between 11 to 14.2 mm. In this study, we compared between annual growth rate and averaged
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Ba/Ca ratios in each years during period from 1980 to 2005. The result showed the weak
positive correlation between them (r = 0.242, n = 26). Therefore, we assumed that coral growth
rates did not significantly affect this coral record. Tang et al. (2006) demonstrated the major
offshore phytoplankton bloom appear in the Gulf of Thailand during the winter northeast
monsoon season and in the Vietnam East Sea during the summer southwest monsoon season.
Phytoblankton blooms will combine with Mekong River discharge and influence on coral
around our study area. Although complicated factors may influenced on coral Ba/Ca proxy,
average seasonal profile of Ba/Ca ratios from 26 year records would eliminate or minimize

noise due to other controlling factors.

In the coastal area, barium in coral skeletons mainly has been used as a record of
terrestrial runoff (Prouty et al., 2010). Sediments derived from Mekong Delta soils with a high
rate of weathering and biological activities are usually rich in Ba. When these sediments are
transported by river into coastal environments, Ba is desorbed from the sedimentary particles
and released into the dissolved phase of seawater. Thus, the Ba/Ca ratios from coral in coastal
areas can be used as a proxy for river discharge. In addition, the volume of freshwater flow
from the mainland to coastal areas is highly dependent on rainfall, and the levels of coastal Ba
increase with increases in river outflow, meaning that the coral Ba/Ca record could be used as
a tracer of precipitation. Sinclair and McCulloch (2004) suggested that peaks in Ba/Ca ratios
from coral in the Great Barrier Reef coincided with observed river flood plumes and local
rainfall. Since Con Dao Island is close to the mouth of the Mekong River and Unverricht et al.
(2008) show that Con Dao Island is strongly influenced by the Mekong River discharge, which
causes high suspended sediment concentrations and phytoplankton blooms around the island
(Tang et al., 2006). Our Ba/Ca profiles showed the variation corresponding the seasonal

discharge from Mekong River therefore Ba/Ca variation in the coral skeletons is also
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predominately controlled by terrestrial inputs from the Mekong River Delta and reflects the

suspended sediment associated with Mekong River discharge.
3.3. Seasonal characteristics of coral geochemical records

We calculated the seasonal variation of all proxies in the period 1980 - 2005 and
compared it with climatological data from Con Dao Island (Figure 3.4). Sr/Ca ratios show
maxima and minima in May and January corresponding to observed SST. The maximum of
5804w Was determined to occur in May when SST and SSS are at a maximum, and the minimum
of 5180sw occurred in the rainy season because of the high amount of precipitation or freshwater
input from the Mekong River. We can see the appearance of two peaks in the annual variation
of the coral Ba/Ca ratio. The higher peak of 4.24 pmol/mol (x1.25) occurred in March (Winter),
and the lower one of 3.72 pmol/mol (£0.67) occurred in August (Summer) when the

precipitation was the highest.

Both of the peaks in the Ba/Ca profile could reflect the river sediment discharge
corresponding to the cool/dry season and warm/wet season, respectively (McCulloch et al.,
2003). However. the peak in August was lower than the one in March, which means that
although the river discharge reached a maximum in summer, the effect of the suspended
sediment on Con Dao lIsland’s corals was not significant. The Ba/Ca ratios calculated in this
research were compared with the annual river discharge recorded at the Tan Chau station (N
10°48’, E 105°13’) on the Mekong River and precipitation recorded at Con Dao Island
meteorological station during the period from 1980 to 2005. There was a weak correlation
between them with r2 = 0.0252 and r? = 0.0214, respectively. This suggested that river discharge
and local rainfall did not have a direct influence on Con Dao Island corals. To explain the
difference between the effect of suspended sediment associated with river discharge, we
considered the seasonal sediment transport model of the Mekong River related to the East Asian

monsoon as follows (Figure S5): during the high flow season (May-October), a considerable part
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of riverine sediment was delivered to the Mekong River mouth and temporally deposited there;
then during the low flow season (November—April), the previously deposited sediment was
resuspended by strong mixings associated with the strong northeast monsoon and subsequently
transported southwest along-shelf by coastal circulation (Hein et al., 2013). The monsoon wind
had an important role in changing the surface water current and sediment transportation in this
area. The amount of suspended sediment effect on Con Dao Island in winter is higher than in
summer. This is consistent with the results of our determined coral Ba/Ca ratio from Con Dao

Island.

3.4. Influence of flood events related to Mekong River discharge and East Asian monsoon on

coral records.

Ba/Ca and 8804 could also be used to reconstruct past flood events. We investigated
historical documents about flood history in the Mekong Delta. During 1980 - 2005, seven large
flood events were found in 1984, 1991, 1994, 1996, 2000, 2001 and 2002 (Tran, 2009). We
calculated the seasonal variation of Ba/Ca and 8Os separately in flood years and no-flood
years (Figure 3.5). We found a significant increase of the Ba/Ca ratios and a decrease of §*8Osw
in the warm/wet season in flood years. These seasonal characteristics correspond to larger
amounts of freshwater discharge from the Mekong River when a flood occurred or a high
amount of precipitation in the warm/wet season related to the East Asian summer monsoon.
Our coral Ba/Ca and §'®0s from Con Dao Island could be used as a possible proxy for

capturing the past flood events in the Mekong Delta.

4. CONCLUSIONS

Our results suggested that the Mekong River discharge was influenced by the seasonal
migration of the Asian monsoon and ocean currents. The maximum discharge of freshwater
from the river reached our coral site in summer (from May to November), however the sediment

discharge model of the Mekong River indicated the amount of suspended sediment influencing
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on Con Dao Island was high in winter (from December to April). Coral Ba/Ca record in Con

Dao Island reflected the sediment discharge from the Mekong River. On the other hand, Ba/Ca

and 8804 could be used as indicators of flooding from the Mekong Delta. During the period

from 1980 to 2005, the difference in seasonal characteristics of geochemical signals in flood

years and no-flood years was detected. During the flood years, in the warm/wet season, the

Ba/Ca ratio and §'®0sy data significantly increased and decreased, respectively. These results

reflect the increase in the Mekong River freshwater discharge and the sudden increase of

precipitation when floods occurred in warm/wet season.
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Figure 3.1. (a) Location of the East Sea and Mekong River of Vietnam. The climate of this area
is strongly dominated by the East Asian monsoon: summer monsoon and winter monsoon
correspond to southwesterly winds and northeasterly winds, respectively. Con Dao Island
located in the ESVN, ~ 90 km from the mouth of the Mekong River. (b) Map of Con Dao Island
showing the location of the sampling site at the southwest side of the island (red circle).

Meteorological observation station (blue circle) located 15 km distance away from the sampling

site.
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Figure 3.4. Seasonal characteristics of (a) Sr/Ca ratios and §*3Ocorai; (b) Calculated 5'®Oseawater
and Ba/Ca ratio and climatological data calculated from monthly data; (c) SST and SSS and (d)
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Tables

No Study Location b a Species r
Ishigaki island, ECS -

1 Mitsuguchi et al. (1996) 10.543 | -0.0608 | Porites lutea 0.728
Pacific

2 Shen et al. (1996) Taiwan, SCS 10.307 | -0.0505 | Porites lutea 0.91

3 Wei et al. (2000) Hainan island, SCS 10.600 | -0.0504 | Porites lutea 0.56

4 Yu et al. (2005) Leizhou Peninsula, SCS 9.836 -0.0424 | Porites lutea N.A

5 Sun et al. (2005) Xisha island, ESVN 10.327 | -0.0534 | Porites sp. 0.96

6 Mitsuguchi et al. (2008) | Con Dao island, ESVN 10.105 | -0.0446 | Porites sp. 0.951

7 This study (2017) Con Dao island, ESVN 10.305 | -0.0504 | Porites sp. 0.810

8 A. Bolton et al. (2014) Hon Tre island, ESVN 10.573 -0.055 Porites sp. 0.75

Table 1. Some of the Sr/Ca vs temperature calibration equations for Porites coral skeletons collected from
the South China Sea, East China Sea and East Sea Vietnam expressed in the form of Sr/Ca (mmol/mol) =

axSST (°C) + b

2005 1975 1945 1923

CD-4-1 CD-4-2-1 CD-4-2-2

Figure 3.2. X-radiograph (top) and UV-luminescence photograph (bottom) of a coral skeletal core
slab (Porites sp.) from Con Dao Island showing annual bands for AD 1922 - 2005. The UV

photograph and X-ray photograph revealed clear luminescent banding and density banding in the
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coral, respectively. One year is represented by high-density/low-density couplet. The red lines

indicate the measurement lines for geochemical analysis. The scale bars are 30 cm.
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Figure 3.3. Comparison between geochemical records of Porites coral from Con Dao Island and

monthly climate data recorded by a meteorological observation station in Con Dao Island during

the period from 1980 to 2005. (a) Coral skeletal Sr/Ca ratio record, (b) coral skeletal 580 record,

(c) calculated 5'80sw, (d) coral skeletal Ba/Ca ratio, (e) SST, (f) SSS and (g) precipitation. Red

arrows indicate the years that big floods occurred.
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Dao Island using only annual extreme values (red circles) over the period from 1980 to 2005.
Black circles are all measured values. (b) A compilation of Sr/Ca - SST thermometer readings in

Porites corals from different areas. This study shows a similar slope with other studies.
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illustrate the dimensional structure of the cold eddy locations of the major upwelling regions (Hu

and Wang, 2016)
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Figure 3.8. Suspended sediment transportation in the Mekong River, with a) representing for the
high discharge season (southwest monsoon), b) representing for the low discharge season
(northeast monsoon). Purple circles indicate erosion, yellow areas indicate deposition. Black
arrows show the near surface pathways of sediment, dashed arrows show the near bottom

transports of sediment.
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Chapter 4
Fluctuation of the Ba/Ca record in Porites coral from Con Dao island

during the period 1924 to 2005

1. Coral Ba/Ca variablity during 1924 to 2005

The change of Ba/Ca ratio in the coral skeleton could reflect the change of Ba concentration
in the ambient seawater during the coral growth process. In addition, the concentration of Ba in
the seawater is strongly influenced by river input into the coastal areas. Therefore, coralline Ba/Ca
has been used as a geochemical proxy for flux of suspended sediment into coastal waters from
rivers and associated with land-use changes (McCulloch et al., 2003; Moyer et al., 2012; Prouty et
al., 2010). Coral Ba/Ca record in Con Dao Island in period from 1980 to 2005 can be used to reflect
the sediment discharge from the Mekong River. | found the appearance of two peaks in the annual
variation of the coral Ba/Ca ratio. The higher peak occurred in March (Winter), and the lower one
occurred in August (Summer) when the precipitation was the highest. This consistent with the
suspended sediment transportation model of Mekong river as follow: The maximum discharge of
freshwater from the river reached coral site in summer (from May to November), however because
of influence from the East Asin winter monsoon and ocean currents, the amount of suspended
sediment influencing on Con Dao Island was high in winter (from December to April).

Variation of the Ba/Ca ratios from 1924 to 2005 was shown in figure 4.1. The observed
range of Ba/Ca ratios of Porites coral from the Con Dao Island varied from 2.23 to 19.37 umol
mol~!, with an average value of 3.60 umol mol™!. The maximum and minimum values appeared in
1953 and 1955, respectively. The Ba/Ca ratios also showed seasonal variation with peaks typically
occurring in Winter (December to April). The fluctuation of Ba/Ca ratios reflected the changes of
suspended sediment discharge from Mekong River during the period from 1924 to 2005. The

amount of suspended sediment associated with the Mekong River discharge may be influenced by
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the following factors: (1) Land use changes (e.g. deforestation, population growth), (2)

Hydropower dams construction and (3) Indochina war.
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Figure 4.1. Variation of coral Ba/Ca record from Con Dao island during period from 1924 to
2005. The peaks typically occur in Winter (December to April) and sometimes in Summer
mainly August to September when flood events usually occur in Mekong Delta. Red arrows
indicate possible occurred flood events (1924 to 1979) and history-based occurred flood events

(1980 to 2005)

The transboundary Mekong river basin (Figure 4.2) has a total area of 795 000 km?, ranking
it the 21% largest river basin worldwide, distributed between China (21%), Myanmar (3%), most
of the territories of Lao PDR and Cambodia lie almost entirely within the basin with 25% and 20%
respectively, Thailand (23%) and Viet Nam (8%) (MRC, 2005). The Mekong river basin can be
divided into two parts: the "Upper Mekong basin™ in China, and the "Lower Mekong basin” from
Yunnan downstream to the East Sea of Viet Nam (ESVN). The upper basin (including China and
Myanmar) contributes 18% of the water and approximately 50 % of the sediment that flows into
the Mekong River. And Lower basin (including Lao PDR, Cambodia, Thailand and Viet Nam)

contributes 82% of water and about 50% of sediment into the river.
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The Mekong River Basin

Characteristiés:

Area: 809,500 Km2 (21)
Length of mainstream: 4,400 Km (12)
Average discharge: 15,000 m2/s (8)

INDIA

CHINA

LAY VIETNAM S AN 8

MYANMAR

5 Mekong River Commission

Figure 4.2. Mekong River basin (Source: Mekong River Commission)

The land-use change, which can be defined as the physical change in land cover over time
caused by human action on the land (Turner and Meyer, 1994). Land use and soil cover are
considered the most important factors affecting the intensity and frequency of overland flow and
surface wash erosion (Garcia-Ruiz, 2010). Soil erosion in river basin area leads to an increase of
sediment in water river and suspended sediment discharge to the ocean. Many studies confirm the
relationships between deforestation, agriculture and soil erosion. Conversion of forest and

grasslands into agricultural land is one of the main reason of soil erosion. Forest provides a good
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protection against surface runoff and soil erosion. Agriculture has caused a 7-fold increase in
surface runoff and 21-fold increase in soil erosion (McDonald et al., 2002). In the Lower Mekong
basin, land-use changes occurred over the past several decades. The Mekong River Basin
population is over 70 million and is expected to increase rapidly (MRC, 2006). Nearly 80% of the
region’s population lives mainly by agriculture, fisheries and forest extraction. The expansion of
commercial agriculture is considered the primary driver of deforestation in lower basin. Thailand
lost at least half of forest cover since the early 1960s, the highest of all the lower Mekong countries.
Between 1961 and 1989, Thailand’s agricultural land increased by 13.12 million ha, while its forest
area fell by 13.6 million ha (Cropper et al., 1999). On the Khorat Plateau region, which includes
the Mun and Chi tributary systems, forest cover was significantly decreased from 42% in 1961 to
13% in 1993. Laos lies almost entirely within the lower Mekong basin. The area of agricultural
land in Laos has increased significantly from about 700000 ha in 1982 to about 1.2 million ha in
2002, while the natural forest of Laos has been steadily reduced during the last three decades by
shifting agriculture and permanent agriculture, dropped dramatically from 17 million ha in 1940
to 11.6 million ha in 1982 and 9.8 million ha in 2002 (Phimmavong et al., 2010). In the 1960s
Cambodia has had higher percentage of the forest cover than any other country in lower Mekong
river basin with a forests cover of 13.2 million ha, or 75% of the country. However, Cambodian
forest cover has reduced dramatically in recent decades, with 65% in 1985, 62% in 1996/1997 and
now is only 8.7 million ha (ODC, 2015). The Mekong delta in Vietnam is farmed intensively and
has little natural vegetation left. Forest cover is less than 10 percent. In the Central Highlands of
Vietnam, forest cover was reduced from over 95 percent in the 1950s to around 50 percent in the
mid-1990s (MRC, 2005). So, the forest area in the lower Mekong basin countries were reduced
significantly, it increases the likelihood of erosion, soil leaching, therefore the sediment discharge

from Mekong River to ESV will be increased associated with high concentration of barium.
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Forest area Forest Annual change in forest area (%)
Country
2015 (ha) | cover 2015 | 1990 5000 | 2000-2010 | 2010-2015 | 1990-2015
Cambodia | 9,457,000 | 54% -1.1% -1.3% -1.3% -1.2%
Lao PDR | 18,761,000 | 81% -0.7% 0.8% 1.0% 0.2%
Thailand 16,399,000 | 32% 2.0% -0.5% 0.2% 0.6%
Vietnam 14,773,000 | 48% 2.3% 1.9% 0.9% 1.8%

Table 4.1. Forest cover changes in lower Mekong river basin countries (FAO, 2015)

The Mekong river basin has become one of the most active regions in the world for
hydropower development with many more dams planned and under construction (MRC, 2009b).
China constructed eight hydropower dams on the Mekong mainstream since 1995 and there were
133 proposed hydropower dams for the Lower Mekong River and tributaries. The predam
sediment flux of the Mekong River into the South China Sea has been estimated at approximately
160 million tonnes per year (Mt yr-1), of which about half was produced by the upper of the basin
area, the Lancang drainage in China (Milliman and Syvitski, 1992; Gupta and Liew, 2007;
Walling, 2008). Dams have multiple environmental impacts, including changes in sediment load
and channel form, reservoir-induced seismicity, short and long-term, economic and social effects
of displacing riparian populations, and alterations of river ecology (Williams and Wolman, 1984).
Reservoir of dams will trap all the bedload (the coarse sand and gravel moved along the river bed)
and a percentage of the suspended load (the sand and finer sediment carried in the water column,
held aloft by turbulence). Therefore, the supply of sediment to the river downstream and sediment
discharge to ESVN will be reduced. Under a *“definite future’” scenario of 38 dams (built or under
construction), Kondolf et al. (2014) calculated the cumulative sediment reduction to the Mekong
Delta would be 51%. Under full build-out of all planned dams, cumulative sediment trapping will
be 96%. That is, once in channel stored sediment is exhausted, only 4% of the predam sediment

load would be expected to reach the Mekong Delta of Viet Nam. Moreover, the hydropower dams
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construction contributed in deforestation (large areas of forest have been flooded with water) and
buiding materials contribute as a part of sediment to Mekong River.

The Indochina wars were the conflict between Viet Nam, Laos, Cambodia with the
involvement of France (1945-1954) and later the United States (beginning in the 1950s and
finishing in April 1975). The wars are called the First Indochina war and the Second Indochina
war (or Viet Nam war). The wars had a significant impacts on the environment of three Indochina
countries such as: land and river system were destroyed, forests were burned... Especially in the
period from 1954 to 1975, the United States has dropped tons of bombs to Viet Nam, Laos and
Cambodia as follow: 3.770.000 tons in the southern and 937.000 tons in the northern of Viet Nam,
2.109.000 tons in south boundary and 321.000 tons in the northern of Laos, 685.000 tons in
Cambodia. There were 7.882.547 tons in total, more than three times the United States used in
World war 11 (extracted from “History of Vietnam Communist Party”, published 2008). This led
to increasing of soil erosion, the volume of soil and sediment in intertwined river system of lower
Mekong river basin. Therefore increasing the sediment discharge to ESVN.

In summary, the facters related to human activities such as: land-use areas changes,
construction of hydropower dams and wars, has a significant role in environment changes of
Mekong river basin, particularly the sediment discharge of Mekong River to ESVN. This

contributed in the fluctuation of coral Ba/Ca from Con Dao island, in front of Mekong river mouth.
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Figure 4.3. Comparison between summer Ba/Ca (July to September) and winter Ba/Ca (January
to March) of Porites coral from Con Dao island during period 1924 to 2005.

In period from 1924 to 2005, the Ba/Ca ratios in summer is quite stable with range from 2-
4 yumol/mol (Figure 4.3). The winter Ba/Ca was similar but there was an apperance of large peak
in 1950s, indicated the increasing of Ba concentration in coral. This could be explained by the
increasing of suspended sediment discharge from Mekong river related to land uses changes or the
Indochina wars in that time.

I tried to devided the variation of Ba/Ca ratios into 3 stages using the Indochina wars period
as reference. The first stage (before Indochina wars) showed relatively stable ratios from 1924 to
1945, with most Ba/Ca ratios varying between 2 and 4 pmol mol™!, with the exception of a high
value in 1933 and 1935. In the second stage (Indochina wars) from 1946 to 1975, Ba/Ca ratios
showed an increasing trend with the maximum value in 1953, in addition there is the appearance
of abnormal peaks in the winter. The third stage (After Indochina wars and Starting of Hydropower
dams construction) from 1976 to 2005, with an increasing trend from 1980 to 1997 and a little
decreasing from 1998 to 2005. But in this third stage, the abnormal peaks also occurred in winter.
The mean values of the three stages were 3.294, 3.754 and 3.683 umol mol !, respectively. The
standard deviations of the three stages were 0.437, 1.726 and 0.850 pmol mol !, respectively,
which indicated that the amplitude of the variation is increasing in the second stage.

The maximum peak of Ba/Ca usually occur in winter (Demcember to April) but sometimes
it shows 2 peaks in one year, one peak in winter and other one in summer which indicate for flood
events. We calculated the averaged value of Ba/Ca ratios in summer month of the flood year in
period from 1980 to 2005. The averaged value was 3.6 pmol/mol. We also calculated this value
for each year in period from 1924 to 1979. We found that in 1926, 1930, 1933, 1935, 1948, 1952,
1960, 1961, 1975, 1976, 1978 the averaged Ba/Ca value in summer month is similar 3.6 pmol/mol,
especially in 1948 and 1960 with 4.23 and 4.25 umol/mol, respectively. This means the flood

events can be occurred in those years (Figure 4.1).
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2. Reflection of EAM variablity on coral Ba/Ca and $®Osw records
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Figure 4.4. Seasonal characteristics of Sr/Ca, §'0c, §'®0sw, Ba/Ca and West Northern Pacific

monsoon index (WNPMI) in period (1924-2005)

I calculated seasonal characteristic and compared between St/Ca, §'80c, §'0sw, Ba/Ca
and West Northern Pacific monsoon index (WNPMI) in period (1924-2005), where WNPMI
showed that southwest monsoon is strong from July to September and reach maximum in August;
the northeast monsoon is strong from Jan to March (Figure 4.4). | found that minimum values of

5'80seawater appeared in August correspond to maximum values of WNPMI (strong southwest
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monsoon), in rainy season. And maximum values of Ba/Ca ratio occurred in March correspond to
negative values of WNPMI (strong northeast monsoon), in dry season. This suggests Ba/Ca ratio
and 58O0seanater recorded by Porites coral in Con Dao island can be used as proxy for northeast
monsoon and southwest monsoon, respectively.
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Figure 4.5. Comparison between seasonal averaged of coral Ba/Ca ratio and §*8Oseawater in period
from 1924 to 2005. (a) In summer (July to Septemeber); (b) In winter (January to March).
Running averaged 3-year of each record was shown.

In summer, Mekong river discharge is controlled by EASM. Ba/Ca ratio seems to
oscillate with 580sw but probably increase since 1970s suggested the increase of suspended
sediment discharge from Mekong River and the weakening of EASM. In winter, there was no
correlation between Ba/Ca ratio and 530sw. The range of variation and values of winter 580sw
tend to decrease through 82 years. This suggested the strengthening of EAWM associated the

increasing of precipitation or fresh water runoff from Mekong river to Con Dao island.
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Chapter 5
Coral Sr/Ca record and calculated $®0sw in Con Dao island as an indicator of ENSO

and East Asian monsoon

Sea surface temperature (SST) records for tropical oceans provide an essential database for
global climatic studies. Unfortunately, instrument-measured SST data are limited to a few decades
and only available for limited locations (Fairbank et al., 1997). Therefore reconstruction of long-
term paleo-SST records becomes very important. The Sr/Ca ratio from corals has been most widely
accepted and used for tropical or subtropical paleo-SST reconstructions (e.g. Gagan et al., 1998;
Correge et al., 2005; Mitsuguchi et al., 2008). This will provide paleoclimatic records which are
important for a better understanding of the dominent modes of the global climate system, such as:
the EI Nifio-Southern Oscillation (ENSO) phenomenon of tropical Pacific origin, the East Asian
monsoon, the Pacific Decadal Oscillation (PDO) and the mechanisms of decadal climate

variability (Felis and Patzold, 2004).

Con Dao island located in East sea of Viet Nam area, is part of the tropical monsoon climate
regime of Southeast Asia (Figure 5.1). From June to August, the region is affected by the
Southwest Monsoon and tropical cyclones, which bring warm and wet tropical air masses to the
study area, resulting in increased precipitation during the summer season. During the winter season
from October to March, the region is influenced by the Northeast Monsoon, which brings cold and
dry continental air to the study area. Episodic cold air outbreaks from the north can lead to
anomalously low winter temperatures in the region. The climate of the this region is dominated by
the East Asian monsoon (EAM) and can be related to the El Nifio-Southern Oscillation (ENSO)
owing to the interaction between ENSO and the EAM. ENSO is known as a periodic fluctuation
(varying from 1 to 5 years) in SST (El Nifio) and the air pressure of the overlying atmosphere

(Southern Oscillation) across the equatorial Pacific Ocean. When an EI Nifio phase is mature in
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boreal summer, the EASM s strengthened. When a mature phase of El Nifio occurs in boreal
winter, the EAWM is weakened. More recently, it has been shown that the EAWM is weakened
(strengthened) in mature phases of EI Nifio (La Nifia) (Huang et al., 2004). Moreover, the linkage
between ENSO and West Pacific Warm Pool (WPWP) with mean annual SST > 28 °C, could
effect on sea surface temperature around Con Dao island. In the El Nifio phase, the WPWP
convection moves eastward along the equator to the central Pacific. In the La Nifia phase, the

WPWP convection is intensified in the western equatorial Pacific.
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Figure 5.1. Distribution of sea surface temperature around Con Dao island. Modified from
Annual Mean Sea Surface Temperature (1982-1995) from National Weather Service Climate

Prediction Center

Monitoring of ENSO conditions primarily focuses on SST anomalies in region Nifio 3.4 of
the equatorial Pacific (from 170°W to 120°W longitude), and SST anomalies in this region are
known as Nifio 3.4 index. The coral Sr/Ca ratios from Con Dao island showed good correlation

with instrumental SST (r = - 0.90) and the variation corresponds to SST, this indicated that the
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Sr/Ca data primarily reflects seasonal SST variation in Con Dao island. For examination the
correlation between my data with ENSO, | compared between annual average values of Sr/Ca and
Nifio 3.4 index during the period from 1924 to 2005. The result showed the positive correlation
between summer Sr/Ca and Nino 3.4 index from 1924 to 1990 with correlation coefficient r =
0.516 and r = 0.725 corresponding to winter and summer, respectively. It suggested that Porites
coral in Con Dao island can record ENSO variability from 1924 to 1990. However, from 1990

Nino 3.4 index and summer Sr/Ca are almost opposite (Figure 5.2).
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Figure 5.2. Comparison between summer Sr/Ca ratio from Porites coral in Con Dao island and
Nino 3.4 Index during period from 1924 to 2005.

To explain for the difference between summer Sr/Ca and Nino 3.4 index from 1990, I
thought that coral Sr/Ca ratio can be effected by local factors. In southern Vietnam, precipitation
suddenly increases in the summer, when 80-90% of the annual discharge of the Mekong River
occurs. The river discharge associated phytoplankton blooms (“vital effect”) were demonstrated
effect on coral in Con Dao island (Tang et al., 2006). These environmental conditions are likely to
disturb coral physiological processes (i.e., stress on corals, increase of nutrients, change in light

intensity) may lead to disturbance of Sr/Ca in coral. It has been suggested that coral Sr/Ca is
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effected by coral physiological variations (Marshall and McCulloch, 2002). Other factor was
considered may effect on coral Sr/Ca in Con Dao island. It is eruption of mount Pinatubo,
Philippines. It occurred on June 15, 1991 and recorded as the second-largest volcanic eruption of
this century. The effect from this eruption was nearly 20 million tons of sulfur dioxide were
injected into the stratosphere, and dispersal of this gas cloud around the world caused global
temperatures to drop temporarily (from 1991 to 1994) by about 0.5 °C. The distance from Con
Dao island to mount Pinatubo is about 1500 km (Figure 5.3). The dispersal of sulfur dioxide effect
on light intensity to the ocean and effect on photosynthesis process of corals lead to changes
responses of corals with sea surface temperature at that time.
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Figure 5.3. Location of Con Dao island and Mount Pinatubo

Our analytical results also show that coral 580 (8'80c) have very clear annual cycles
similar to SST record, indicate that §'30c was effected by SST. However, §*80c is influenced by
both SST and the §'80 in seawater. At our study site, the mean seasonal variation in SSS was
approximately 6 %o, with a maximum of 34 %o in February - April and a minimum of 28 %o in
October. Therefore, §'80sw might be a significant contribution to coral §*80. §'80sy values was
calculated from both the coral Sr/Ca ratio and Q. To isolate §*%Osw, the SST component was
removed from the §*80; values using Sr/Ca-SST estimates (Cahyarini et al., 2014). 5'0sw can be
used as a good proxy for sea surface salinity (Watanabe et al., 2003). Like SST, sea surface salinity

(SSS) is an extremely important physical parameter in climate studies. Together with temperature,
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salinity is the driving force of the thermohaline circulation. Salinity also plays a crucial role in the
generation of ENSO events. And because changes in SSS can often be related to changes in
precipitation/ evaporation regimes, a good tracer of salinity has the potential to give information

on atmospheric components of climate.
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Figure 5.4. Comparison between §'0sw in Con Dao island, Viet Nam and §*80c in Koshiki

island, Japan. Running averaged 5 year showed good correlation between them.

Koshiki island is in the East China Sea, which is located 38 km west of the port city
Ichikikushikino, Kagoshima, Japan. This island was influenced by EAM and the Changjiang River
discharge significantly influenced on SSS around Koshiki island (Watanabe et al., 2014). The
location of Koshiki island have similar conditions with my study area. 'O of Porites coral from
Koshiki island was measured in research of Watanabe et al., 2014. Their result showed good

correlation between 580 and Pacific Decadal Oscillation (PDO) and suggested that the East Asian
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summer monsoon (EASM) may act as the driving force of winter PDO variability. | tried to
compared 580sw from Con Dao island with §*®Ocoral from Koshiki island. And I found that the
significant correlation between §'80sw in Con Dao island and §'80c in Koshiki island with

correlation coefficient are r = 0.52 and r = 0.60 corresponding to summer and winter, respectively.
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Figure 5.5. Comparison between §'30sw in Con Dao island and PDO index

The 5 year moving average profile of Con Dao island 5'0sw was significantly correlated
with the PDO index, demonstrating that the PDO was teleconnected in the ESVN during the last
82 years. The good correlation between the summer coral record and the winter PDO index

suggesting that the EASM may be a possible driving force of winter PDO variability in this region
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in period from 1924 to 1990. The difference from 1990 can be explained similar the difference
between coral Sr/Ca and Nino 3.4 index. Moreover, 380sw was isolated from 6'80Oc and Sr/Ca,
therefore it can be effected.
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Chapter 5.
CONCLUSIONS

My research has established monthly resolution geochemical records from an annually-
banded Porites coral collected from Con Dao Island, ~90 km distance from the Mekong River
mouth in the southern of ESVN in period from 1924 to 2005 for reconstructing past sea surface
conditions, Mekong river discharge and East Asian monsoon variablity.

(1) The results showed the high correlation between Sr/Ca and instrumental SST (r = 0.90;
P < 0.01). The differences between the reconstructed and observed SSTs were 0.45, -0.89 and -
0.33 °C for annual maximum, minimum and mean values, respectively. The reconstructed SST in
period from 1924 to 2005 is quite stable and the standard deviation of residuals of the regression
was determined to be 1.45 °C due to differences in ocean conditions and SST between observation
site and sampling site. For determining ENSO variability and its impacts to ESVN, | compared
between coral Sr/Ca and Nino 3.4 index. | found that coral Sr/Ca ratios from 1924 to 1990 showed
significantly correlation with Nino 3.4 index with correlation coefficient r = 0.516 and r = 0.725
corresponding to winter and summer, respectively. This result suggested that interannual
variability SST around Con Dao island is strongly influenced by ENSO. From 1990 to 2005,
relationship between Nino 3.4 index and summer Sr/Ca are almost opposite due to influence of
Mekong river discharge or the eruption of Mount Pinatubo, Philippines.

(2) The time series of Ba/Ca is characterized with intra-annual double peaks, the first large
one in March during the dry season and relatively small one in August during the wet season. Coral
Ba/Ca record in Con Dao Island could reflect the sediment discharge from the Mekong River. The
maximum discharge of freshwater from the river reached our coral site in summer (from May to
November), however the sediment discharge model of the Mekong River indicated that the amount
of suspended sediment influencing on Con Dao Island was high in winter (from December to
April) because of the influence from the seasonal migration of the Asian monsoon and ocean
currents. Coral Ba/Ca ratios can be used as reflection of the suspended sediment discharge from
Mekong river in period 1924 to 2005 and divided into 3 stages: Before war (1924 to 1945),
Indochina war (1946 to 1975) and After war and hydropower dams construction (1976 — 2005).
The variability of Ba/Ca can be explained by human activities such as: land-use changes,
hydropower dams construction and Indochina war.

(3) On the other hand, coral Ba/Ca ratio and 5'Qsw could be used as indicators of flooding
from the Mekong Delta. During the period from 1980 to 2005, the difference in seasonal
characteristics of geochemical signals in flood years and no-flood years was detected. During the
flood years, in the warm/wet season, the Ba/Ca ratios and §*80sy data significantly increased and
decreased, respectively. These results reflect the increase in the Mekong River freshwater
discharge and the sudden increase of precipitation when floods occurred in warm/wet season. In
period from 1980 to 2005, the averaged value of Ba/Ca ratios in summer months (May to
November) of flood years was calculated as 3.6 pmol/mol. Based on this, 11 flood events can be
detected by averaged value of Ba/Ca in summer months similar or higher than 3.6 pmol/mol in

65



1926, 1930, 1933, 1935, 1948, 1952, 1960, 1961, 1975, 1976, and 1978, especially expected big
flood events in 1948 and 1960 with averaged Ba/Ca is 4.23 and 4.25 pmol/mol, respectively.

(4) Ba/Ca ratios and 58O recorded by Porites coral in Con Dao island can be used as
proxy for northeast and southwest monsoon, respectively. §*80s showed a high correlation with
580 in coral from Koshiki island which is also influenced by East Asian Monsoon. | found the
significant correlation between §'80s, and Pacific Decadal Oscillation (PDO) index, suggested
that climate of ESVN was teleconnected with decadal variation of Pacific Ocean during the last
80 years. High correlation between summer §'8Q0g, and winter PDO index during 1924 to 1990
indicated that EASM may be a possible driving force of winter PDO variability. The no correlation
between summer 580, and winter PDO index from 1990 to 2005 corresponds with cooling event
showed in the results of Sr/Ca variation.
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