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Abstract:

The coast of SE-Vietnam, extending between Nhag@md Phan Thiet, was explored in
terms of beachrock formation, sea-level fluctuatiand shallow water temperature during the
mid-Holocene in comparison with present time.

Beachrock formations were found at three placesto§ephic observations, chemistry
analyses of Mg and Sr as well as isotopic resuits’¥ and$'°C indicated beachrock
lithification in marine environment within the platec zone. The early cement types are
constituted by micritic high-Mg calcite and aragerarystals. In addition, blade cement type
was found indicating meteoritic recrystallizatiohtbe most elevated beachrocks which are
located today in supratidal position.

The age of the beachrocks covers a period from 6342 cal yr BP. It can be divided into
three intervals: 6721 to 5869 cal yr BP as an opd#iod of beachrock formation, followed
by 3760 to 3272 cal yr BP showing a probable sectage of cementation, and the youngest
cement formation from 1210 to 642 cal yr BP.

The age of the beachrocks were correlated withr atbe-level indicators such as beachridge,
backshore and washover deposits. They were explaredder to determine the sea-level
fluctuations from mid-Holocene to the present time.

Records of sea-level highstand started between 65869 cal yr BP with an average of
1.32 m above the modern mean sea level (amsl) atedic by oldest beachrocks.
Subsequently, it rose until 2.67 m as maximum sptidal level between 5687 to 5377 cal
yr BP, measured in at the base of Ca Na beachridys.corresponds to a mean sea-level of
1.52 m after subtraction of the half-tidal rangeldf5 m. The drop of the sea-level started
after the 5377 cal yr BP with a linear decreasenfd®00 cal yr BP until present time.
Therefore, the probable coastal scenery duringriteHolocene sea-level highstand shows

that the beachrocks formed within the intertidahe@and beachridge was deposited in the



supratidal zone. Both indicators denote the samm@®g®f formation within the interval of
6721 to 5377 cal yr BP during mid-Holocene seailbighstand.

From the Ca Na beachridge a sampl&pbndylus spbivalve dated at 5537 + 55 cal yr BP
was analysed fo6'®0 and §'°C isotopes along its growth-path. From the stabl#ope
records shallow-water temperatures during the notbékene sea-level highstand were
calculated. Paleotemperature values were companaeksent water temperature from NOAA
at two different geographic positions, inside amtsme of the investigation area taking into
account a costal upwelling.

The results of the comparison paleotemperature raodern water temperature in two
positions showed a seasonal difference. During semnme the water temperature in the mid-
Holocene was approximately 1° C warmer than aptkeent water temperature.

Higher paleotemperatures found in shallow watenglihne SE-Vietnam coast during the mid-
Holocene could be responsible for excessive comtatity. The following hypothesis is
suggested: firstly, warm water temperatures indutiezl bleaching of corals; secondly,
beachridge deposit consisting mainly of skeletemfrmarine organisms might indicate the
deposition after their death.

The present study demonstrates that the coastdutewo in SE-Vietham was strongly

influenced by mid-Holocene sea-level highstand thedvarming of coastal waters.



Kurzfassung

Die Kuste von SO-Vietnam wurde zwischen den Stadi#ra Trang and Phan Thiet
untersucht. Im Mittelpunkt stand die Bildung von aBbrocks im Zusammenhang mit
Meeresspiegelschwankungen und die Rekonstruktion\Vdassertemperatur wahrend des
mittleren Holozans.

Die Beachrocks wurden an drei Standorten gefunbém.petrographische und chemische
Auswertung sowie die Isotopenwerte v8HfO und §*°C zeigt, dass die Beachrocks im
marinen Milieu innerhalb des phreatischen Beregdtsldet wurden. Der Originalzement der
Beachrocks besteht aus Mikrit mit hoch-Mg Calzid ulragonit. AuRerdem wurde in den
heute hochstgelegenen Beachrocks in supratidaktidtoein Bladezementtyp gefunden, der
ein Anzeichen fur den Einfluss von SiRR3wasser ist.

Das Alter der Beachrocks erstreckt sich Uber efwtraum von 6721 bis 642 Kalenderjahren
vor heute, der in drei Phasen unterteilt ist: vat216 bis 5869 Kalenderjahren vor heute
entstand die alteste Beachrockformation, daraugft febn 3760 bis 3272 Kalenderjahren vor
heute die zweite Phase, in der Beachrocks gebilderden, und die jlungste
Beachrockformation entstand zwischen 1210 und &d@nderjahren vor heute.

Das Alter der Beachrocks wurde gemeinsam mit Ablagen vom Strandwall, Oberen
Strand und Durchbruchsfacher als weitere AnzeidlemMeeresspiegelschwankungen vom
mittleren Holozan bis in die Gegenwart untersucht.

Die Meeresspiegelschwankungen begannen zwischeinl83 5869 Kalenderjahren vor heute
mit einem Mittelwert von 1.32 m Uber dem heutigeittleren Meeresspiegel, was aus den
Werten der Beachrocks berechnet wurde. Infolgedesse der Anstieg bis zum
Meeresspiegelhochstand zwischen 5687 und 5377 g&igiren vor heute bei + 2.67 m als
maximale Springtide und bei + 1.52 m als mittlekégeresspigel. 1.52 m wurde aus dem

Hdochststand (2.67 m) minus 1.15 m berechnet, ddteHies Wertes des heutigen Tidenhubs.



Nach 5377 Kalenderjahren vor heute sank der Megirggs ab 4500 Kalenderjahren linear
zum heutigen Niveau ab.

Dadurch entstanden an der Kuste im mittleren Hold&achrocks in der Gezeitenzone und
Strandwalle in der supratiden Zone. Die beiden KEemriegelindikatoren deuten auf die
gleiche Zeit hin, namlich zwischen 6721 bis 5371ekderjahren vor heute, den Hochstand
des Meeresspiegels.

Am Beachridge von Ca Na wurde eine Schale der MeisSpondylus smnalysiert. Die
Muschel wurde auf 5537 + 55 Kalenderjahre vor heldéert. Aus der Schale wurden
entsprechend dem Schalenwachstum eine Serie vdyoatrMikroproben entnommen und
das stabile Isotog®0 gemessen. Aus den stabilen Isotopenwerten wureleWhsser-
Palaotemperatur berechnet.

Die Ergebnisse der Palaotemperaturrekonstrution devur mit den heutigen
Wassertemperaturen an zwei unterschiedlichen gpbigchen Positionen verglichen,
innerhalb und aufl3erhalb des Untersuchungsgebietsand der suddstlichen Kiste von
Vietnam ein Auftriebgebiet liegt.

Die Palaotemperaturergebnisse, verglichen mit datigen Wassertemperatur an diesen zwei
Positionen, zeigen einen saisonalen UnterschiedW&ihrend der Sommersaison war die
Wassertemperatur im mittleren Holozan um ca. 1° Gheh als die derzeitige
Wassertemperatur.

Die erhohte Temperatur der Kistengewadsser von Shafn wahrend des mittleren
Holozéans war vermutlich verantwortlich fir die ehntg Mortalitdt der Korallen. Diese
Hypothese basiert auf folgenden Annahmen: Erstiéimdef die warme Wassertemperatur das
.Bleaching” der Korallen herbei. Zweitens konnter &randwall eine Ablagerung dieser
Korallen nach ihrem Tod sein, weil seine Ausgestat hauptséchlich aus Skeletten von

Meeresorganismen besteht.



Aus den oben beschriebenen Untersuchungen lasst dac Schluss ziehen, dass die
Kistenentwicklung von SO-Vietham durch den Meeneggdhochstand und die Erwarmung

der flachen Kiustengewasser im Mittelholozan stasarflusst wurde.
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Introduction Chapter 01

1. Introduction
1.1 General introduction
The present PhD thesis is a contribution to thendmese-German cooperation in marine

research sub-project “Holocene coastal evolutiora-lsvel fluctuations, terrigenous
sedimentation and sediment dynamics on the corthehelf between the Mekong Delta and
Nha Trang, Southeast-Vietham”.

This Ph.D. thesis is elaborated in nine chaptgrintioduction, in which the general topics of
the study as well as the description of the re$eaarea are presented; 2) General
methodology; 3) Holocene beachrock formation; 4)lddene sea-level history; 5)
Paleoceanography of coastal waters; 6) Generalsgm; 7) Conclusions; 8) References; 9)
Appendix.

1.2. Regional setting

Vietnam is the easternmost country on the IndocRieainsula (Fig. 1.1). Vietham extends
2.000 km from the north to the south, with a td&ad area of approximately 331.688 ¥m
Moreover, the country stretches along 3260 km efdbast between China and Cambodia.

In general, Vietnam'’s topography consists of haltgl is densely forested. Mountains account
for 40 % with smaller hills accounting 20 % of thiea, whereas tropical forests covered 40
% of the country. Northern shoreline is the RedeRiDelta and Tonkin Shelf, whereas
central shoreline small embayment and coastal plaith mountains nearby and narrow shelf

are found. The southern shoreline is charactetyedekong Delta and Sunda shelf.




Introduction Chapter 01

102 106 110¢ 114

o China o4

ﬁ;
20¢ :

Laos
16°¢ \1\‘ K 16°

2

Thailand South China
Sea
ﬁ> Vietnam
12¢ e Nha ffrang 12°
o)
Phnom Penh Ho Chi Mirh
Q City Phan Thet
Vung Tao
Golf of
Thailand 7 200 km
——
8 ¢ 80
102 106 110¢ 114

Fig. 1.1. Map localizing the work area betweentthvens of Nha Trang and Vung Tau on the SE-Vietnaast

1.2.1. Geology

Vietnam, together with Cambodia and Laos, belongthe Indochina block on the
southeastern part of the Eurasian plate. It isairibe several fragments of Gondwana. The
formation of the Indochina Block arose from the darabrian metamorphic basement,
Palaeozoic, Mesozoic and Cenozoic sedimentary rgekstaine & Workman, 1997; Thuy et

al., 2004).
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According to Fontaine & Workman (1997), there isimportant dislocation in the southern
region of Vietnam termed the 110° fault, which rysasallel to the Vietham coast reaching
the study area in the east. Two fault zones irrélggon of Nha Trang, trending SW-NE, join
the 110° fault. They were formed by SE movementtht@ Indochina block during the
Himalayan orogeny.

As far as the tectonic-sedimentation evolutionascerned, the southeast coast of Vietnam
can be divided into two zones with a different éwgt The first zone is northern Phu Khanh
basin, region of Nha Thang town, which has mairdgrb uplifting since the Neogene. The
second zone is the southern coastal zone with tekoNy Delta, which was continuously
subsiding during the Neogene and the Quaternany.gélological features of southern part of
Vietnam are presented in figure 1.2.

Actually, the coastal evolution resulted in a virief morphological structures which are
genetically related to different coastlines, comipig sea terraces, coastal dunes, salt water
swamps, coastal plains, basaltic plateaus andbieiggd. A mountainous relief occurs on the
landward side, reaching several hundred meterdtitnde. It is only a few kilometres away
from the coast, controlling the topography of thetdrland mainly in the northern coastal
area. Mountain ranges dominate the scenery in ¢hi4south and several branches in the
east are striking WNW-ESE. They built peninsulad &tands. At some places attached to
them small alluvial plains and bays occur. Morepwaost of the coastline in the northern part
consists of rocks and sandy beaches or tidal Widiish can only be found inside the bays,
where small alluvial plains developed.

Neotectonic movements since the latest Pleistoagn® the Holocene characterise the SE
coastal area up to the Vinh Hai region, which wassallt of a westward tectonic compression
caused by a transgression of plate movement irPthigppines (Choi et al., 2005). In the
south region of the Mekong Delta sedimentary comijoos show an absence of tectonic

movements in the Holocene epoch (Nguyen et al. 2000
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Fig. 1.2. Principal geological features of the beut part of Vietham (cf. Fontaine & Workman, 1997)

1.2.2. Quaternary geology

Coastal plains are the geomorphologic characteristi the Viethamese coast. They are
sediment deposits originating from the Neogene #ad Quaternary periods, completely

filling depressions formed during tectonic moversemh the Cenozoic era. Neogene
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sediments are distributed largely at the bottonthaf plains and are mainly covered by
Quaternary deposits with two types of accumulation.

Coastal plains are distributed along the shorelesehing from the foot of the mountains’
margin and going seaward. They have a maximum tiek of 200 m, are formed at the
mouths of the rivers and occupy 1/3 of Vietnam @@net al. 2003).

Quaternary sediments of the Vietnamese coastahgplaan be subdivided into four
lithostratigraphic units (see Table 1.1). They amainly composed of sand and gravel
showing a predominance of terrestrial environm8oime layers are characterized by silt and
clay and portions of marine fossils. Other maragets are formed as elevated terraces (Tam,

1991; Mathers and Zalasiewicz, 1999).

Units Name Thickness Lithology Age Referenge
1° Horizon Sam Son Bottom of Continental Late-Pliocene
Horizon costal Plains| sediment facies| and Early-
Polymictic Pleistocene
pebble, gravel (N2-Qy)
and sandy
2° Horizon Yen Mo >100to 60 m| Clay sediments  Middle Nghi et al.
Horizon with marine Pleistocene | (1998), An
layers Q4 (1999)
3° Horizon 100to 10 m Fluvial Late
Lithofacies, Pleistocene

Polymictic (Q%, Q)
pebble, gravel,

sandy and
Marine
sediments
4° Horizon 80to 10 m Intercalated
suits of fluvial
and marine
sediments
Uppermost Don Da Maximal 5 m Sand, Clay, | From 12,000 | Tam (1991)
layer Peat, Marine to present
sediment and
Microfauna

Table. 1.1. The lithostratigraphic units of coagtains in Vietnam.
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1.3. Climatic Conditions

The climate in Vietnam is affected by the monsogciethat is by the northeast monsoon in
winter and southwest monsoon in summer. Vietnarangd to the humid and warm tropical
zone; it is basically characterized by two distiseisons. The summer season is associated
with heavy rainfall for 6 months from May to Noveetb The winter is associated with the
dry season, although higher-range climatic periddicwere found (Fairbridge, 1986).

The mean annual rainfall in the working area ishmhogeneous. Near Nha Trang it amounts
to 1300 mm y* and in the southern area, the Mekong Delta regiesches 1700 mm yr
(Nguyen, et. al., 2000), with an evaporation ofragjmately 1000 mm vyt (Jia et. al. 2006).
The mean air temperature in the central and sagiom, deduced from the last 30 years, is
27 - 30° C. The maximum temperature measured i9°3&, whereas the minimum
temperature is 17.7° C (Thong et al., 2000).

1.4. Oceanography

1.4.1. Circulation

The major circulation in the South China Sea (S8$Yyiven by the monsoon winds (Wyrtki,
1961). During wintertime the circulation is domieatby the northeast monsoon, and during
the summer the circulation is caused by the soughwensoon. It is associated with the
geographic characteristics of the SCS, where sagiosed basin exchanges water with the
subtropical Pacific Ocean through the Luzon Stiaitcthermore, the water of the tropical
Java Sea and Indian Ocean flows across the sh&londa Shelf to the southwest. The
described circulation system in the western SC%edristrong currents, causing large
anticyclonic circulation during the southwesternnsmon and a cyclonic circulation during
the northeastern monsoon (Ho, et al., 2000; Hl,e2@00; Fang, et al., 2002) (Fig. 1.3).

Due to this displacement, the wind develops a gtrsouthward current along the coast of
Vietnam with approximately 0.5 m™sduring the northeast monsoon from October to

February. The contrary happens from May to Augwsien the northeastward current during

6
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the southwest monsoon reaches approximately 0.7 (Wsrtki, 1961). Between 11° and 14°

N, the strong northeast current leaves the coasputheast Vietnam and diffuses toward the
northeast (Shaw & Chao, 1994).

By inducing a northeastward current, the southwiestisoon provokes a vertical movement
of water masses resulting in a seasonal upwellihgs upwelling event during the summer
months was already described for the southeast cfagiethnam by Tang, et al. (2004),

Rojana-anawat, et al. (2000), and Shaw & Chad, €1294).

25°

25

Pearl River

Pearl River

20°< 20°4

15°

15°1

10°< 10°4]

T I
100° 105° 110° 115° 100 105° 110° 115°

Fig. 1.3. Upper layer circulation patterns on thestern SCS; “AC” represents the anticyclonic eduyhie
summer season during the southwest monsoon, and€j@ésents the cyclonic eddy formation in the &rint
season during the northeast monsoon.

1.4.2. Temperature
The sea-surface temperatures of the western SCS menthly surveyed; the data are from
the NODC (Levitus) World Ocean Atlas provided bg tHROAA-CIRES Climate Diagnostics

Center — CO, USAttp://www.cdc.noaa.goypresented by Jia et al. (2006). According to this

database the mean annual surface temperature sesré@am 26.5°C to 28°C from the north
to the south of the western SCS (Fig.1.4).
Temperatures to a depth of 5 m were researched) al@n Viethamese coast in May 1999

(Thong et al., 2000). The research revealed a maxirtemperature of 27° C in the north,
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increasing southward. Along the Nha Trang coastnth@&mum temperature was 28°C, and
southeastward along the Vung Tau coast the temperegached 30°C.

During the southwest monsoon in summer, an upvwekivent along the southeast coast of
Vietnam carries cold water to the sea surface (Roegnawat et al., 2000). Tang et al. (2004)
provide SST measurements from the AVHRR (Advancedy\High Resolution Radiometer)
through satellite images from NOAA satellites, simaythe summer upwelling (Fig. 5.11).

1.4.3. Salinity

The salinity values are affected by the geographgoaition of the SCS in a tropical region,
adding to monsoonal climates that result in a langeual variation of the salinity grade. The
monsoon circulation from the northeast carries tsglne water from the Pacific Ocean with
a salinity of about 34 psu southward to the Vietasencoast. During the southwest monsoon,
the situation is reversed: water with a salinityabbut 32.8 psu is transported along the coast
of Vietnam to the north, bringing a salinity of apgpimately 33.4 psu in the central region
(Jia et al., 2006, and Wyrtki, 1961) (Fig. 1.4).

The salinity is lower in the western SCS along ¢bast of Vietham with an annual salinity
value less than 34 psu caused by the averagendaliaivhich exceeds the evaporation in the
summer. During the dry season, the salinity in@sas a result of the immense evaporation.
With the beginning of the rain season, a greatchinge of saline waters takes place. It is
induced by the monsoon changing the circulationclviproduces a mixing of low and high
saline water masses (Wyrtki, 1961).

The very high precipitation and freshwater inponirthe rivers affect the sea-surface salinity,
resulting in very low salinity rates of about 3J&u along the Mekong Delta. Towards Nha
Trang the salinity increases to about 33.5 psutduthe dissipation of low saline currents
from the Mekong Delta. In summer, during the sowstimonsoon an upwelling event brings

even more salty water to the southeast Vietnamess&t ¢Rojana-anawat, 2000).
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Fig. 1.4. The average sea-surface temperature f@d€hed line) and salinity in psu (solid line)tdi®itions in
the western part of the South China Sea near temafinese coast (cf. Jia et al. 2006).

1.4.4. Tide

The Vietnamese coast is characterized by diureahidiurnal and mixed tidal regimes, with
the mixed tidal regime being predominant (Huan@letl994) (Fig. 1.5). The spring-tidal
range reaches about 4.0 m in the north and soutbreas in the central region the range
decreases to 0.5 - 0.7 m.

The study area in the southeast region is charseteby a mesotidal range, presenting

maximum spring tide of approx. 3.7 m in Vung TaheTide in Vung Tau is a mixed tide of

9
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predominantly semi-diurnal character being twicelaage as further north. Different tidal

regimes can be found from Nha Trang to Phan Thiét wixed tide diurnal character

prevailing. It varies in amplitude from 0.48 m dwgineap-tide and 1 m during spring-tide in

Nha Trang. The tide occurs at nearly the same itinadl locations evaluated. Tidal data were

used from the Atlas of Natural Conditions, editgdanh (1997) and the software WXTidal-

32 version 4.0.

A. Semidiurnal tide

AR R A srnnnin

SV e

B. Mixed tide, preveiling semidiurnal

/\ /\n\/\ /\rx/\/&AMM/M/\/\AJ\J\ A /

VAAVARYAR VAR ZARVAR VARV

C. Mixed tide, preveiling diurnal

AN SN N A AS AR W

VVVVVV\/VVVV

D. Diurnal tide
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VIRVARVARY VAV VUV VIV

Fig. 1.5. Different tidal patterns.
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2. Methods

Fieldwork was performed during two periods, thetffrom 39 to19" November 2003 and the
second from % to 7" of May 2005, between Nha Trang and Vung Tau, dogemore than
400 km of the coast. Several potential sedimentaticators of the coastal evolution linked
with sea-level fluctuation were identified. As tpancipal evaluated indicators were found
between Nha Trang and Phan Thiet, the work wadatest to this region (Fig. 2.1).

During these field studies, 26 samples were catecht five locations along the SE-
Vietnamese coast (Fig. 2.1). In the north of thekivg area, in Nha Trang, living shells were
collected for the reconstruction of the sea-watengerature. Near Phan Rang in the south a
beachridge was found. Field research in Son Hédov@d, where beachrock samples were
collected, being the principal sea-level indicawamined in this work.

In the area around Ca Na, the largest numbers moplses was taken at two stations. In
addition to beachrocks and beachridges, two moeelesel indicators were evaluated:
washover and backshore. In order to estimate thaeva¢er temperature in the mid-Holocene

a fossil bivalve shell was collected from as beige sea-level highstand indicator.

11
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Fig. 2.1. The working area between Nha Trang arahPHiet. The figure shows the field research atstiand
the respective identification of samples.

2.1. Measurement of vertical height and tidal corretion

The samples were gathered in the field using theb&l Positioning System (GPS). The
elevation in relation to the sea level at the tiafesampling (Fig. 2.2) was measured by
standard geodetic methods using a theodolite.

The vertical positions, determined in the field reveeferenced to different tidal levels, using
the tidal table supplied by the Mui Dinh chart DatFig. 2.1) in Admiralty Chart 3883,
Point Lagan to Cap Varella, 1:200000 (1971). Thei @inh tide is characterized by a
mesotidal range with a mean sea level (msl) at @9as reference elevation, a maximum
neap tide (mnt) at 1.40 m and a maximum spring (iast) at 2.1 m, presenting a mixed tide

regime of a prevailing diurnal character.

12



Methods Chapter 02

When the tidal datum in Mui Dinh was establisheltl,samples to construct the sea-level
curve were corrected to this datum. The descripbiotne beachrocks was corrected to above
the present mean sea level, mean neap tide andnmaxspring tide from the tide stand at the
moment of sampling. The heights of the tides attloenent of sampling were determined by
the tidal software WXTidal-32 v. 4.0, which is adi program with a reference gauge in

Manila — Philippines and a substation at Mui Dishpwing the same levels found in the

Admiralty Chart 3883 (1971) (Tab. 2.1).

Mui Dinh Tide in May of 2005

2,5

ISMﬂAV/m\/\AU/\ MMMW I A gl A M M
AR

3,75 7,5 11,25 15 18,75 22,5 26,25

Hieght (m)

-

Time (days)

Fig. 2.2. Tidal elevations at the Mui Dinh sub-statthat occurred during the fieldtrip in May of(R
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Number of Position Sea-level | Time of | Sample position Tide at the| Mean segd Maximum | Maximum Elevation Elevation | Elevation
samples indicator | sampling| above sea leve] time of |level (m)| neap tide | spring tide| above mean|of sampling above
at the time of | sampling atthe | (m)at Mui | (m) at Mui | sea level (m)| above maximum
sampling (m) (m) Mui Ding 45 cm| Dinh 115 | for Mui Dinh | maximum | spring tide
Ding above msl| cm above gauge neap tide (m)
msl (m)
Vn 09110306 11° 19,9757/ Beachrock 16:36 1.01 1.11 0.95 14 2.1 1.17 0.72 0.02
108° 52,320°
Vn 11110302 11°19,434°/f Backshore 7:24 1.70 0.92 0.95 14 2.1 1.67 1.22 205
108°50,260°
Vn 11110306 11°19,796°/f Beachridge 9:18 3.59 0.93 0.95 14 2.1 3.57 3.12 42 2.
108°50,496°
Vn 11110307 ! Beachridge 9:18 2.69 0.93 0.9% 1.4 1 2, 2.67 2.22 1.52
Vn 11110310 11°19,803°/f Beachrock 12:06 0.70 1.47 0.95 14 2.1 1.22 0.77 07 0.
108°50,550°
Vn 11110311 11° 20,3057/ Washover 16:45 1.80 1.33 0.95 14 2.1 2.18 1.73 31.0
108° 51,041
Vn 04050501 11°19.958°/f Beachrock 16:07 0.30 1.36 0.95 14 2.1 0.71 0.26 .44-0
108°50.774°
Vn 04050502 ! Beachrock 16:07 0.20 1.36 0.95 1.4 1 2 0.61 0.16 -0.54
Vn 04050503 ! Beachrock 16:07 1.04 1.36 0.95 14 1 2. 1.45 1.00 0.30
Vn 04050504 “ Beachrock 16:07 1.04 1.36 0.95 14 1 2 1.45 1.00 0.30
Vn 05050501 11°19,801°/f Beachridge 7:20 2.99 0.93 0.95 14 2.1 2.97 2.52 82 1.
108°50.495°
Vn 05050501 A “ “ “ 2.37 0.93 0.95 14 21 2.35 a.n 1.20
Vn 05050502 “ “ “ 2.27 0.93 0.95 14 2.1 2.25 1.80 1.10
Vn 05050507 11°19.993°/f Beachridge 9:30 1.27 1.15 0.95 14 2.1 1.47 1.02 320.
108°52.429°
Vn 05050509 ! Beachrock 9:57 0.98 1.19 0.9% 1.4 2.1 1.22 0.77 0.07
Vn 06050505 11°24.946°/f Beachrock 15:30 0.92 0.90 0.95 14 2.1 0.87 0.42 .28-0
109°00.622°
Vn 06050506 ! Beachrock 15:30 1.65 0.90 0.9% 1.4 1 2 1.60 1.15 0.45
Vn 06050507 “ Beachrock 15:30 0.94 0.90 0.95 1.4 1 2. 0.89 0.44 -0.26
Vn 06050508 “ Beachrock 15:30 0.94 0.90 0.95 1.4 1 2. 0.89 0.44 -0.26

Table 2.1. Sample elevation corrections accordingi Dinh tide gauge control.
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2.2. Determination of mineral phases by X-ray diffaction

The material for radiocarboiC dating had been examined before by X-ray diffoagtan
analysis used for the determination of the minptase of the carbonate samples. Since in
most mollusc shells the mineral aragonite is thgmal component of carbonate, its alteration
can be identified through replacement by the mineadcite. In this thesis carbonate-shell
material that presented 10 % of alteration of the original mineral was riaken into
consideration.

The X-ray diffraction analyses were carried outtla¢ Institute of Geosciences at the
University of Kiel. The equipment used was a PKilpW1710, whose signal impulse was
converted to % of aragonite and calcite, using thouology elaborated by Milliman (1977).
2.3. Scanning Electronic Microscope (SEM) analysis

The SEM observations were carried out on beachrotksder to identify the precipitated
cement type as well as in order to observe the dvaonk relationship prevailing between
cement and sediment. Afterwards, photos were takemicroorganisms growing on the
cements.

The bivalve fossils were observed under the SEM Wit objective to detect the aragonite
mineral through the identification of the cross-@lar structure. The observations were
accomplished in the Scanning Electronic Microscdpsboratory at the Institute of
Geosciences at the University of Kiel. The equipmesed was a CanScan CS-44.

2.4. Radiometric AMS*C age dating

The AMS radiocarbon ages were determined using MV3 High Voltage Engineering
Europe, Tandentron, 4130 AMS-system at the Leibalzoratory for Radiometric Dating and
Isotope Research, Kiel. The analytical precisioncdaunting and machine statistics is 0.25-
0.3% for modern samples (Nadeau et. al., 1997 aht&Sher et. al. 1998).

In order to calibrate AM$'C years to calendar years B.P., the program CAEIB 5.0.1 was

used (Stuiver and Reimer, 1993) (HTML version). Each calibrated ages+ range was
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calculated. The marine reservoir age correctiom@pmates 190 + 35 years withAR value
of -70 £ 30 years measured in tRerite luteg which is a scleractinian coral from the Con

Dao Island (Dang et. al., 2004). (soufldép://calib.qub.ac.uk/marinddy Paula Reimer). In

the research region a reservoir age of 253 + 2&weas identified in thérca fuscabivalve
which was not used in this study, though.

2.5. Stable isotopes*®0 and $*°C

The carbonate powder on the filter was treated Wifi9% orthophosphoric acid under
vacuum at 73° with a Finnigan MAT 251 gas isotopassnspectrometer at the Leibniz
Laboratory for Radiometric Dating and Isotope RedeaKiel. The isotope values are
reported as parts per mil (%o) in the uswahotation relative to the PDB %Pee Dee
Belemnites) based NBS-19. The error external ansotntess than + 0.07 %o and £ 0.05 %o

for §'%0 ands'3C respectively.
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3. Holocene beachrock formation on the SE-Vietnamesoast

Abstract:

Three beachrock formations were identified alorsy $fe coast of Vietnam between Nha Trang and
Phan Thiet: two in the region of Ca Na town and ion8on Hai town. The uppermost position of the
beachrocks was vertically measured, relative toahterline during the sampling. In order to identif
the sediment types, petrographic thin sectionseathrock samples were examined. The formation of
cement fabrics and their influence on the coastairenment and vice versa were identified using
MgCO; and Sr and isotopic records O ands'*C. The age of the beachrocks was determined
using radiocarbon measurements from fossil sheld fiagments of corals lithificated in the
beachrocks.

The identification of terrigenous sediment and skeletal constituents of the beachrocks enabled us
to make some assumptions about the probable sedisoeince, the agents of transport, and the
diagenetic alteration. From the origin of the seshin it was possible to identify a strong link ke t
upper layer of the coastal plain formation, serva®y sediment source. The early cements were
identified as micritic high-Mg calcite and aragentrystals, indicating precipitation in the marine
phreatic zone. Additionally, blade cement, resgltirom meteoritic alteration in the supratidal zone
was detected.

Chemical cement analyses confirm the predominahoceadne diagenesis. The values of Mgd@
cement ranged from 5.69 to 6.82 mol %.. Sr linkedatagonite reached a value of 4329 to 11123
ppm. The isotopic composition also revealed macoraitions with some influence of freshwater for
30, ranging from - 2.30 to - 0.97 %0PDB. Freshwatafiuence is restricted to most elevated
beachrocks with supratidal position today. BHE value reached from 2.46 to 3.86 %.PDB.
AMS-radiocarbon dating covers the time from 6721642 cal yr BP. It can be divided into three
intervals: 6721 to 5869 cal yr BP as an older stdd®achrock formation; followed by 3760 to 3272
cal yr BP, showing a probable second stage of cttien; and the youngest cement formation from
1210 to 642 cal yr BP.

Considering the geochemical and geomorphologicalragiteristics with tropical conditions, a

scenario of beachrock lithification in Son Hai toesuld be developed. The formation of beachrocks
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is induced by their exposure during low tide andthmir high porosity. The high porosity enhances
water percolation during high tide. During the lode, the water filling the voids evaporates beeaus
of high air temperatures, which is a normal cooditin tropical coastal regions such as SE-Vietham.
Consequently, the supersaturated carbonate dissatvehe water precipitates, followed by the
growing of crystalline cement.

3. 1. Introduction

Beachrocks are sediment bodies frequently obseoredropical and subtropical sandy
beaches. They are formed by sand and gravel imgudissils of shells, fragments of corals
and skeletons of carbonated algae, cemented wiikimtertidal zone by the precipitation of
calcium carbonate (e.g. Ginsburg, 1953; Russei918labesoone, 1964; Stoddart & Cann,
1965; Taylor & llling, 1969; McLean, 1974; Siess&874; Hanor, 1978; Strasser et al.,
1989; Omoto, 2001, 2004). Beachrocks can also doctegions of temperate climate (e.g.
Alexandersson, 1972; Holail & Rashed, 1992; Selliyd®94; Calvet et al., 2003; Rey et al.,
2004) and more exceptionally in cold climates oerewn lake systems (e.g. Jones et al.,
1997; Kneale & Viles, 2000).

Early cement is formed by the process of marinbaraate lithification within the intertidal
zone, although it can also occur in the upper phtte subtidal zone (Alexandersson, 1972)
and the lower part of the supratidal zone (HolaiR&shed, 1992) as well as in the swash
zone (Badyukov, 1986; Bernier & Dolongeville, 199elletat, 1989; Kelletat, 2006).
However, some authors suggest that the intertiola¢ Zs probably the interval, in which the
early cementation processes develop most inteysideé to the constant occurrence of
waves and the generation of tidal action.

The early cementation processes have been discasggdat length. Warm water becomes
supersaturated with calcium carbonate and is iiglaénergy condition due to the water flux
in the intertidal zone. Thus, interface water-sesits with high percolation and porosity are

created, allowing the necessary volume of watembve through the sediment and bring
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about its cementation. Additionally, this interfagater-sediment has to be a stable substrate
with a slow sedimentation rate (Bathurst, 1971;ff8to0l987; Moore, 1989). Therefore, the
process is believed to occur beneath the beaclacgurvithin the agradational relief
(Badyukov, 1986).

Three possible processes are suggested to expkiscenario of cement precipitation. The
majority of authors suggests that to the chief psses involved belongs the physicochemical
process such as occurs by supersaturation withogate through direct evaporation of
seawater (e.g. Scoffin, 1970; Moore & Billings, 19®iilliman, 1974; Beier, 1985). Another
possible process is the way groundwater influettte<CQ degassing at the phreatic/vadose
limit (Hanor, 1978; Gischler & Lomando, 1997). Ttierd suggested process describes the
precipitation occurring from brackish water in timéxed zone of marine and meteoric water
fluxes (Schmalz, 1971; Moore, 1973). The focus tbieo authors (Krumbein, 1979; Bernier
et al., 1990; Pedone & Folk, 1996; Neumeier, 19d8dkikar & Rajshekhar, 2003) has also
been the process of cement precipitation somehaowralted and/or induced by microbial
activity.

Minerals of high-Mg calcite and aragonite are thdiest cement crystals precipitated in the
intertidal zone. After the precipitation procesgede metastable crystals undergo replacement
effects, adopting highly varied and complex morplgas and textures, usually stipulating
for the change of environment (e.g. Folk, 1974;r8eller, 1973; Longman, 1980; Beier,
1985; Meyers, 1987; Gischler & Lomando, 1997; F&nCalvet, 1997; Spurgeon et al.,
2003; Guerra et al., 2005).

In addition to the interest in their formation, beeocks are widely studied as modifier
agents of coastal geomorphology. They have beentifigel as reducers of the littoral
sediment volume, changing the coastal morphologyelsas the preservation potential of
the shoreline face (Cooper, 1991; Guerra et alD52®Winterholler, 2006). They are also

involved in the reconstruction of coastal morphglpgocesses (Semeniuk & Searle, 1987).
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As a consequence, these characteristics also mautheir formation in the intertidal zone.
Beachrocks are very good indicators of former seall stability, mainly during the
Holocene (e.g. Omoto 2004 and Caldas et al., 208], also until the late Pleistocene,
depending on their state of conservation (Ramsayo&per, 2002). Beachrocks have been
investigated for at least 167 years. One of thst 8cientists dealing with them was Darwin
(1841) in his studies about NE-Brazil. Beachrodesrch was intensified at the beginning of
the 1950s, dealing with many regions where themédion could occur.

The task of this study is to identify and desctifoe formation of beachrocks on the southeast
Vietnamese coast, being a coastal region widelgnfiented and constituted of several
different types of landforms. Furthermore, thisdstuaims to develop a model based on
cement precipitation events in these beachrocks.

Investigations of beachrocks from the Viethnamesastaare very scarce. They were
previously used as indicators of sea-level cunammstruction by Korotky et al. (1995) on
the Re Island. Tam (1991) used the term “outcrdps’describing some structures in the
north of Vietnam, but it is not clear whether theavops are beachrocks or not.

3.2. Methodology

3.2.1. Beachrock bodies

Beachrocks were found during two field campaign$SiVietnam between the cities Nha
Trang and Phan Thiet (Fig. 3.1). They were geowedtyi investigated: their length, width
and height were measured. The vertical distance ftbe waterline to the top of the
beachrocks was measured. And the position of eachple in the beachrocks was
determined from the waterline of the time of samgplio above the mean sea level.

The identification of the tidal level enabled tosebve a considerable influence of the marine
water on the beachrocks™ bodies. The cement ibehehrocks changes its shape in relation

to different tidal levels. Therefore, especiallg tthean neap-tidal level at + 0.45 m and the

20



Holocene beachrock formation on the SE-Vietnameastc Chapter 03

maximum spring-tidal level at + 1.15 m above theamsea-level were used as reference

levels (cf. table 3.1).

24° N : \\
= \
o Nha Trang
N
12°0
15 km
|
Ho Chi Minh City \/ﬂ
3
b —200km_
Reef Platform ns3qg
Son Hai
CaNa .
Mui Dinh Son Hai Beachrock
Ca Na Beachrock 1
Ca Na Beachrock 2 n°0
Phan Thiet
X ° 2
g 2 5

Fig. 3.1. The research area is located betweenTuag and Phan Thiet in SE-Vietnam. The positidinthe
three beachrocks are shown. The Mui Dinh tide gavag used to correct the height of the beachrocipkes
in relation to the tidal range.
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Beachrock Coordinates Dating sample Position above Position above maximum
maximum neap tide (m) spring tide (m)
CaNal 11°19.975/ Vn 09110306 0.72 0.02

108°52.320

11°19.993/ Vn 05050509 0.77 0.07
108°52.429

CaNa?2 11°19.958/  Vn 04050501 0.26 -0.44
108°50.774

: Vn 04050502 0.16 -0.54

11°19.958/ Vn 11110310 0.77 0.07
108°50.774

11°19.803/ Vn 04050503 1.00 0.30
108°50.550

Vn 04050504 1.00 0.30

Son Hai 11°24.946/  Vn 06050505 0.42 -0.28
109°00.622

: Vn 06050507 0.44 -0.26

Vn 06050508 0.44 -0.26

Table 3.1. Samples of beachrocks collected at tlhweations with their respective elevations aboke t
maximum neap-tidal level (amntl) and above the mmaxn spring-tidal level (amstl).

3.2.2 Beachrock samples

In the laboratory, beachrock samples were cut épgme petrography thin sections. The set-
up was done in respect of the direction of the hemk’'s growth. Six petrographic thin
sections of beachrocks were investigated, so tietextural constituent of lithoclasts and
biological fragments could be identified. The feliog methodology, used for describing the
contents of petrographic thin sections as well las framework between the cement
precipitation and the sediment, is summarized bgk&€u(1981).

An amount of aragonite and micritic high-Mg calcitem precipitated cements was taken
with the intention of measuring the fractionatidnd®0 and™C. It was observed that the
micritic high-Mg calcite cement is not a single eral. Normally, it fills the pores along
with many fragments of carbonate organisms, whiehnot be observed under the optical
microscope. In order, to avoid a misinterpreta@snregards the examination of isotopes in

cement, the samples were searched under an X-sayeacin microprobe analysis. These
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images provide information, which is not recognieabnder an optical microscope. In this
way, cement precipitated in pores without contatmggprimary fragments was chosen.
Fractions of3'°0 and3'*C of cement were analysed in order to get inforomagbout the
environments in which precipitation took place (krret al., 1970). The environments,
which were identified, were the marine phreatice@amd the meteoritic zone. The marine
phreatic zone is found below the mixing zone (Big). The meteoric zone is constituted by
the meteoritic phreatic zone found under the wetble and by the vadose zone identified
above the water table and described as the regionconsolidated sediment and passage of
freshwater to the phreatic zone (e.g. Moore, 2004).

Fractions of5°0 and&'C in cements are connected with the marine enviemnwith a
value close to zero (Fig. 3.2). Precipitation iestiwater represented by a concentration
systematically negative liké'*C - 5 to - 15 and'®0 - 5 to - 10, with negative values also
indicating post-depositional exchanges with meteoniaters (Land & Goreau, 1969;
Magaritz et al. 1979; Margaritz, 1983; Veizer, 19&dudray & Montaggioni, 1996). The
fractionations of both proxies are also indicatrbiological influence on cement formation.
The liberation of methane during the fermentaticocpss by microbes shows carbon isotope
values of > 1Pps %, (James & Choquette, 1983; Hudson, 1977; Millintev4).

The cement material was taken from the rubbed seidé beachrock pieces, previously used
in the preparation of petrographic thin sectionke Targest pores were chosen under the
magnifying glass in order to avoid the mixing oh@nt with the carbonate of bioclastic
constituents. While sampling, the cement from tleadhrock pieces was taken using
millimetre fraise equipment under the magnifyingss.

Isotope fractionation alone indicates only the ltiane which influences the different parts
of beachrock. It does not tell anything about theensical composition of the early
precipitated cement. Through investigation of thernical concentrations of Sr and MggO

in carbonate cements, it is possible to identifystals of aragonite and high-Mg calcite
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(micritic). The early diagenetic aragonite cememrinfs in shallow marine tropical water,
presenting a range from 7 to 10 parts per thougppoh) of Sr (Kinsman, 1969; James &
Ginsburg, 1979; Veizer, 1983; Morse & Mackenzie9@P@and more than 5 mol %o of
MgCQO; for high-Mg calcite (Friedman & Sanders, 1978; @@y & Montaggioni 1986).
However, in some places the concentration of Mg@ement of calcite range from 12 to
18 mol %0 (Alexandersson, 1972; Caldas, 2002).

Six thin sections of Sr and MgGQvere analysed in the Electronic Microprobe (EMP)
laboratory, performed at the Mineralogy Divisionpitersity of Kiel. The equipment used
was a Cameca, a Camebax-Microbeam with four wagéterdispersed spectrometers. The
operating conditions consisted of 15 kV accelegatwoltage and a 15nA beam current,

which allowed a beam diameter smaller than 10 um.

Fresh vadose Supratidal Intertidal Subtidal
calcite meniscus 5180 +2/-1
3180 5/-15 3
513C +1/+6 §180 +2/-1
5180 5/-15 913C-2-10 §13C O 1

Intertidal and shallo
phreatic
isopachous aragonitd
and micritic high M
calcite

813C -5/-10

‘ freshvaldose'(:b" .o d

water table ST —eE e
= - Mmarne phreatic
¢
D O " Mixing =
§180-10/-20 zone -~

fresh phreatic zone 813C -5t 1
Mixing zone
Fresh phreatic equant and blade
equant and isopachous -calcite
blade - calcite

Fig. 3.2. The environments of inorganic calciumbeerate precipitation, indicating the typical crysabric as
well as their range value 6f°C ands'®0 (Margaritz, 1983; Coudray & Montaggioni, 1986).
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3.3. Beachrock location

Three beachrock were detected along 270 km of dlgheast Viethamese coast between
Phan Thiet and Nha Trang. The first two beachrag&se found on the coast near Ca Na
town, situated 112 km south of Nha Trang. The faeshchrock, identified as Ca Na 1, was
about 2.03 km away from Ca Na town and the secord identified as Ca Na 2, was about
4.95 km away from Ca Na town (Fig. 3.1).

The geomorphology of the coast in Ca Na can beritbestas narrow shore, followed by a
backshore zone formed of a field of small dunes mountainous system starts behind the
dune fields, characterised by the crystalline basgmocks.

The second beachrock position was located in Santd¥en, a small fisherman village
approx. 97.7 km south of Nha Trang town. This ragias also characterized by a narrow
strip of beach, followed by an extensive dune fiélglatform reef was found adjacent to the
beachrock. It was characterized by fringe morphglogth a length of approximately 1 km
(Fig. 3.1). Petrographical observations revealeat the platform reef was constituted of
siliciclastic sediment, but no signs of construaboganisms, such as corals or algae were

detected. More details about platform reefs cafobed in Moore (2004, p. 106).
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3.4. Beachrock characterisation

Ca Na Beachrock 1 was found facing the Ca Na B&adort. Its complete description was
not possible, because houses were built on thehbsaes (Fig. 3.3). Ca Na Beachrock 1 lies
between the intertidal zone and the supratidal zatiea length of approx. 60 m and a width
of approx. 5 m. Its uppermost position reaches lamagon of 0.07 m above the actual
maximum spring-tidal level (amstl) (Tab. 3.1). Atd station samples were only collected for
dating analyses, but not for petrographical obdema

Ca Na Beachrock 2 was also found between the imérand the supratidal zone. Its
uppermost position reached 0.30 m amstl. Additign&l had a length of about 80 m and a
width of 6 m. This beachrock originally had a bédIform, lying on the sand. Today its
form is characterized by polygonal slices from 1 up to 3 nf in size and a thickness of
approximately 30 cm (Fig. 3.8a). This fragmentatiwobably occurred due to a combination
of wave action and tidal regime.

Samples from three different altitudes of Ca Na dBeack 2 were collected. For the
petrographical observation of the lowest posit@rsample was collected at - 0.54 m amstl.
The second sample was collected at - 0.44 m aamstlthe third was collected at the highest
position, which was at 0.07 m amstl (Tab. 3.1).

The third beachrock was found in Son Hai town, hg\a cylindrical form and lying on the
beach (Fig. 3.3). Its length was approximately 60with a width of circa 3.50 m. Its
uppermost position reached 0.45 m amstl (Tab. 3lbyeover, its structure showed a series
of bodies of approx. 15-20 m in height, locateddiaard on the beach. This sequence was
buried into the beach, where only the top of thacheock appeared (Fig. 3.8b). The
beachrocks is strong recrystalized and was not itatkeconsiderations for detailed studies
(see p. 45).

From the Son Hai Beachrock, samples were collefdegetrographical observations and

dating analyses. The samples were taken at a hefiglit.28 m amstl, and two other samples

26



Holocene beachrock formation on the SE-Vietnameastc Chapter 03

were collected on different seaward dipping laydrthe beachrock at the same altitude of -
0.26 m amstl. They were identified as Vn 06050507 tlke landward side and as Vn

06050508 on the seaward side.

Son Hai Beachrock: approx. 60 m inlength and 315 width

Fig. 3.3. The three bodies of beachrocks foundE1V&tnamese coast.
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All the explored beachrocks could be identifiedsaaward-dipping beachrocks. This type of
beachrock is formed like a bed inclining towarde ffea and extends close to the coast line
(Fig. 3.8), (Purse, 1980).

3.5. Results

3.5.1 Petrographical description

Petrographic observation revealed several sedimefgatures. With regard to the roundness
of the components, with angular, sub-angular amdreunded forms and low sphericity was
identified. The mean grain-size was variable, withdium sand 0.436(2x) and 0.390 mm
being the size of samples from the Ca Na Beach&ckhe samples from the Son Hai
Beachrock revealed fine sand, with a size of 0.23218 and 0.156 mm. They were poorly-
sorted, moderately-sorted and well-sorted respelgtiwvith the last feature being more
frequently found. Moreover, the maturity stage wihentified. The maturity stage indicates
that the matrix-cement consists of grain-suppoffigdotic. Fabric-supported grains were
predominantly observed in the samples, where ndargment occurred. Porosity was more
frequently observed in beachrocks with fibrous cetmeather than in beachrocks with
micritic cement.

All thin sections showed that on average 54.7 %oofiponents are of terrigenous origin. The
frequency percentile value for each sedimentarystiment yielded 35.7 % of quartz,
(including monocrystalline and polycrystalline grsl, feldspar 9.5 %, fragment rocks 4.8 %,
glauconite 4.7 % and minor amounts of mica andsitmme. Carbonate bioclasiscurred in
smaller quantities of about 38 %. 7 % of the tgtaliins could not be identified.

3.5.2. Cement composition and morphology

Micritic subtranslucent crystals of high-Mg calcitere identified as the early cement in the
Ca Na Beachrock 2 (Fig. 3.4a). Micritic high-Mg atg was found at - 0.54 m amstl, filling
completely the voids in intragranular and intergidan spaces. Micritic high-Mg calcite in

most cases is formed by rhombic crystals, withdiaeneter measuring between 4 and 30 pm
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(Schroeder, 1973; Moore, 1973; Hattin & Dodd, 19/&nd & Moore, 1980 and Milliman;
1977).

Micritic cement as the early cement of beachrocksnetimes displays a bimodal-phase
texture, reminiscent of peloidal forms (Fig. 3.4bhe peloidal texture was identified at -
0.44 m amstl. The pellets measured from 40 to I@0nudiameter. Following Macintyre’s
classification of pellets (1977, 1985), they are-Z80 um in diameter, which suggests the
formation of this kind of cement in the beachroaksSE-Vietnam. This texture of cement
was already described for Grand Cayman (Moore, 19 awaii (Meyers, 1987), Belize
(Gischler & Lomando 1997) and for Reunion Islandri& Calvet, 1997).

Isopachous aragonite was also found at - 0.54 nil amthe Ca Na Beachrock 2, growing
onto the particles, with micrite occupying the @o(€ig. 3.4c). More aragonite cement was
found at - 0.26 m amstl in the Son Hai Beachrotkfdbrics were identified as isopachous
fringes in distal position (Fig. 3.4d), which arelldwed by rims covering the grains,
characterized by a brown-clear colour (plane-ppéatilight). Isopachous aragonite is an
indicator of cementation within the marine phreatiwironment in the intertidal zone. Many
authors identified aragonite isopachous cemertterniritertidal zone as e.g. Ginsburg (1953),
Moore (1973), Beier (1985), Strasser et al. (19B®)dler & Bain (1993).

Fig. 3.4e demonstrates aragonite fibres foundeat#ime elevation as the isopachous fringes
aragonite, which was at - 0.26 m amstl in the San Beachrock. The average size of its
crystals was 100 um in length and 4 um in widthithermore, examples of meshes of
aragonite needles were also identified, showingsgiexific characteristic of cement needles
grows in every direction (Fig. 3.4e and 3.4k SEM).

Aragonite needle cement was also found in the C8&&chrock 2 at an altitude of - 0.54 m
amstl. Its crystals were 90 um in length and 2.2ipmwidth (Fig. 3.4f, and 3.4] SEM). On

this cement it was possible to visualise the growtlentation of crystal fibres, being
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approximately perpendicular to the surface graifg.(3.4l and m SEM). Figure 3.4f
illustrates how micritic high-Mg calcite fills thgores, where aragonite needles do not occur.
Cement aragonite needle were also found at an tedavaf 0.07 m amstl in the Ca Na
Beachrock 2 (Fig. 3.4g, n SEM). This height repneseéhe maximum influx of the present
sea-level stand. Aragonite cement appears, coveenggenous and biological grains.
Moreover, a dark film covers the cement needleg.(Bi4h). In recent works it has been
identified as an organic deposition (Vieira & DesdR8006). According to the same authors,
organic deposition occurs, where a stagnant camdéilows its development.

Under the microscope a crystal fabric, identifiedcalcite blade, was observed in Ca Na
Beachrock 2 (Fig. 3.4h). The crystal is not elordadnd it has a width of about 28 um. The
apex of the crystal has an extremity in the formaofV”. Bladed cement is usually
mentioned together with cement characterized byinaaenvironment (Meyers, 1987;
Gischler & Lomando, 1997). However, the bladed shalso occurs in the supratidal or
mixing zones, where it shows a greater influencéréghwater (Schroeder, 1979; Longman,
1980; Coudray & Montaggioni, 1986; Given & Wilkin§o1985a; James & Choquette,
1990). Rim cements, covering the sediment, wesemed at - 0.28 m amstl (Fig. 3.4i) as

well as at - 0.26 m amstl (Fig. 3.4d) in the Som lbachrocks.
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105 um
—
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Fig. 3.4. Sequence of cementation events and mtgical forms of cement, displayed in plane poladiz
light. (a) Formation of micritic high-Mg calcite g®nt represented by “M”. (b) Peloidal feature “MRZ)
Isopachous aragonite “A” on the bioclastic sedim&he black arrows indicate the boundary betweaganite
and micritic cement. (d) The formation of isopacharagonite fringe “A” in distal positions. The @ams
indicate the rim covering the sediment. (e) Fibrawsgonite. Black arrow shows the presence of éhroés
aragonite needles. (f) Big forms of aragonite negdI'M” indicates the presence of micritic ceme(df)
Isopachous aragonite of needle “A” covering theaal§ragment. (h) Fibrous isopachous aragonite avittack
arrow pointing to a dark formation and the whiteoar showing the bladed form of cement. (i) to (IHN&
images: (i) The arrow indicates how rim cement ¢evbe sediment. (j) Showing the form of aragoniedles.
(k) Mesh of needle cement. (I) Needles growing dhtosediment. (m) Aragonite needle in Ca Na Bezadhr
(n) Shows aragonite needle with bioclastic sedinmestipratidal zone.

AF-Algae fragment, Q-Quartz, P-Pore.
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3.5.3. Bacterial flora in the beachrock cement

In the Son Hai Beachrock, nannobacteria were ifledtby Scan Electronic Microscopy
(SEM) at the position of - 0.26 m amstl. These oigias were observed on the surface of
aragonite needle cement (Fig. 3.5a). In accordaniteFolk (1993), Pedone & Folk (1996)
and Neumeier (1999), nannobacteria have been Hdedcm cements of aragonite and high-
Mg calcite. They are characterized by an elliptmwaimorphology and are very small in size,
normally less than 1 um.

The endolithic filament algae (Fig. 3.5b) were fdugrowing among the grains. They were
also observed at - 0.26 m amstl in the Son Hai Beaks. According to Moore (2004,
p.102), the filament forms bind the grains togeth@hacdén et al. (2006) showed the
development of algal filaments in limestone witthe intertidal zone.

A bacterial film community was identified at - 0.5#amstl in the Ca Na Beachrock 2 (Fig.
3.5¢). The figure demonstrates a phase of the halcteproductive cycle, occurring on the

micritic cement surface. The structure was idesdifccording to Perry & Staley (1997).
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Fig. 3.5. The biological constituents found on teenent in SEM-image. (a) Elliptical nannobactetiavgng
on an aragonite needle identified as nannobactefiigsEndolithic filament of an alga. (c) Bacteri@in

growing on a cement beachrock with its reproducdivacture

3.5.4. Isotopic concentration 0620 and $*°C in cement

High-Mg calcite and aragonite cements were colteateorder to analyze the stable isotopes
8'%0 ands™®C. The results are shown in Tab. 3.2; the valuespéstted on the cross-plot
describing environmental conditions (Fig. 3.6).

The value 08*0ppg«, in cement beachrocks averages out at - 1.72 %gjnmgrirom - 0.97 to

- 2.30 %o In the Ca Na Beachrock 2 (- 0.44 m amstl) a vafue0.97 %05 °Oppg for micritic
cement was found. According to Coudray & Montaggiéi®986), a value of - 0.97 %o
8'®0ppg is characteristic of the intertidal zone. Micriiement in Ca Na Beachrock 2 (- 0.54
m amstl) contains - 1.30 %Opps a value also identifying the intertidal zone. Bibs

aragonite, sampled at 0.07 m amstl, has a valu@ &l %05 *Oppe.
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Identification Cements Above  §™Oppgx, 0 Cppsx Meanof Mean n (Srand
samples maximum MgCOs of Sr Mg)
spring-tide (mol %o) (ppm)
(m)

Vn 04050501  Micritic / -0.44 -0.97 3.08 6.82 349 36
Peloidal

Vn 04050502  Micritic / -0.54 -1.30 2.90 5.69 821 52
Aragonite
Isopachous

Vn 11110310 Fibrous 0.07 -2.21 2.96 1.29 4329 120
aragonite of
needle and
bladed

Vn 06050505  Fibrous -0.28 -1.87 3.73 0.09 8032 65
isopachous
aragonite

Vn 06050507  Aragonite -0.26 -1.69 3.86 0.11 8012 35
isopachous
fringe and
mesh of needle

Vn 06050508  Aragonite -0.26 -2.30 2.46 0.06 11123 82
isopachous
Fringes

Table 3.2. Oxygen and carbon isotope values anthiclaé concentration of MgC{Onol %. and Sr ppm; from
different cements precipitated in beachrocks.

Cements in the Son Hai Beachrock from - 0.26 m laanstformed by fringes of isopachous
aragonite. Their cement isotopic concentration eangetween - 1.69 %'°Oppg On the
landward side of the beachrock and - 2.3@%@ppg on the seaward side. At the position of
- 0.28 m amstl, the crystals formed by fibrous adpus aragonite have a value of - 1.87 %o
§'*Oppe.

The values of oxygen isotopes in beachrock cenfems SE-Vietham are lower than those
of aragonite cements in Mediterranean beachrock<(%o.), but they are higher in calcite (-
3.5 %0) (Magaritz 1979). Beier (1985) showed an agerof - 0.88 %&'°Opps in beachrock
cement from San Salvador, which is higher than ithéeachrocks from SE-Vietnam. In the
Red Sea and the Mediterranean, beachrocks havem of@®.5 % °Oppg, Which is higher
than the values applying for the Vietnamese beakisr¢Holai & Rashed, 1991). On the
Canary Islands the mean is lower than in SE-Viet(a86 %) (Calvet et al., 2003). In SW-

Madagascar beachrock cement formed by fibrous arigwas found in the intertidal and
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the supratidal zone. This cement displays valuexgfen isotope between - 0.35 and - 0.90
%0, Which are lower values than those derived frobengame type of cement in SE-Vietnam.
The results of the investigation of carbon isotapeless homogeneous than those of oxygen
isotope. The mean &"C in cement beachrock remained at 3.16r%aging from 2.46 to
3.86 %05"°C ppe.

In the Ca Na Beachrock 2 the concentration of miichigh-Mg calcite cement, had a value
of 3.08 %03™Cppg in - 0.44 m amstl. At the lower position of - 0.B4amstl, 2.90 %5*Cpps
was measured. At the position of 0.07 m amstl, g cement contains 2.96 %6 -Cpps.
The values of carbon isotopes from this beachroekiaked to the intertidal zone.

The cement in the Son Hai Beachrock is formed Ilmpashous aragonite crystals. The
concentration 05'*C was 3.86 %&'*Cppglandward and 2.46 %'°Cpps seaward, measured
at - 0.26 m amstl. Fibrous isopachous aragoniteeoerdemonstrated a value of 3.73 %o
8Cppg at - 0.28 m amstl, which is the highest resul'5€ for crystal cement in the SE-
Vietnamese beachrocks.

In comparison, Magaritz (1979) presented values.®fand - 1.7 %&'Cpps for aragonite
and calcite respectively in Mediterranean beaclgpegkhich are lower values than those
found in the Vietnamese beachrocks. Holai & Ragi®81) also investigated Mediterranean
beachrocks and determined a mean of 1.65%&@pps, Which is again a lower value in
comparison with the values from Vietnam. In corttress the Mediterranean beachrocks,
cement beachrocks in the Red Sea displayed a nfe@B 8o 5°Cppg, being similar to the
Vietnamese beachrocks. In San Salvador, Beier jlil@htified a mean of 4.91 %3 Cppg,
being much higher than the values presented abicale 3.2). Calvet et al. (2003) identified
a mean of 4.5 %&Cpps for the Canary Islands, which is again higher titam values
applying for SE-Vietnam. The carbon isotope of aratp cement beachrocks in SW-
Madagascar ranges from 2.84 to 3.885%Crps, presenting values similar to those in SE-

Vietnam.
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The cross-plot 08*%0 vs.3™°C (Fig. 3.6) was elaborated in order to identifg trigin of the
isotopic concentration. All the isotopic resultstphto the field of green algae. The samples
from the Ca Na station as well as the sample Vn50608 from the Son Hai station
demonstrated isotopic values of Shallow-water Msmiiand Foraminifera field (Milliman,
1977). No value was found for the shallow-wateregtone field.

Hudson (1977) and James & Choquette (1983) propmsesentative values for beachrocks
through a field of marine cement. The samples ¥4 and 6 were found within this field,
while samples 3 and 5 are positioned in the ovesfagreen algae and in the Shallow-water

Molluscs and Foraminifera field (Fig. 3.6).

Green alge

Shallow-water limestone

Shallow-water Mollusks
and Foraminifera

4

1- VN 04050501 Ca Na
2- VN 04050502 Ca Na
3- VN 11110310 CaNa
Fresh-water -4 4- VN 06050507 Son Hai

limestone
5- VN 06050508 Son Hai

6 6- VN 06050505 Son Hai
6 lSC %I]

Fig. 3.6. Cross-plot of carbon versus oxygen isesofpom cement of beachrocks introduced by Millimd&@4,
modified by James & Choquette, 1983, includingrtieine cement fields.

37



Holocene beachrock formation on the SE-Vietnameastc Chapter 03

3.5.5. Chemistry of cements

The concentration of Sr and Mgg@as measured to confirm the early cementationgasc

It can be determined through the identificatiomoéritic high-Mg calcite and aragonite, as
well as through their alteration during the chanfenarine to freshwater environment. All
results of Sr and MgCgare an average measured at several points of itreprobe thin
sections. Tab. 3.2 presents the concentration o€®gand Sr, showing a very good
correlation between micritic high-Mg calcite andg@wonite cement.

The chemical concentration of micritic cement ie tha Na Beachrock 2 (- 0.44 m amstl)
represented an average of 6.82 mol %o of MgG@nging from 5.24 to 7.45 mol %.. Micritic
cements constituted an average of 349 ppm, ranfjorg 260 to 1600 ppm for Sr. In
addition, the Ca Na Beachrock 2 (- 0.54 m amstt) &a average of micritic cement of 5.69
mol %o MgCGQ;, ranging from 3.85 to 6.75 mol %.. The Sr in ardgoonement measured 821
ppm, ranging from 90 to 3580 ppm.

In contrast to the previous results, different nneasient results were obtained in the Ca Na
Beachrock 2 (0.07 m amstl) as regards fibrous amigggacement. The concentration of
MgCQO; reached 1.29 mol %¢anging from 0.005 to 2.821 mol %bhe concentration of Sr
displayed an average of 4329 ppm, ranging from X26&®20 ppm.

In the Son Hai Beachrock, isopachous aragoniteefiragment was detected at - 0.26 m
amstl. The measured average of Mg@@s 0.11 mol %.ranging from 0.02 to 0.74 mol %o
The Sr concentration averaged out at of 8012 p@myiivg from 4720 to12060 ppm. On the
other side of the Son Hai Beachrock, a sample wHsated at the same height as the first
sample. The cement was also formed of isopachouyes aragonite. The molar
concentration of MgC@®had an average of 0.06 mol,%anging from 0.01 to 0.37 mol %o.
The Sr concentration had an average of 11123 pp®¥®), ranging from 7680 to 13010
ppm. The third sample from the Son Hai Beachroc®.28 m amstl) consisted of fibrous

isopachous aragonite cement. The concentrationgff® reached an average of 0.09 mol
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%o, ranging from 0.033 to 0.304 mol %&r averaged was reached in 8032 ppm, ranging from
6020 to 11690 ppm.

3.5.6. Age of beachrocks

The age of radiocarbon can be identified by carteomaaterial mineralized by marine
organisms (e.g. corals and shells), which diedh@irtoriginal habitat. They are carried away
from these places to the intertidal zone by waved eoastal currents. Afterwards this
material is cemented into the beachrocks by tHafiiation process. The ages of the
Vietnamese beachrocks were measured by AMS (sqaerh?). The beachrock ranged in
age from 6721 to 640 cal yr BP. (Tab. 3.3). Thige periods were detected.

The youngest age interval was found in the SonBs#aichrock with 1210 to 640 cal yr BP.
The youngest radiocarbon age of 640 cal yr BP vealiced from the sample collected at -
0.28 m amstl. The last two samples were datechbasiion of - 0.26 m amstl (Tab. 3.3).

The oldest dating was found in the Ca Na Beachigeckpresenting an interval from 6721 to
5869 cal yr BP. The youngest material, found a2 GvDamstl, dates from 5869 cal yr BP.
Older material was found at 0.07 m amstl, datiognfi6130 cal yr BP.

The age dated in the Ca Na Beachrock 2 could beembded to the intermediate age of the
beachrocks in Vietnam. But it showed a range frai206to 3270 cal yr BP, which represents
intermediate as well as old dates, similar to thnsbe Ca Na Beachrock 1.

The position of the samples collected at - 0.54nnsthwas dated to 3270 cal yr BP. At the
next position of - 0.44 m amstl, an age of 3600 ywaBP was determined. The last age
identified at the Ca Na Beachrock 2 and considadntermediate was found at 0.07 m
amstl and dated to 3760 cal yr BP. The two oldeisag the Ca Na Beachrock 2, dating to
6720 and 6680 cal yr BP respectively, were fourtth@highest position of 0.30 m amstl.
The results 08*C measured by AMS showed very different values,ctvhiaried from -

2.88 %0 t0 4.11 %oThe results from all the dated material, confidnnearine origin.
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Beachrock| Identification Above Above AMS™C  cCalibrated  §%C (%o)
maximum maximum age (ky age b
neap tide (m) spring tide B.P.) (ky B.P.)
(m)
CaNal Vn 09110306 0.72 0.02 5420+ 30 5869 1.78+ 0.05
Vn 05050509 0.77 0.07 5650z 40 6131 3.13+0.19
CaNa?z2 Vn 04050501 0.26 -0.44 3615+ 25 3605 -1.57+0.08
Vn 04050502 0.16 -0.54 3325+ 30 3272 0.95+0.20
Vn 04050503 1.00 0.30 6160+ 35 6680 0.04+£0.17
Vn 04050504 1.00 0.30 6210+ 35 6721 0.84+0.28
Vn 11110310 0.77 0.07 3745% 30 3760 0.21+0.11
Son Hai Vn 06050505 0.42 -0.28 1005+ 25 642 0.69+ 0.05
Vn 06050507 0.44 -0.26 1095+ 35 706 4,11+ 0.30
Vn 06050508 0.44 -0.26 1570+ 35 1210 -0.18+ 0.07

Table 3.3. Dating of marine fossils sampled in eacks, with their position in relation to the maxim neap-
tidal level and maximum spring-tidal level (cf. Tal2.1). The values of carbon isotope were acquiogd
Accelerator Mass-Spectrometer.

3.6. Interpretation

3.6.1. Sedimentological setting

The observation of the petrographic constituentshef Viethamese beachrocks confirmed
their origin from the transitional zone of sediméaty. Badyukov, 1986). The sediment of
the beachrocks is composed of a mixture of comstis) originating from many sources.

The beachrocks mainly consist of grains of quamzk fragments and feldspar, which
represent normal terrigenous sediment that caminedfon tropical beaches. Other types of
sediment such as glauconite and heavy minerakdilemaline were found in small fractions.
The presence of glauconite confirms a strong imibee of beachrocks on the marine
environment. Glauconite is associated with diageakky formed minerals, being usually
formed by the reduction process in pre-existingtipl@s such as carbonate grains, clay
minerals and faecal pellets (Odin & Matter, 198HirQ 1988). The bioclastic contents were
formed by many carbonate-shell-building organisiiteese sediments were found in every
level of the investigated beachrocks.

In order to confirm the origin of the beachrocksdisnentary parameters from the Ca Na

Beach were investigated and well-sorted sedimenmeaxfium and coarse sand (Fig. 3.7) was
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identified. The sediments of the medium sand ofGheNa Beachrock 2 were compared with
those of Ca Na Beach, showing similar parameters.

The morphological characteristics of the terrigenguains revealed a low sphericity and
displayed different categories of roundness fronguéar to sub-rounded forms. These
characteristics show that the transport of thersedts from its source to the depositional
environment is not far, indicating that the soudofesediment is near the deposits. The
presence of mountains near the coastal region lamdexistence of cleaved quartz grains
confirm this interpretation. Therefore, the scayceéveloped beachrock formation on the
southeastern Vietnamese coast can be explainedebsestricted sediment supply from the
hinterland.

Moreover, little sediment is carried to the shoreliand maybe transported away by the
coastal currents. This can be confirmed mainlyH®gy fragmentary landforms on the coast,
where mountains frequently occur near the wateusTmissing accommodation space for
sediment deposition of the shoreline could be arotkason for the lack of beachrock
development.

In addition, the sedimentary contents of beachraulesvery similar to those observed in
coastal plain deposits. Coastal plains are mariggosits originating from transgressive
events, but they do not occur throughout the Vieiese coast. These deposits do not exceed
5 m in altitude, with an average between 3 and @bave the actual sea level. In general,
they are formed by sand, clay, marine fossils amlafauna (Tam, 1991). More information
Is given in chapter 1. In this connection it igomntant to mention that coastal plain deposits
might have some influence on the formation of beadks, mainly on the upper layer of
coastal plain deposits, where the sediments ar@rked and afterwards carried to the

lithification zone.

41



Holocene beachrock formation on the SE-Vietnameastc Chapter 03

Vn 1111030 Vn 1111030
12 100 12 100
L 90 90
10 L 80 10 80 o
£ E E £
k=) 709 .g’ L70 ©
28 £ =8 s
2 t 602 2 Leo &
S B B %
%6 rs0g %6 rso g
< g 5 £
= r 403 =] F40 3
8 4 £ 4 S
i 303 fin F30 0
2 20 2 20
10 r 10
0 o 0 o)
4 35 3 25 2 15 1 0,5 0 -0,5 -1 4 35 3 2,5 2 15 1 0,5 0 -0,5 -1
Grain size (Phi) Grain size (Phi)
Vn 11110304
12 100
r 90
10 | soe
=y 2
e 708
B Lo
B X
2° F0g
c
g - 203
g 41 g
£ %3
2 r 20
10
05 o

IN
w
o
w
)
(&

2 15 1 0,5 0 -0,5
Grains size (Phi)

N

Fig. 3.7. Sediment size distribution from beachdsamhere Ca Na Beachrocks were localized. The tsesul
identified standards in medium and coarse sandl&@isedimentary distributions were found in beachs.

3.6.2. Cement diagenesis

In the Ca Na Beachrocks 2 diagenetic forms of miiceind peloidal cement (Fig. 3.4 a, b)
were identified. The presence of these cements gloeg with the early cementation, being
also confirmed by the high concentration of MgQé@tween 5.69 and 6.82 mol %o (Tab.
3.2). The results of oxygen isotopes revealed nbmaaine condition for cements of the Ca
Na Beachrock 2. The sequence of beachrocks formgeahitritic cement (Vn 04050502)
displayed a depletion af*®0, which could indicate a loss of marine condit{@ab. 3.2).
However, performance in microprobe analyses demaest values of 5.69 mol %o of
MgCQOs;, confirming the influence of intertidal zone (T&h2).

Micritic cement is enriched in carbon isotope withlues of 3.08 %o and 2.90 %d&his is
considered normal for shallow water in tropic mariregions, where the dissolution of

calcium carbonate in water is high (Holail & Rash£@91; Beier, 1985).
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The precipitation of micritic cement is associatedh microbiological influence, as is
suggested by some authors (Webb, 1999 and Font I&eCdl997). The influence of
microorganisms on cement formations of Viethamesschrocks will be further elucidated
at the end of this chapter.

At 0.07 m amstl in the Ca Na Beachrock 2, the censeformed by fibrous aragonite and
blade fabrics. These types of cement are assoaciatbdnarine and meteoritic environments
respectively (James & Choquette 1984 and 1990jopsomeasurements confirm the natural
marine conditions of reduced™®0 and enrichment by*C isotopes. The chemical
concentration also shows a low value of 4329 pprsroin crystal of aragonite. The same
applies to MgC@ with values reaching 1.29 mol %o (Tab. 3.2). Therical concentration
indicates that at 0.07 m amstl, the beachrock inN@ais still influenced by marine
conditions. However, the marine influence changeméteoritic influence in the supratidal
zone. The presence of bladed cement supports lseration (Fig. 3.4h); bladed aragonite
is an index of freshwater influence by vadose oteritic zones (Longman, 1980; Given &
Wilkison, 1985; James & Choquette, 1990; Font &/€811997).

The predominate cement in the Son Hai Beachroekagonite, which consist of diagenetic
fabrics such as fringe, needles, mesh of needgsisn(Fig. 3.4 d, e, i). These cements type
are representative of marine intertidal zone amdnteteoritic influence in supratidal zone
(e.g. James & Choquette, 1983, 1990; Gischler & &odo, 1997; Font & Calvet, 1997).
The chemical concentration of Sr and Mgd§ives important information about the cement
formation in the Son Hai Beachrock, which consistdy of aragonite crystals in marine
conditions. The Microprobe analyses do not indi¢chte presence of MgGQin contrast to
Sr, which is significantly higher, suggesting ath@pncentration of aragonite.

Oxygenic isotopic values, measured by samplingénintertidal zone (cf. Table 3.2), present
depleted values, which normally are > - 1 %PDB é¢ating an influence of the marine

environment. As regards the Ca Na Beachrock 2, ithisot too apparent, as the results
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indicate a shift of the environmental influencesample Vn 11110310 (Table. 3.3), observed
in Sr and MgC@results. In the Son Hai Beachrock, depleted vaifiés’0 were observed.
Possible factors linked with the relatively smalkygen isotope might be: the low
temperature of the seawater, the influence of mieta@ter and the concentration of salinity.
However, the low temperatures of the sea water atabha appreciated as an explanation
because the mean water temperature in southeastaxfieis 28° C, with the temperature
reaching 29.1° C in summer. Additionally, the asaly temperature of coastal water ranges
between 29° to 30° C in the region where the beméisrwere found (Rojana-anawat, 2000).
Freshwater might be the reason for a small reduaifathe isotopic value. But the elevated
contents of Sr in aragonite indicate a strong grilce of the marine environment. Thus, the
influence of the salinity concentration in the wateay be added as a more appropriate
factor, forcing the concentration of ligh®f0. Calvet et al, (2003) whose work in La Palma
(Canary Islands) showed a low concentration ohgglin the sea water. This suggests that
the lower values 0§20 of precipitated cement in the Vietnam beachrdsks consequence
of the low concentration of salinity in the shallewastal water of the SCS, showing values
between 33.0 and 33.6 Psu.

Taking the isotopic fractions into consideratiomny(R3.6), the cross-plot does not show any
tendency towards freshwater conditions. Furthermibris difficult to discern a correlation
between the values and the marine cement fieldnlp two cases of high-Mg calcite, they
are exactly within this field. Other values showeatse concentrations of marine dissolved
carbonate fields, which are identified to consisgieen algae and Shallow-water Molluscs
and Foraminifera fields.

To find out more about the influence of microorgams on the precipitation of carbonate
cement, the samples were observed under SEM. Tiissevations revealed the presence of
spherical nannobacteria on the surface of aragoekelle (Fig. 3.5 a). But these organisms

are not involved in the process of cement predipita
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The precipitation of micritic cement is also deked as a result of the influence of
microorganisms, but this cannot be taken into actaom this work due to the lack of
appropriate dates. The emergence of nannobactereragonite cement can be associated
with cement precipitation through the fermentatiorocess. This is suggested BY’C
isotopic concentrations, which are increased udQo%. PDB due to residual methane
liberated at the end of the fermentation processofl, 2004; p: 79). However, this was not
found in the aragonite crystals in the Vietnamesachrocks.

3.6.3. Age of beachrocks

The ages of the beachrocks reveal that there aee thenerations of beachrocks in SE-
Vietnam (Fig. 3.8). The first generation was loradl in the Ca Na Beachrocks at the
uppermost position of 0.30 m amstl. The age rariges 6720 to 5869 cal yr BP. The
second generation dates from 3600 to 3270 cal yamPwas found at the position of - 0.44
m and - 0.54 m amstl. The third generation wastéat@an Son Hai town. Evidence for its
development was found in the intertidal zone atacir0.28 m amstl, with ages from 1210 to
640 cal yr BP (Tab. 3.3).

The ages indicate that the beachrock were founidgldifferent sea-level positions. This can
be observed at the end of the early-Holocene vg#s aanging from 6721 to 5869 cal yr BP,
found above the present mean sea level. The sapiespo the period after the mid-
Holocene, which ages ranging from 3760 to 640 c&B.

As regards the Son Hai Beachrock, its uppermostiposvas measured at 0.45 m amstl. In
order to determine its age, a coral fragment wédleated (Vn 06050506). Since it consisted
of 32 % of altered aragonite, it was not suitaloledge-dating. These two characteristics of
the Son Hai Beachrock suggested that it might raiginated from the same formation
cycle as the Ca Na Beachrock. But this assumptiutdcnot be confirmed because of the

lack of data from uppermost position of the Son Beachrock.
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Fig. 3.8. The beachrocks and their respective ageshown in two places. “A” represents the ageshie Ca

Na Beachrock, whereas “B” represents the ageshSon Hai Beachrock with its uppermost positiothauit
dating.

3.6.4. Cement precipitation event

As was presented in the introductory chapter, t@cbrock cementation process has been
supported by three main theories. We tried to alesevents of cementation in the beachrock
based on these theories in both places along #mafMmese coast.

The physicochemical process of £@egassing was not investigated in this work. Tyye

of cement precipitation, as suggested by Hanor&)3tcurs in the vadose zone. Through
the observation under SEM, microorganisms weredaamthe fibrous cement. Nonetheless,

geochemical results did not indicate any signathef microorganisms developing cement.

Our own observations of cement precipitation showleat cement is associated with a
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physicochemical process, induced by evaporatiorwafer supersaturated in carbonates
(Scoffin, 1970).

Cement formation was assumed in the Son Hai Beekhbecause of the beachrock’s
position in the upper half of the intertidal zomedats young age. The principal cement that
was found was fibrous aragonite cement, whereastimibigh-Mg calcite, typical cement of
the marine phreatic zone, could not be observed.

The intertidal position of the beachrock in Son Heavents the tide flux from washing and
drying its structure. During the high tide, the pad the beachrock is submerged and its void
filled with water supersaturated. During the lodeti the water leaves the beachrock surface
wet. Thus, the supersaturated water inside theswtad precipitate the carbonate through the
evaporation of the sea water, forming fibrous cemeside the voids. Additionally, the
sediment is supplied by a flux of the tidal current

The tidal regime was observed from Mui Ding gauggh whe intention of counting the days
of the seawater being above the beachrock. We \wdxd¢he influence of the tide during one
year at three different standards: mean sea lavél.% m, neap-tide at 1.4 m and the
maximum spring-tide at 2.1 m.

The behaviour of the tidal regime showed thatrifkience on the beachrock started in 50 %
of the days at the base of the beachrocks, indidatehe mean sea level. For the position of
1.4 m, the influence in days was 31 %, not covetirgwhole body of the beachrock. The
beachrock remained fully covered only during 6 %h&f time, which was during all days of
maximum spring tide.

The intention of the observations of these stagés present the maximal percentage of days
at different levels of the tide. It is evident tila¢ beachrock body is influenced by the water,
more than 50 % of the time due to the effect ofwlaees as well as due to the splash from

the washing area.
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The interaction between the processes of wettimhdayping is necessary in order to trigger
the evaporation, which stimulates the precipitattdrCaCQ. This can be described as an
uninterrupted process of flood tide and ebb tidenected with a warm air temperature and a
direct incidence of sunlight.
The Son Hai Beachrock has some geomorphologicahctaistics that allow a process of
cementation, as are: it lies within the intertidalne; the exposition of the beachrock
facilitates the movement of water as well as tliei@mce of the sunlight; it has a high rate of
intergranular porosity and fibrous crystals of amite. Some authors, as Scoffin (1970)
Pyokari (1982) Beier (1985) have already observedhent precipitation in beachrocks
induced by direct evaporation of sea water.
3.7. Conclusions
1. The early cements identified in the Vietnamese hemks are micritic high-Mg
calcite and aragonite, which are types of cemenhatly found in the intertidal zone.
The values of Sr and MgGQas well as the fractions of isotop&® and °C
confirmed their strong marine influence and thecgmigation in the intertidal zone.
2. A more complete sequence of cement formation weectix in the Ca Na Beachrock
2. Furthermore, it was ascertained that in thertidi@ zone the precipitation of
micritic cement and peloidal cement correlates weitth other. However, a bladed
form was found above the maximum spring tide posijtindicating a loss of marine
influence, being followed by the increase of mateoinfluence on the supratidal
zone. This change was confirmed by a low Mg@@lue and decreasing Sr values.
3. In the Son Hai Beachrock, the cement displayed amigg) isopachous forms
originating from the intertidal zone, whereas nticrhigh-Mg calcite could not be
identified. The cementation process seemed to beyaing. However, in a sample

that was collected in the uppermost part of the ISanBeachrock recrystallized coral
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fragment was found. Hence, the conclusion can bedithat the beachrock is older
than the ages presented in this study.

4. In both beachrock places, biological-agent origngatement could not be identified.
The isotopic carbon values were very low and did indicate any influence of
fermentative processes by microorganisms.

5. The correlation between the ages and the heightshefexplored beachrocks
suggested the existence of three generations chbmzks in SE-Vietnam. The first
generation was found between 0.02 to 0.45 m aboeertaximum modern spring-
tidal level. In this position, the older ages ofeWiamese beachrocks were found,
dating from 6721 to 5869 cal yr BP. The ages fountthe modern intertidal zone are
related to the last two generations of beachrockdtion, with ages from 3631 to
642 cal yr BP.

6. The mechanism of cement precipitation in the Son B&achrock was associated
with its geomorphological characteristics, whichcilitate the lithification of
beachrocks. The seaward position of the beachroakles a flux of water that fills
the voids during the high tide. During the low tigth the beachrock drying out and
being exposed to high air-temperatures, which tesalthe development of fibrous
aragonite inside the voids.

7. From the investigation of geomorphological featuresdiment contents, cement
chemistry, geochemistry and dating records, it wassible to conclude that the
beachrocks on the coast of SE-Vietnam are closeked to the Holocene coastal
evolution. Their evolution is a result of sea-leflattuations, which occurred during
the Holocene.

8. The comparison between Vietnamese beachrock weghMhadagascar Beachrock
confirmed that distinct places show similar prineg of sedimentation, widely

influenced by the sandy beaches, where they anmedfolihe lithification process is
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driven by physicochemical agents of water coupledh wgeomorphological

characteristics of the beachrock places themselves.
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4. Holocene sea-level history of the SE-Vietnameseast

Abstract:

Beachrocks, beachridge, washover and backshoresilepaere investigated at the southeast
Vietnamese coast in order to reconstruct Holocemadevel changes. From the above mentioned sea-
level indicators, eighteen samples were collectad analysed by AMS radiocarbon dating. In
addition, three sea-level index points from saltshadeposits, sampled in the upper Mekong Delta
were included with the reconstruction (Tamura gt24107).

The Holocene sea-level history reconstructed bgeliedicators ranges in age from 8000 cal yr BP to
present. Ages between 7960 to 7340 cal yr BP midr&dast phase of the early Holocene linear
deglaciation. Furthermore, the period between 683869 cal yr BP with an average height of 1.32
m above modern mean sea-level (amsl) was identifydokachrocks.

In addition, a slight sea level rise was identifeedthe likely maximum highstand position in th&lmi
Holocene (5687 to 5377 cal yr BP). This highstaasitmon is represented by beachridge which serves
as an indicator of the uppermost spring-tidal ssell below beachrigde deposition (2.67 m amsl).
This corresponds to a maximum mean sea-level & h%Smsl found for the subtraction of the half
modern tidal range of 1.15 m.

The mean sea level differs by 0.20 m between beakkrand beachridge deposits. Thus, the probable
scenery for the mid-Holocene sea-level highstarmvshbeachrocks deposited in the intertidal zone
and beachridge deposits in the supratidal zoneh Baticators denote the same period of formation
within the interval of 6760 to 5377 cal yr BP reg@rting the highstand period. Sea-level dropped
after 5377 to 3600 cal yr BP reaching 0.71 m anesdsared on beachrocks. Since this time to 642 cal
yr BP, the age of the youngest beachrock, sea ¢evelerged towards modern sea level.

A rate of 3.8 mm yt of sea-level rise was calculated from salt marsficators and concerns
beachrocks with 2.9 m of height within the peridd7@30 to 6700 cal yr BP. Then sea-level rise
decelerated strongly from 6700 until 5500 cal yr i®8Bching finally the highstand. After 5500 cal yr
BP sea level started the drop slightly, for the K00 years a linear drop of 0.29 mm'ywas

calculated.
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The Holocene sea-level fluctuation observed in Be=agt Vietnam resulted from glacio-isostatic
processes: The sea-level rise up to the mid-Holdeghstand was provoked by the last melting
phase of polar ice-sheets at the end of the lasiajlon. The process of Equatorial Ocean Siphoning
due to isostatic relaxation movements of the lighase in high latitudes induced subsequent sea-leve
lowering in low latitudes since the mid-Holocene.

4.1. Introduction

Sea-level changes during the Holocene have beemportant topic of research; mainly
because the sea level reached a highstand positimid-Holocene time on most equatorial
coasts (e.g. Long, 2001; Pirazzoli, 1991). Resealst focuses on the processes that induced
this elevation during the mid-Holocene. The relatisea-level rise in the mid-Holocene
between approx. 7000 to 5000 years ago is initialhgsult of the end of the last glaciation
about 21 ky ago (e.g. Peltier, 1994; Hanebuth.e28D0). When the melting of the ice sheet
started, two processes were activated: the glaostatic and the hydro-isostatic movement of
the lithosphere.

Glacio-isostatic processes characterize incremehthges in the sea level as a result of the
deformation of the earth surface due to the melbhgce sheets. Subsequently a second
process starts, which is the so-called hydro-isiesiarocess being a contribution to the
adjustment of the earth to the redistributed-meltew load into the oceans (Lambeck &
Johnston, 1998). These processes are describ&eé aseblogy movement of the lithosphere
and are provoked by the dwindling of the polarsbeet in the northern hemisphere coupled
with a reduction of the Antarctic ice sheet. Whka tast postglacial eustatic sea-level rise
had begun, it had a far-reading effect on the miibEkne relative sea level (e.g. Nakada &
Lambeck, 1989; Peltier, 2002; Fleming et al. 1998 to these complex geophysical events
associated with constancy and rapid sea-level rsgs) which were manifested themselves
in different places of the equatorial region, thexésts a wide interest in Holocene sea-level

fluctuations.
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Previous studies in the region of Southeast Asiaehshown a mid-Holocene sea-level
highstand induced by the processes described abtoxgever, the sea-level fluctuation in
this region is not well known. Therefore, ther@idy a small number of research works; and
not every works are taken into consideration pdssi@riable influences the sea-level
fluctuation, as was explained recently to Woodr&felorton (2005).

Most of the research works about sea level on tieén®¥mese coast were done on the delta
regions and some islands. For the delta of SongyHdred River in North Vietnam, Mien &
Phon (2000) and Tanabe et al. (2003 and 2006) peegented a Holocene sea-level curve
based on marine notch, mangrove clay and shellenidds far as the South Vietnam region
is concerned, Nguyen et al. (2000) and Ta et &0Z® have attributed to elevated relict
deposits, flood plains and beachridge the evoluictne Mekong Delta. Tamura et al. (2007)
have investigated the Holocene deposits in intaelrachd supratidal zones and have described
them as results of deglaciation sea-level rise.

Furthermore, Korotky et al. (1995) collected a graamber of samples from islands localized
in the vicinity of Vietham’s coast. Based on thesges, An (1996) has proposed a sea-level
curve interpolated the different of elevations k=eel. Boyd & Lan (2004) have proposed a
sea-level curve for North Vietnam (Ha Long Bay)ywohe index dating sampled from a
wave cut notch. Finally, Lam & Boyle (2000) havegented a sea-level history for the Bac
Bo Golf derived from Holocene coastal deposits Wharmed during sea-level rise.

The objective of the present research paper idaiooeate a sea-level curve from the mid-
Holocene for the SE-Vietnamese coast. The most apb sea-level indicators are
beachrocks and beachridge in highstand positios. vEmtical heights of sea-level indicators
were referenced to a known tidal gauge datum medsat Mui Dinh substation, in the

vicinity of the sample positions.
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4.2. Indicators of sea-level reconstruction

The sea-level reconstruction on the SE-Vietnameastavas performed with the help of two
main indicators: beachrock and beachridge. Beakhiwowidely recognised as a former
indicator of sea-level stability. It was investigdtin many regions like on the Maly-Thai
peninsula (Tjia, 1996), in South Africa (Ramsay &dper, 2002, Ramsay, 1995) - with
beachrocks submerged onto the continental shelfi the Nansei Islands in southwestern
Japan (Omoto, 2001, 2004) and in Northeast of B(@aldas et al., 2006; Vieira & De Ros,
2006).

The structure of beachrock is formed by sand aravejrincluding fossils and skeleton
fragments of coral. Beachrocks developed in theriickal zone by cement precipitation from
carbonate, a process which occurs mainly takesepiladropical and sub-tropical regions
under favourable conditions as far as the lithifaa process is concerned, which implies
solubility of carbonates and a high rate of evaponaMoore, 2004).

However, the difficulty of associating beachrockithveea-level stability is related to the tidal
regime, because the formation of beachrocks istiiyréinked to the tidal range. Therefore,
some authors believe that beachrocks are moreblelgea-level indicators on microtidal
coasts (e.g. Hopley, 1986; Guilcher, 1988; Cooft681; Kindley & Bair, 1993; Ramsay,
1995; and Ramsay & Cooper, 2002). Neverthelessnwésearch works are accomplished on
mesotidal coasts, they are realized with regarthéobeachrocks™ characteristics and involve
petrographic description, precise levelling of thertical position in relation to present sea
level, as well as sample from the uppermost levebeachrock. These characteristics are
appropriate to take accurate indexes of the sesd-hastory (Oliveira et al., 1990, Bezerra et
al.,, 1998, and Caldas et al., 2006). Furthermdre, doastal environment influences the
diagenetic features identified by chemical and beaucal analyses (Longman, 1980;
Vollbrecht & Meischner, 1993; and Font & Calvet,9Y9 and evaluated by radiocarbon

dating. All these items provide sufficient matet@mkeconstruct former sea levels.
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The next important sea-level indicator, which wasnd, was beachridge deposit. It is a
sedimentary deposit developed by storm-surge eveoisever, beachridge is not considered
as a geomorphological indicator of ancient seatlistadility.

A definition of beachridge is presented by Hesmlet(2005), who analysed the terms of
prograded barriers. They describe beachridge ashsalagned deposits. According to them a
beachridge develops when swash and storm waves lgposits or ridges. They are
primarily formed from sand, pebbles, cobbles orlthexs, or from a combination of these
sediments, but also from various kinds of otheringaor organic sediments (e.g. from shell,
coral and wood). They are typically formed at oowab the normal spring tide level, being
generally persistent. They are marine depositsddrby wave action.

From the present definition it may be assumed dbandoned shoreline beachridge plays an
important role as a sea-level indicator if the ptdl maximal sea-level amplitude is
represented by the beachridge base. The buildiggesee corresponds to the deposition
accomplished not within the sea-level range, bovalihe maximum sea level.

Beachridge as a former sea-level indicator has beasstigated in coastal areas of Thailand
(Tjia, 1996; Sinsakul, 1992) and West Java (Rimbani®92). Following these authors,
beachridge is described as a linear geomorphiceziefound on land generally 1 m above the
high tide and running parallel to the present simeee

Apart from these indicators washover and backstepmsits were also evaluated. Washover
deposits have a bar or barrier shape and are atatatidby storm-surge events (e.g. Donnelly
et al., 2004). They can be understood as a foreeetes/el indicator only when they are found
above the maximum spring-tidal level, because daponsnduced by storm-surge does not
correspond to intertidal zone. Backshore is defiaed deposit found in the upper shore zone
beyond the advance of the present waves and tidesalso known as backbeach and beach-

backshore.
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4.3. Material and methods

The area studied is localized on the SE coast etndm, with an extension of 270 km
between the cities of Nha Trang and Phan Thiet. (Bifj). During two field campaigns
potential sea-level indicators were sought. Afteattcould be characterize former sea-level
fluctuation throughout this coastal area. Througieldf observation and personal
communication with Viethamese scientists we welle &identify two major deposit types.
These structures were found at four stations, Withlargest distance between them being
34.8 km along the coastline (Fig. 4.1).

The principal sea-level indicators, which were aa#td, are beachrocks and beachridges in
highstand position. Shell and coral fragments vearapled from beachrocks and beachrigdes
for *C radiometric datings. The positions of the sampsswell as the beachrocks and
beachrigde uppermost positions were accuratelyesedin relation to the water-line using a
theodolite. After that, the heights measured wesgarding the mean sea level and the
maximal spring tide by tidal data from the Mui Dititlal-gauge substation.

All carbonate materials were carefully collectecbmder to obtain the depositional age of the
beachrocks. Only fossils that were transported digpirom their death place to the
depositional environment were sampled in the fi€lis condition is represented by molluscs
with well-preserved shell, and particular by bivedvwith both valves still connected (Fig.
4.2). In laboratory, the fossils were removed fritn@ consolidated beachrock pieces using a
dentist driller; because of the high-duration oadl@ock and the importance to take fossils
with good preservation for their identification.t@fwards every carbonate sample chosen for
dating was analysed by XR-Diffraction in order tuserve a possible alteration of the original
mineral-phase aragonite to diagenetic calcite. féwrystallized samples were discarded.
Thus, a group of 18 fossils mainly consisting o¥adbres and corals were dated. The

methodology of“C dating has been set forth in chapter 2.

56



Holocene sea-level history of the SE-Vietnamesstcoa Chapter 04

2 ’ f
&
“ f\“/% Nha Trang N
South China Sea g
\ (Beachridge)
151 ‘ Vn07050501 197"
* (Beachrock)
Vn06050505
124 Vn06050507
Vn06050508
1% ) Phan Ra ’
'y (P (Beachrock)
=i Vn09110306 1130
n05050509
Son Hyj
CaNa_— 97y ,
&~ MiDng (Beachridge)
Vn05050507
(Washover)
Vn11110311
11°0
(Beachrock)
. (Beachridge) Vn11110310
Phan Thiet V11110307 Vn04050501
Vn11110306 Vn04050502
VNn05050501 (Backshore) Vn04050503
VNn05050501 (A Vn11110302 Vn04050504
Vn05050502
|
8 Q o )
g 0 s S =

Fig. 4.1. The working area. Positions of each sanas well as their respective sea-level indicatbhe tide
gauge used from Mui Dinh for correcting the veitivaights is also presented.
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Fig. 4.2. Picture “@” shows a bivalve cemented @adhrock. Picture “b” within the circle is also avdive
collected from beachridge. Both shells still shdwit valves connected, indicating a short time esithey died
until deposition.

4.4. Results

4.4.1. Sea-level indicators

The main indicators of ancient sea-level stabilitynd in the investigated coastal area were
beachrocks that lie landward in the intertidal zamel beachridge deposit in the supratidal
zone (Fig. 4.3). The beachrocks were found at thoeations on the SE-Vietnamese coast,
deposited in the intertidal zone. Two bodies wertected in the vicinity of Ca Na town and
the third was found in the fishing village of SoaiKFig. 4.1).

The Ca Na Beachrocks measured between 60 and 80length and their vertical position
attained 0.30 m above today’s maximum spring tatast), corresponding to the uppermost
position. The Son Hai Beachrock with 60 m of lengs an uppermost position of 0.45 m
amst; see table 1 chapter 2.

The investigation of beachrocks showed marine emfte with early cement formation
consisting of micritic high Mg-calcite and aragenitrystals. Cementation occurred under
marine phreatic conditions in an intertidal envirent, indicated by high chemical
concentration of Mg and Sr. Furthermore, bladedeargniormed by freshwater in a mixed

marine-freshwater environment. In the more elevatesitions of beachrocks it has replaced
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the original marine cement. The characterisatiobeschrocks in the study area is given in

the third chapter.

Elevated position, beachric
(Sediment, Shell and Coral)

E
= Beachrock
5 mst
- msl|
o .
s ) P . . it
Sediment base . [ ‘ .
—_— . i
1 6m % .

Fig. 4.3. Geological indicators of sea level présdrin the relief on the SE-Vietnamese coast. Bedgh is
found in elevated position, whereas beachrock#dargified close to the water.

Beachridge was not easy to find in the study areeallse deposit was buried in the
dunefields, which made its detection difficult. Wias detected in places where temporary
rivers had cut the relief transversally as wellraplaces where anthropogenic activities such
as the building of houses occur. For these reasiomas not possible to make clear inferences
about beachridge geomorphology.

The observation of beachridge deposits revealedviery distinct features. The upper part of
beachridge deposit is formed by a massive laydnaflastic debris. The lower part consists
of bioclastic horizons of coral fragments, gastidgp@nd bivalves, which are separated by
sandy layers.

The beachridge section is situated on the backshibhea transversal distance of 94 m from
the waterline and with 6 m in width. The maximunrtieal height or uppermost position
from the waterline was measured at 3.57 m amsltlamdnaximal height of deposit amounts
to 1.80 m. The thickness of the lower stratified déime upper no stratified units reached 0.90
m each (Fig. 4.4).

The beachridge seems to run parallel to the predereline above the present sea level, if

the geomorphologic base allows it. However, thateshent seems to be very difficult to
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prove, mainly because fossil beachridge could telyfound at three stations. Two samples

were found in Ca Na town, and the third in PhangRanth very similar characteristics.

N
(o)}
\]

m

Sealevd scade
in m abovemd

Beachridge height

Fig. 4.4. The beachridge deposit found near CarNaE-Vietham shows two distinct units. The uppeat @&
formed exclusively by bioclastic debris frameworteen 1.80 to 0.90 m. The lower part is from G®0 m
formed by alternating layers of bioclastic debnigl asiliciclastic sand. The sea-level scale is cotetweto the
heights of the beachridge.

4.4.2. Radiocarbon age control

In four investigated sites within the study area sE&-level indexes were available. Each
position of the locations as well as the identifsamples are presented in Figure 4.1. The
results of the determination of the ages from AMS8iocarbon dating with their elevations
are presented in Table 4.1 as well.

a) Son Hai locality, station 1 (11° 24.946°N /1Q®°.622°E)

The Son Hai station is located 97.7 km southwarditd Trang town. At this locality a series

of beachrocks parallel to the beach in front of $tai village which serve as sea-level
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indicators. The index points of the sea level waeasured in three levels of these beachrocks
bodies.

The youngest sample was a coral fragment (Vn 600&dllected at 0.87 m amsl and - 0.28
m above the maximum spring-tidal sea level (amststanges in age from 681 to 603 cal yr
BP. The following samples are identified as a cnagment (Vn 06050507) collected at 0.89
m amsl and - 0.26 m amstsl| with an age of 752 — @YcBP. The oldest sea-level index
sampled in Son Hai station was also identified a®ral fragment (Vn 06050508). It was
found at 0.89 m amsl and - 0.26 m amstsl| represgai age of 1256 -1164 cal yr BP.

The ages dated from beachrocks in Son Hai indicébechation in the late-Holocene.
However, the uppermost beachrock position was medsat 0.45 m amstsl, showing older
beachrock formation than in the intertidal zone.rébwer, a coral sampled in this uppermost
position could not be dated due to its high levietezrystallization, which is a signal of an
older beachrock formation.

b) Ca Na locality (Ca Na 1), station(21° 19,975'N / 108° 52,320 E)

In the coastal area near Ca Na town, located 118duthward of Nha Trang, two former sea-
level indicators were identified. The first statienCa Na 1, located 2.03 km southwest of Ca
Na town, representing beachrocks and beachridge.

Theyoungest sea-level index is a coral fragment (Vhl@306) collected at 1.17 m ams| and
0.02 m amstsl, yielding an age ranging from 592%8a&0 cal yr BP. The second index is
identified as a bivalve shell (Vn 05050509) coléztton the coordinate of 11° 19.993'N /
108° 52.429°E at 1.22 m amsl and 0.07 m amstsk fragment yields an age ranging from
6208 to 6055 cal yr BP.

The oldest sea-level index is a coral fragment (08050507) out of a bioclastic layer from
top of a small beachridge which is 0.71 m high.sTldample was collected at 1.47 m amsl| and
0.32 m amstsl ranging in age from 7323 to 7203yc&P. This sample is the oldest sample

used for sea-level curve reconstruction on the $rdmese coast.
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c) Ca Na locality (Ca Na 2) Station 3 (11° 19.803 N8° 50.550°E)

The third station is located 4.95 km southwest afN&a town. At this location, 12 indexes
were sampled from beachrock and one from beachridge

The youngest beachrock sample was a coral fragivent04050502) representing an age
ranging from 3332 to 3213 cal yr BP at an elevatbf.61 m amsl and - 0.54 m amstsl. The
next sample, found in the same site as the first wentified as a coral fragment (Vn
04050501), dating from 3668 to 3542 cal yr BP aeithdplocated at 0.71 m ams| and - 0.44 m
amstsl. The third index was also as coral fragnfent11110310) collected at 1.22 m amsl|
and 0.07 m amstsl, yielding a ranging from 382@®94 cal yr BP. The fourth sample, a
bivalve (Vn 04050503), was collected at 1.45 m aansl 0.30 m amstsl and represents an age
ranging from 6742 to 6618 cal yr BP. The last sanwéhs identified as coral fragment (Vn
04050504) collected at the same position as theriantsample, representing a very similar
range of age from 6791 to 6652 cal yr BP.

The position of beachrock samples at the Ca Natoetrepresented two different times of
deposition. The first in the early mid-Holocenala&ed to 6721 and 6680 cal yr BP, reaching
0.30 m amsl; the second within the late-Holocertedl@760 cal yr BP.

Three sea-level indexes were found in beachridgestbvated position above the maximum
spring-tidal level. The following datings were abed: the youngest sample was a bivalve
shell (Vn 05050501) found at 2.97 m ams| and 1.8amsts| (see Table 2.1 in chapter 2),
yielding an age range from 5436 to 5319 cal yr Bie second index of the beachridge was
sampled in 3.57 m amsl and 2.42 m amsts| (see Rablm chapter 2) and was identified as a
bivalve shell (Vn 11110306) dating from 5605 — 54a0yr BP. Thehird sample was a coral
fragment (Vn 11110307) sampled at 2.76 m ams| ab@ th amstsl. This sample ranged in
age from 5758 to 5616 cal yr BP.

The sequence of radiocarbon dates of beachridgagertant for sea-level reconstruction,

because they cover a period, which is not founoemchrocks. Therefore, it is a hiatus period

62



Holocene sea-level history of the SE-Vietnamesstcoa Chapter 04

with regard to beachrock, but it formation suppkesdence for beachridge formation for the
age interval between 5377 and 5758 cal yr BP (notbétne).

Apart from of these samples from the Ca Na staBiptwo different position of the former
sea-level indicators were evaluated. The samplesl¥h10311 and Vn 11110302 were
collected from two different abandoned shore deapo3ihey are described as washover and
backshore respectively (Tab. 4.1).

The sample Vn 11110311 was identified as a gastrapollusc and was collected in a
washover deposit in the position of 2.18 m ams| &8 m amstsl, yielding an age range
from 1806 to 1682 cal yr BP. The second sample ftbm abandoned Backshore was
identified as a bivalve mollusc (Vn 11110302) anasveollected from a backshore deposit.
The sample from the highest position was colleced..62 m amsl and 0.52 m amstsl,

ranging in age from 1828 to 1713 cal yr BP.
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Laboratory Sea-level Material ~ Elevation Elevation AMSC  Arg® Calibrate Calibrated 8C %o
N° Indicators dated AMSL AMSTSL age (ky. % d age age b
(m) (m) B.P.) (ky. B.P.) range
(ky. B.P.)
KIA 27723 | Son Hai Beachrock Coral 0.87 -0.28 1005 +25 99 642 681-6030.69+0.05
Vn 06050505
KIA 29581 | Son Hai Beachrock Coral 0.89 -0.26 1095 +35/- * 706 752-661 4.11 +0.30
Vn 06050507 30
KIA 29367 | Son Hai Beachrock Coral 0.89 -0.26 1570 +25 98 1210 1256-1169.18 +0.07
Vn 06050508
KIA 26152 | Ca Na 1 Beachrock Coral 1.17 0.02 5420430 94 5869 5928-5810 1.78+0.05
Vn 09110306 5800-5794
KIA 29373 | Ca Na 1 Beachrock Bivalve 1.22 0.07 5650 +40 95 6131 6208-6053.13 +0.19
Vn 05050509
KIA 27725 | Ca Na 1 Beachridge Coral 1.47 0.32 6655+40 99 7263 7323-7203-2.88+0.24
Vn 05050507
KIA 29372 | Ca Na 2 Beachrock Coral 0.61 -0.54 332530 100 3272 3332-321395 +0.20
Vn 04050502
KIA 29369 | Ca Na 2 Beachrock Coral 0.71 -0.44 3615 25 92 3605 3668-3542.66 +0.10
Vn 04050501
KIA 26151 | Ca Na 2 Beachrock Coral 1.22 0.07 374530 100 3760 3826-3694 0.21+0.11
Vn 11110310
KIA 27721 | Ca Na 2 Beachrock Bivalve 145 0.30 6160+35 98 6680 6742-6618 0.04 +0.17
Vn 04050503
KIA 29368 | Ca Na 2 Beachrock Coral 1.45 0.30 6210 +35 99 6721 6791-6652.84 +0.28
Vn 04050504
KIA 29370 | Ca Na 2 Beachridge Bivalve 2.97 1.82 4965 +30 91 5377 5436-5310.66 +0.10
Vn 05050501
KIA 24556 | Ca Na 2 Beachridge Bivalve 3.57 2.42 5120+55 100 5537 5605-5470-0.34+0.22
Vn 11110306
KIA 26438 | Ca Na 2 Beachridge Coral 2.67 1.52 5270+40 99 5687 5758-5616 0.88+0.16
Vn 11110307
KIA 34377 | Ca Na 2 Beachridge Coral 2.35 1.20 501030 * 5450 5384-5508 -2.34+0.23
Vn 050505012
KIA 34378 | Ca Na 2 Beachridge Coral 2.25 1.10 5185+35 99 5610 5573-5653 -5.53t0.27
Vn 05050502
KIA 24557 | Ca Na 2 Washover Gastropod 2.18 1.03 2075 +30 99 1744 1806-168%52 +0.09
Vn 11110311
KIA 24560 | Ca Na 2 Backshore Bivalve 1.67 0.52 2110 25 99 1770 1828-1713.36 +0.07
Vn 11110302
Laboratory | Sea-level Material dated Elevation AMS?C  Calibrated Calibrated age 8°C %  Reference
N° Indicators AMSL (m) age (ky. age 1o range
B.P.) (ky. B.P.)  (ky.B.P.)
Beta 192744 Salt marsh Plant fragment -0.08 6250+ 40 7207 7253-7161 -27.9  Tamura et al.
deposits 2007
Beta 192749 Salt marsh Plant fragment -0.90 6620+ 40 7498 7521-7475 -27.9 Tamura et al.
deposits 7566-7534 2007
Beta 192751 Salt marsh Plant fragment -2.08 7130+ 40 7966 7998-7935 -28.1 Tamura et al.
deposits 2007

*Not enough material.
Arg. - Aragonite

Table 4.1. Radiocarbon ages of sea-level indicafbing elevations are referenced to above meaneseh |
(AMSL) and maximum spring-tidal sea level (AMSTStgday. The results of’C dating with respective
aragonite concentration were calibrated ¢ dnclosing 68.3% of probable distribution area.rdtwer, three
additional samples from the upper Mekong Delta Rare presented, representing the positions belmwv t

present mean sea level
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4.4.3. Holocene sea-level history

Figure 4.5 presents the reconstruction of the notbeene sea-level curve for the southeast
Vietnamese coast. It is a result of a precise A@eacarbon dating and careful sampling of
fossils together with elevation measurements onchlyeak, beachridge, washover and
backshore deposits.

The sea-level curve is based on 18 index pointsulesied from the values above the present
mean sea level. The three index points below thegmt mean sea level are ANfE dated
plant fragments from the upper Mekong Delta. The&yensampled from salt marsh deposits
from the intertidal to supratidal (Tamura et al020) The vertical error bars in every sea-level
index point originate from different tidal rangeshich depend on the local samples and
sediment deposits.

The beachrock error bars are calculated from themman tidal range for the present time in
the Mui Dinh datum. The tidal range in the Mui Dishb-station represented a maximal
spring-tide corresponding to 2.1 m and a mean eea ht 0.95 m, analysed on the nodal
cycle, which corresponds to 18.6 years. Thereftire,beachrock error bars correspond to
1.15 m half-tidal range on each side of the dotswéier, concerning the last three younger
ages, the errors bars extend 0.6 m upward and ldéwmward because the samples were
collected very close to the top of beachrock bodwgh regard to salt marsh deposits, the
error bars span 2.6 m, which is the tidal rangehm Mekong River Delta, according to
Tamura et al. (2007). The upward error bar reabhésn and downward reaches 1.9 m due to
the deposits were found from intertidal to suptetting.

Beachridge error bars only extend on the downwatd sf the dots because they represent
the uppermost position measured on the sea-ledtator. The interval of the error bar
reaches 0.90 m in maximum, which corresponds tothifekness of beachridge deposit. It
decreases successively relative to the samplindpeotheights (Fig. 4.5 and Fig. 4.6). The

sample Vn 05050507 was also sampled in beachrigdeposition has been corrected
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downward 0.71 m, it yielded a vertical position®76 m amsl. More information about the
development of beachridge during sea-level histaliybe given below.

The error bar concerning the sea-level index fromshvaver presents only a bar downward of
the dot because according to the definition, washaey a deposit caused by storm-surge

event.
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With regard to backshore deposit, the sea-levedxralso has a downward error bar because
this deposit normally stays within the supratidahe. Thus, from the position of the dot, the
error bar extends 2.1 m downward (Fig. 4.5).

Sea-level index points below the present sea lamel older than the mid-Holocene are
available from the Mekong region. These index @oiary from - 2.08 m to - 0.08 m within
the age interval from 7966 to 7207 cal yr BP. Thages were connected with the highstand
beachrocks™ age and so doing we could reconstiadast phase of the early Holocene linear
sea-level rise, which amounts to 3 m in approx 0ly$ars (Fig. 4.5).

The following segment of sea-level indicates tlse f the mean sea level to the highstand
beachrocks, which show a range of ages from 67R$rdaP sampled at 1.45 m amsl until
5869 cal yr BP of 1.17 m amsl. Within this intervialo more sea-level index points with
very similar height positions were measured (Tablg. This information about beachrocks
confirms a low variation of sea level during a pdrof 852 yr with an elevation average of
1.32 m amsl from the heights measured, and therefopports an occurrence of sea-level
stability. Furthermore, recent work on the Singapoyast presents sea-level elevation similar
to the beachrocks explored in Vietham (Bird et2007).

In comparison with the sequence of the sea-leagddtory regarding beachrocks, a slightly
higher sea level is indicated by beachridge foromatirhe criterion for highstand positions is
that the sea-level rise must be limited by the tifieation of an uppermost level, defined as
the maximal amplitude for spring tide. Based os tiriterion, the uppermost spring-tidal sea
level for the southeast Vietnamese coast was fati2ds7 m amsl (Fig. 4.6).

The maximal amplitude of the sea level was idesdifby different features of the investigated
beachridge. The base is at 1.77 m amsl, whereandenum height amounts to 1.80 m or
3.57 m amsl. The upper unit reaches from 3.57 & amsl, consisting exclusively of
bioclastic fragments of coral, bivalve, gastropddposited as a massive debris-layer (Fig.

4.6a). The lower unit extends from 2.67 m to 1.7ammsl| and is the most basal part with
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exposed layers of intermissive bioclastic debribjciv are separated by sandy layers. This
transverse section of the beachridge was exposeuidsyon of a small temporary river (Fig.

4.6a).

Fig. 4.6. Picture “a” shows the whole stratigrapféatures with 1.80 m in height. Only the uppertpar
corresponds to beachridge reached at 0.90 m; ther Ipart corresponds to sediment bases. Picturestibivs
the height of beachridge in Phan Rang town, whédhé same as in Ca Na.

The grain-size of sandy layer in the lower unitges between medium sand and coarse sand,
(Fig.4.7) representing typical beach sand (seeteh&). Besides, two coral fragments were
dated in 5450 and 5610 cal yr BP (Vn 05050501 A, 06050502) (Table 4.1). They
indicated the same period of deposition as the uppi. From these results can be inferred

that this part of the beachridge belongs to theeuppach sediment within the intertidal zone.
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Fig. 4.7. Grain size composition of sediment samye05050502 from the lower part of beachridge dépo
The result shows a mixture of predominantly coarsg medium sand.

Real beachridge corresponds only to the upper .|8yars, the highest sea level calculated for
the mid-Holocene on the coast of southeast Vietisaat 2.67 m amsl (Fig. 4.5) and makes
the maximum spring-tidal level during the sea-levighstand in the mid-Holocene. It can be
assumed that the sea-level reached its uppermagionoat the base of the 0.90 m thick
beachrigde of Ca Na that is 2.67 m amsl (Fig. 4.6a)

Therefore, all beachridge ages between 5760-53R@rcBP were corrected downward to

2.67 m. Hence, the oldest beachridge sample (Vrid3d7) was sampled at 2.67 m amsl
making maximal spring-tide sea level. The secondpéa was taken from the top of the

beachridge and was measured at 3.57 ams| (Vn 106)0Regarding this sample the whole
thickness of the beachridge had to be corrected. thind sample was collected at 2.97 m
amsl (Vn 05050501), requiring correction up to tippermost sea level of 0.30 m.

Once the value for the maximal spring tide in thd-iMolocene had been identified, the mean
sea level for this time period could be calculatedugh subtraction of the half tidal range in
the region, assuming no tidal variation betweenstuelied time periods. As far as the tidal

value of the working area in Mui Dinh is concerrtbe gauge indicates a mean sea level
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corresponding to 0.95 m as the tidal-gauge refereatue, with a mean spring tide at 1.92 m,
a maximal spring tide at 2.1 m. That means a hddf-tange of 1.15 m.

From this information a maximum sea level of 1.52vas inferred, based on the subtraction
of 1.15 m, from 2.67 m, which indicated the positaf the half present spring tide. In this
way, the probable mean sea level during highstaositipn in the mid-Holocene was
identified, but not completely established becahseidentified msl of beachrock highstand
was 1.32 m, giving a difference of 0.20 m (Fig.)4.5

The approach of identifying the mean sea level aff as its uppermost level under the
formation of beachridge confirmed the mean sealléwetuation in the mid-Holocene
passing by 1.52 m between the years 5687 - 537yr &P, with an interval time of 310 yr.
Furthermore, with these values the rate of sed-lese could be calculated. In fact, the more
or less linear rise from salt marsh indicators Welloe Mekong Delta to beachrocks of Ca Na
amounted to 2.9 m within the period between 773670 cal yr BP. This presents a rate of
sea-level rise of 3.8 mm Vr In sequence, the sea-level rise deceleratedgsjrarfter 6700
until 5500 cal yr BP. The sea-level highstand veehed in the time 5687 to 5377 cal yr BP.
Figure 4.8 presents a model of the mid-Holocenidtand. The developed sea-level curve is
put onto the beachridge features. The top has ewatsbn of 3.57 m amsl| at 1.80 m of
deposit. After that the maximum spring-tidal leireinid-Holocene appears at 2.67 m amsl at
a height of 0.90 m. Subtracting half-tidal rangeldf5 m the mid-Holocene highstand can be
calculated by 1.52 m above modern mean sea level.

Thus, the evidence that the lower part of the beagé outcrop belongs to an ancient beach is
based on the following discoveries: 1) As far as thfference between the upper and the
lower units, is concerned the upper unit is bydtalmost exclusively by bioclastics, whereas
the lower unit contains layers of bioclastics aagets of sand; 2) Grain size distribution

classifies the lower unit as consisting of mediund a&oarse sand, corresponding to the
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distribution of sand on the tropical beach; 3) Tpper and lower Ca Na beachridge units
have been deposited during the same period.

However, in Phan Rang town (Fig. 4.1) another bedgh with a & range between 4889 -
4782 cal yr BP (Vn 07050501) was explored. At thuscrop the thickness of the beachridge
was also 0.90 m, which corresponds to the thickmésthe beachridge found in Ca Na.
Moreover, it is composed of very similar sedimeypes (Fig. 4.6b). In contrast to the
beachridge in Ca Na, the present msl measuredeobetiaichridge in Phan Rang was approx. 1
m lower. While observing the region where this opgpcis exposed many anthropogenic
effects were detected that had changed the origimalonment. It is also not sure, that this
beachrigde rests in its original position. Therefdhe uppermost position measured against
the present mean sea level at Phan Rang stationav&aken into consideration.

The start of the sea-level drop was deduced fraanstta-level curve indicating a sea-level
drop starting around 5377 cal yr BP. The next beaxthindex marks a position at 1.22 m
amsl, which suggests an age of 3760 cal yr BP &%). Two indexes, one at 0.61 m and the
other at 0.71 m amsl, correspond to ages betwe@h &td 3272 cal yr BP respectively.

The following group contains two samples with 1ar@ 1744 cal yr BP from washover and
backshore deposits respectively, which normally deposited above the maximum spring
tide. Therefore, their positions on the sea-lewsl/e occur just above the ancient maximum
spring tide.

The last group of ages is found 534 yrs after theugiimate group of ages. The position at
0.89 m suggests an age of 1210 cal yr BP. Thetmexsamples were also taken at 0.89 and
0.87 m amsl with respective ages of 706 and 64%rcBP, showing already a stabilization of
the sea level in the late-Holocene period (Fig).4lGe reconstructed sea-level curve shows a
linear sea-level drop of 0.29 mmyfor the last 4500 years, from the 1.30 m to theleno

mean sea level.
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Fig. 4.8. Mid-Holocene sea-level highstand showting top of the beachridge at 3.57 m, with the maxm
spring-tidal sea level of 2.67 m and the mean seel lat 1.52 m put on the deposits™ features. Frd@t to 0.90
m is the beachridge deposit with three carbon datindicating ages between 5687 to 5377 cal yr Bfe
sequence between 0.90 to 0 m is below the bea&hridigntified as the upper part of an ancient beach

4.5. Discussion

With the aid of the beachrock and beachridge sed-ledicators, two different heights at
highstand mean sea level could be measured: 1.8&hshwas measured in beachridge, and
the second height of 1.32 m amsl was calculatad fie average of the maximum beachrock
elevation with both resulting in a difference o2@.m. In fact, the small difference between
both indicators is insignificant. Therefore, theersery describes a sea-level highstand from
6721 to 5377 cal yr BP, preserved in beachrockbenintertidal zone and beachridge in the
supratidal zone (Fig. 4.5). The proposed scenenyatso be supported by age results that go

from older to younger beachrocks, directly overybreachridge (Table 4.1).
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However, this scenery is not ideal, because dutbegchrock lithification beachridge
deposition did not occur, and vice versa. Thuspassimultaneous formation of the two
indicators was observed, and in order to avoid akestinterpretation of heights, it was
assumed that the maximum mean sea level in southéeteiam for the mid-Holocene is
measured in beachridge. Therefore, 1.52 m amsR&¥im amsl denote the maximal spring-
tidal sea level.

Once the maximal spring-tidal sea level betweern/3686377 cal yr BP had been identified,
it was possible to calculate the mean sea leveymmg the same tidal range as observed at
present. The mean sea level found in the mid-Holecat 1.52 m amsl is a result of the
subtraction of the present half spring tide at IniSrom the uppermost spring-tidal level
below beachridge, measured at 2.67 m.

Different sea level positions from the mid-Holocevere corrected to a mean sea-level datum
found in the vicinity of the sample stations. Iistivay, the topography of the working area
corresponding to tidal influence is taken into asto

The beachridge above the mid-Holocene spring idedeposit originating from storm-surge
event. The stratified lower part consists of sand laioclastics belonging to the gravel beach,
which preceded the formation of the beachridge dliépib consists of medium to coarse sand
as the most frequently occurring type of sand, dpaiimilar to the grain size of the present
beach (Fig. 4.7; see also the beachrock study).

Beachridge deposits in SE-Vietham as results afrsgurge events are suggested by its
geomorphologic characteristics. Beachridge is dégbsbove spring tide, being composed
exclusively of marine bioclastic fragments. Moreg\é seems to be arranged in a more or
less continuous line parallel to the coastline. Ewev, in this study beachrigde was only
found at three locations, two in Ca Na and oneharPRang.

In addition, the bioclastic debris of beachridgdicates that the sediment deposits found on

the inner continental shelf during the sea-levghktand were formed by a great number of
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fragmentary coral reefs. This sedimentary charetiemight reveal some adverse climatic
conditions that induced the death of these orgashming this time.

The rate of sea-level rise identified for the périom 7730 to 6700 cal yr BP amounts to 3.8
mm yr* was identified. Tanabe et al. (2003) elaboratethé@ir Holocene sea-level history of
the Red River Delta a rate of 6 mm'yNonetheless, this rate is a result measured gitiie
faster period of the Holocene sea-level rise betw@@00 - 6000 cal yrs BP. Furthermore,
Bird et al. (2007) found in Singapore a rate oflss@| rise of 3.3 mm Y from 7460 to 6530
cal yr BP.

Strong deceleration in sea-level rise was idemtibetween the beachrock and the beachridge
sea-level indicators within the period from 670®&00 cal yr BP. Maybe this strong reduced
rate of sea-level rise is the eustatic signal lthkath a minor release of meltwater into the
oceans from Arctic and Antarctic ice sheets (Flgmet al. 1998) due to the end of
deglaciation, which was reached around 5 kyr. BRr@Mica & Milne, 2002).

Sea-level rise in SE-Vietham seems not to have b#krenced by local tectonic events (An,
1996). The tectonic activity in the region resulteda last compression associated with the
latest Pleistocene and continuing up to the Holedarthe regions of Phouc Dinh and Vinh
Hai, northward of Nha Trang (Choi et al., 2005).

After the mid-Holocene sea-level highstand folloveeslight drop between 5377 and 4500 cal
yr BP. From 4500 cal yr BP to now the sea levélrfere or less linearly to the present level.
Secondary oscillations could not be observed stheedifferences of the mean sea level
between the index points are restricted to thegmtastertidal fluctuation.

In comparison to other sea level studies from \Agin the Holocene sea-level history
elaborated for SE-Vietnam has revealed significiiifierences to other regions of Vietnam. A
maximal transgression between 6000 and 5000 yroBEhé southern region of the Mekong
River Delta is evidenced by a coastal cliff (Nguyet al. 2000, Ta et al. 2002) at

approximately 4.5 m above the present mean seh leve
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As regards the Red River - Song Hong Delta, Targibal. (2003, 2006) elaborated a
Holocene sea-level curve with ages derived fronicatdrs such as marine notches, mangrove
clay and shell midden and with additional datesnfimther authors. This sea-level curve has a
mid-Holocene highstand at 2-3 m above the pressmiesel between 6000-4000 cal yr BP.
The shape of this sea-level curve is similar togpeng-tidal curve for the SE-Vietham coast

established here (Fig. 4.9).
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Fig. 4.9. The sea-level curve for the Red RivemhngHong Delta - (Tanabe et al., 2006) in Norththaen
compared with the SE-Vietnamese sea-level curve.ddshed line represents the mean sea level, liddise

the maximum spring-tidal sea level; similarly oEtmaximum spring-tidal on the sea level curve intlseast
Viethamese coast and the Red river sea-level epgelo

Boyd & Lam (2004) have proposed a sea-level cursiaguoyster datings from wave-cut
notches found in Ha Long Bay. This curve indicagesea-level highstand occurring in a
similar age-interval to that presented in this gtudowever, the highstand is much higher.
Maybe this occurred because the height was refedeby the Viethamese national datum,
whereas for the southeast sea-level curve a loeahrsea level datum was used.
Furthermore, the above mentioned sea-level stutbas with islands in the vicinity of the
Vietnamese coast. Korotky et al. (1995) presentohgs sampled at scattered points around
the islands. The mid-Holocene highstand is situdt&dm above the present sea level 5000
yrs BP. However, this work seems to be very compdexit presents many index datings in

several geomorphological deposits. Amongst othkeschrocks and the occurrence of a
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marine terrace in high position are described. Mormation, though, about the sediment
constituents of the marine terrace is given.

In order to reconstruct a Holocene sea-level cuAm,(1996) used Korotky's dates and
interpolated them. However, this does not seemet@propriate to reconstruct a sea-level
curve, because it resulted in a sea-level curvie séteral highstand and lowstand positions.

In addition to the regional context, a comparisérthe Holocene sea-level history in SE-
Vietnam with other coastal regions of SE and E Awd been done. These regions present
records for highstand positions that agree with \filegnamese sea-level highstand. This is
mainly true for places where no tectonic processesirred that could overprint the eustatic
sea-level rise. In this case, the sea level isdadlby a mantle rheology signal as a response
to a glacio-isostatic process along with a hydaosiatic process that will be discussed below.
A series of works were published about the coasthuha northward of Vietnam, dealing
with the reconstruction of the Holocene sea-levsiony. In many places the results did not
show the mid-Holocene highstand (Zong, 2004; ChenStanley, 1998). The authors
confirmed a rise of sea level above the presenitiposwith regard to the eustatic signal.
However, Zong (2004) found out that the tectoniocpsses exceeded the eustatic signal on
the East Chinese coast. Regarding the Hong Kongt,cBavis et al. (2000) described the
highstand sea level attaining 1.7 m above the tidgi-level, dated from shell relict at 5140
cal yr BP; but this elevation was corrected too lafter a re-examination by Yin & Hung
(2002).

Opposite of the Vietnamese coast, the Philippitends were investigated by Berdin et al.
(2004). He found many places with Holocene seal lendicators on Palawan, Samar and
llocos. The results suggest that sea-level elewatiwere caused by tectonic movements
during the mid-Holocene period. However, Maedal .ef2804) found a highstand 0.3 and 0.6

m amsl in Panglao and southwest Bohol, which iselothan in Vietham. In contrast to
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Berdin, Maeda suggests that the highstand is irlbgean eustatic sea-level rise because the
island is tectonically stable.

As regards the southward direction, scientific veohave shown a higher mid-Holocene
highstand. In beachridge on the Malay-Thai penmstjia (1996) showed a maximum sea
level at 5 m above the modern sea level aroundr3Bky Horton et al. (2005) observed a
mid-Holocene highstand sea-level at 3 and 4 m #8580 to 4450 cal yr BP in a sedimentary
sequence of assemblages dominated by pollen of nmaegand freshwater swamps from the
Malay-Thai peninsula.

In the coastal region of the Thailand Gulf, Sindali992) identified a maximum sea-level
highstand in beachridge deposits occurring at apgokys above 4 m of the present msl.
However, Scoffin & Tisser (1998) described a se@lldnighstand occurring at 6000 yrs for
Phuket in the Andaman Sea in southwest Thailandisigoan elevation of 1 m amsl from the
flat coral reef.

As far as Singapore is concerned, Hesp et al. (1888 presented a tentative sea-level curve
from a fluvial and estuarine stream, reaching tle&imum sea level around 6500 to 7000 yrs
BP at approx. 3 m amsl. However, Bird et al. (20@@ntified a sea-level highstand at
approx. 7000 cal yr BP, elevated 1.5 m above m8ingapore. This elevation is similar to
the highstand sea level found in SE-Vietnam. InaJaRimbaman (1992) measured a
maximum msl of 3.5 m above the modern msl at 68&1n beachridge.

Most authors date the mid-Holocene highstand betw@80 and 5000 yrs, what is similar to
the new data from SE-Vietham. But some studiesnassaihigher elevation of sea level. The
difference might be caused by the procedure usedémtifying the uppermost sea level in
the case of beachridge, which means that the albosetioned authors positioned the
uppermost sea level on top of it. Hence, the sed-leighstand brought about elevations,
which are some metres higher than those found irVigtham, where the thickness of

beachridge was not taken into consideration bedawses deposited in the supratidal zone.
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In connection with the records presented before,distribution of the mid-Holocene sea-
level highstand is confirmed for the equatorial tWeascific coast. The mid-Holocene sea-level
highstand was observed in every equatorial lowtldé setting. It is attributed to the last
melting phase of ice-sheets, resulting in the pasig sea-level rise. The succeeding sea
level can be explained by glacio-isostatic effeadfusted for the rheological movements of
the mantle and meltwater loading onto it.

The glacio-isostatic theory says that the elevatea level was developed because of the
migration of the mantle away from the central eqtat ocean basin interior towards the
regions that had undergone maximum glaciationsrbefouring the glacial period, the weight
of the ice sheet caused a deformation of the cfoisting the sublithospheric mantle to flow
toward the equator, creating lithospheric forebsilgéjacent to the ice sheet margins, and
causing the development of a gravitational anomialythe low latitudes. With the
deglaciation, continents rebounded viscoelasticaifyising the negative gravity anomaly to
decay and forebulges to collapse. Additional oaeapiace was created by this process in
higher latitudes and water masses of the tropicedn migrated towards the former forebulge
regions. The sequence of these events is calleddtagal Ocean Siphoning” and is based on
the numerical models ICE-3G (Mitrovica & Peltierdlld and ICE 4G (Peltier 1994, 1996).
The new sea-level curve reconstructed for SE-Viatreupports this geophysical model
However, the differences in timing and magnitudénighstands are presented as regards the
places studied above, which had no tectonic inflteetbeing a result of the differences in
mantle rheology or in hydro-isostatic effect (Woaftie, 1985, 1993; Woodroffe & Horton,
2005 and Compton, 2006). This means that the lagdsmight have started earlier in lower
latitudes rather than in places of higher latitydes is described by Nakada (1986) and
Nakada and Lambeck (1989).

Grossman et al. (1998) detected a mid-Holocendesehhighstand throughout of the Central

Pacific. Their approach was to use the highstarsitipa of the sea level on several islands in
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the Central Pacific with the amplitude plotted elation to the latitudes. The result was a
parabola crossing the equator with a higher seal-leighstand at the equator than in high
latitudes, which is an effect of the forebulge atton during the glacial-isostatic adjustment.
This parabola is considered by the authors as #s torm to represent paleo-sea-level
analyses. It was tried to establish a correlatietwben the Central Pacific data and the mean
sea-level amplitude of 1.52 m measured in SE-Viath&tween 11° and 12° N. The plot is
presented in figure 4.10. It can be noted thatseeelevel highstand stays 50 cm below the
descent of the parabola.

Finally, Caldas et al. (2006) elaborated a seatlewre from beachrocks in a study recently
accomplished, which deals with the coast of Rion@eado Norte in northeast Brazil at
approx. 5° 10" S // 36° 10" W. Their results amaadt identical to the ones presented in this
work. The mid-Holocene mean sea level in northBaszil was at 1.30 m above the modern
sea level, which is 0.22 m lowers than in SE-Vietndhe highstand at 5900 cal yr BP in

northeast Brazil occurred 300 years earlier tha®ErVietnam.
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Fig. 4.10. The parabola shows the correlation betwsea-level elevation and latitude indicatingrtieological
adjustment. The crosses mark primary data poitésteel by Grossmann et al. (1998) and the arrovksnidne
mean sea level measured on the Vietnamese coastdrefil® and 12° N.

4.6. Conclusions

1. The identification of the sea-level highstand se#mise the most appropriate way of
determining the Holocene sea-level changes in S#R¥im. This was followed by an
accurate vertical reference to local tidal daturagpecting the morphological
differences that influenced the tidal amplitude.

2. Former sea-level positions are indicated by beastowhich presented periods of
sea-level stability, before and after the highstaed level. Due to the study of their
geological features, their geochemistry and chragphs well as their precise vertical
height, it was possible to identify the marine origf all investigated beachrocks.

3. Regarding beachridge, the decision to consider imlyase as the maximum sea-level

amplitude in the mid-Holocene proved to be correct.
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4. The records of sea-level changes measured in Staariewere notably accurate. The
maximum mid-Holocene spring tide was measured@it gh, and the mean sea level
at 1.52 m between 5687 and 5377 cal yr BP, assuthmgame half-tidal range of
1.15 m as today. Moreover, the Holocene sea-ldvetuations occurring in SE-
Vietnam indicate that tectonic movements did nké talace during this time period.

5. The geophysical model of “Oceanic Syphoning” capl&xr Holocene eustatic sea-
level history. However, the lack of more precismimation about how the sea level
in different regions of the equatorial strip wafluanced impedes better knowledge
about its variable amplitude throughout the equator

6. Scientific works about the coastal region of Vietneoncerning coastal evolution in
connection with sea-level fluctuation are scardee main works deal with both delta
plains, with the northern Song Hong Delta as weWéh the southern Mekong Delta,

which shows the necessity for more investigatiothefcoastal region.
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5. Coastal paleoceanography during the mid-Holocensea-level highstand on the SE-
Vietnam

Abstract:

Shallow coastal water temperatures in SE-Vietnamewevaluated for two different geological
periods. In the mid-Holocene during sea-level highg paleotemperature was reconstructed at 5605 -
5470 cal yr BP. The temperature indices were caledl by6180pDB%o from carbonate material
sampled from the fossil she8pondylus sgollected from the beachridge deposit near CamNa i
southeast Vietnam, which was identified as an mtdicof sea-level highstand on the SE-Viethamese
coast.

Modern water temperature was taken from NOAA in @lienate Diagnostic Centre and linked with
8'%0ppgs, from sclerochronologic growth of shells sampledthie coastal area of Nha Trang. The
isotope indices were analysed of two specimeniglexetrix lyratacollected in a mixed environment
and of one specimen Meretrix lusoriasampled under the low tide line.

Due to the isotope variability identified in modesimells combined with the seasonal climatic vaorati

in the locality where the shells grow, it becomesgible to identify the seasonal isotope variation
conditioned by hydrological agents such as preatipit and evaporation. This gives way to calculate
the salinity values that change by runoff freshwatel by rates of evaporation and precipitatiore Th
salinity results confirmed a mixed environment Meretrix lyrata specimens characterized by
freshwater intrusion, wher®leretrix lusoria was characterized by coastal sea water and a high
evaporation rate.

Modern water temperatures were taken from two wiffepositions because of coastal upwelling near
of the southeastern coast. They were compared tivitrpaleotemperature signal &fOppgy, from
Spondylus spThe comparison showed that during summertime mtateperature was approx. 1° C
warmer in the mid-Holocene than today.

This warmer paleotemperature found in shallow watethe SE-Viethamese coast during the mid-
Holocene could be responsible for the great comatatity in this period. This hypothesis is suppdrt

by the composition of beachridge which consistsnigaof bioclastic detritus from marine organisms.
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The higher temperatures during summer season aceiated with the high light incidence in mid-
Holocene times which was provoked by orbital change

5.1. Introduction

Stratigraphy studies on the Holocene (11,500 caBRrto the present) identified climatic
cycles in many different places through the evabmabf proxies such as alkenone and
oxygen isotope. The changes in climate occurradt@tvals of approximately 2800-2000 and
1500 yr (Allen & Anderson, 1993; Bond et al., 2001ayewski et al., 1997; Noren, 2002;
Stager et al., 1997; Stuiver and Braziunas, 19%htén & Karlén, 1973). These changes
were induced by several forces such as volcaniosats, greenhouse gases and insolation
variability.

The discoveries have related these rapid climasngés to the above mentioned natural
effects. However, climate changes are mainly cdlettdoy the orbital variation of the earth
and the uneven solar variability (e.g.; Mayewskakt 2004) of regular intervals at distinct
times (Bush, 2005).

These rapid climate changes in the Holocene indtleedariation of air-surface temperature.
The same happened with water temperature: stuti@s that during the Holocene ocean
temperature varied roughly with surface air temppeea(Kim et al., 2004).

The different oceans had their particular water gerature indices. There was no
synchronization during the investigated period otrex last 7 kyr. There were regions of
cooling water temperatures, whereas in other regwater temperatures increased (Kim et
al., 2004). The absence of synchronization is aradteristic of rapid climate changes
(Mayewski et al., 2004).

Apart from rapid climate change events, the Holecén characterized by a long-term
warming identified as the Holocene thermal Maximuvhjch occurred between 10,000 y BP

to 5 kys BP. (Bush, 2001; Lorenz et al. 2006).
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The Holocene climatic variability along the coasMietham has not been much investigated.
Most paleoclimatological studies evaluated Southasand West Pacific tropical areas.
These studies contain reconstructions of the phlieatc conditions during the Pleistocene
and the Holocene, investigating mainly the mons@gmes basically with regard to water
circulation and paleohydrology in the South Chirea $e.g. Gong et al., 2005; Bush, 2001,
Yafeng et al., 1993; Wang & Wang, 1990 and Wangagngein, 1999).

Paleoclimatological characteristics were recentiestigated in the Song Hong (Red River)
Delta of North Vietnam through sediment-core samplei et al., 2006a; 2006b). The
paleoclimatic reconstructions are based on vegetgtatterns from palynological records
covering the last deglaciation throughout the Hetex until modern times. Results showed
the variability between cold/wet and warm/dry pd&o

During the Holocene, sea surface temperatures (BSh¢ South China Sea were higher than
the present annual temperatures (Rosenthal ed@B)2The SST has been increased by 1.09°
C over the last 7 kyr until today (Kim et al., 200Moreover, Jia et al. (2006) recorded
temperature data similar to the modern annual tespe.

Information on paleotemperature in the presentnéetese scenery is only available far from
the Vietnamese coast, and unfortunately it showersaé different values and only scarce
results about shallow-water SST. Thus, the object¥ this study is to compare the
paleotemperature and the present temperature bdwhaater in the coastal area of southeast
Vietnam during two different periods between thel#Hblocene and modern times. The
understanding of the climatic variability in thed¥iiolocene is important in order to identify
the effects of water temperature during the seatleighstand in this period - see chapter 4.
Water paleotemperature will be reconstructed inpitesent study for the sea-level highstand
at about 5605 - 5470 cal yr BP lasting from 5684880 cal yr BP in the mid-Holocene, and
the results will be compared with present watergerature records. Finally, the time

indicated as sea-level highstand was presentedpasi@ in which a rapid climate change

85



Coastal paleoceanography during the mid-Holocerselseel highstand on the SE-Vietnam hagier 05

occurred (Mayewski et al. 2004), but concerningtvaen no climatological information is
available for this time (Li et al. 2006a; 2006b).

5.1.1 Bivalve shells

Studies using mollusc bivalves to reconstruct watenperature were done by Epstein &
Mayeda (1953) with a revision in Epstein et al. 3P Their works showed that the
biomineralization process occurs in interactionhwihe water characteristics where the
bivalves grow.

Hydrological conditions are archived in shells hessamollusc bivalves build its skeletons in
a distinct periodic accretion from the mantle-meatiato the shell margin, addicting Cag£O
Periodic accretions characterize distinct growtktgpas identified as “growth increments”
(Clark, 1975; Jones, 1980; Schone et al. 2002).

The variation of growth increments is strongly ughced by environmental factors such as
the annual seasonal changes (e.g. Jones et af; Witaard et al., 1994; Schéne et al.,
2003), which stimulate the production of intervatrements such as growth lines, with
microscopic growth lines and macroscopic growthdsamaving approximately equal duration
(Hall et al., 1974). Studies about these featuresvedely known as sclerochronology.

The interaction between environment and bivalvevijngoroduces increments in a rhythmical
pattern that during their secretion also bringHdstogeochemical elements over the whole
life time of the mollusc (e.g. Elliot et al., 2008arré et al., 2005; Jones et al., 2005). The
signature of these biogeochemical elements, asdedil during the formation of shell,
contains rates o§*°0, a proxy used to exhibit hydrological parametish as temperature
and salinity.

Apart from$'®0, §'°C proxy was analysed, which is a stable isotoph ttie signature of the
dissolved inorganic carbon (DIC) in seawater (evtpok & Vogel, 1968). It provides
information about salinity, anthropogenic carbod amductivity. However, works with>C

have shown incorporation of the metabolic O®@spiratory process (e.g. McConnaughey,
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1989 a, 1989b; Klein et al., 1996; McConnaughegl etl997; Lorrain et al., 2004; Gillikin et
al., 2005).

The availables*®0 assimilated by mollusc shell with its fractiomatiinto biogenic carbonate
reflects a combination of both, temperature andjeryisotope composition of wateér-{Oy)
(Epstein et al., 1953). Furthermore, €0, rate is highly linked to changes in salinity,
reflecting local evaporation/precipitation and rivanoff (e.g. Ingram et al., 1996). Thus, as
was demonstrated by Epstein et al. (1953), GrosstnEn (1986) and Bohm et al. (2000),
880 values were used to calculate sea-water temperatu

The biogenic carbonat&'®Oppgy, Mmeasured in bivalves, turned out to be an exuelle
instrument to understand temperatures variabititgaastal and estuary regions (Gillikin, et
al. (2005), because coastal areas are influencegtyydifferent hydrographical factors such
as gradients of salinity, temperature and proditgti¥ his information is assimilated during
the bivalves™ continuous increment with high preeis (Schone et al., 2004). As a
consequence, they are ideal for regions with rapiigreat range of temperature and salinity.
5.2. Material and Methods

5.2.1. Working area

The working area is situated at the southeast afagietnam between 11° 15" and 12° 17" N
and of 108° 45" and 109° 15" E (Fig. 5.1). The ifastsell material was localized in Ca Na
Town. In addition, the modern shells were colleckemn the beach in the region of Nha
Trang Town, respectively approx. 200 km and 330 dast-northeast of Ho Chi Min City
(Saigon).

The coastal zone of Nha Trang is characterized shalow embayment of 30 m of
maximum water depth, which is open to the eastr&8 ieefreshwater inflow by the discharge
of the Cai River. The river is 75 km long at antatte of 1475 m drains an area of approx.
2000 knf. The input of freshwater to the Nha Trang Bay migirihe dry season is 5.6° s

and 78.1 ms® during the wet season on average. The tide inNha Trang Bay is
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characterized by a diurnal tidal regime with a lticenge of 1.7 m during high tide. The

average precipitation in Nha Trang is 1359 mih, yith the maximum rainfall reaching 400

mm per month from September to December duringvtteseason. The maximum dry season
occurs from February to May.

Hydrological conditions on the SE-Vietnamese coaste investigated by Rojana-anawat et
al. (2000). In the Nha Trang region the SST is €8in direction to the Mekong Delta the

SST increases up to 29° C. Salinity is reduced 1 3- 32.0 psu due to the input of

freshwater from the Mekong; near Nha Trang the grmaidsalinity rises to 33.5 and 34 psu.
Furthermore, Tang et al. (2004) and Ho et al. (2G#0ved evidence of coastal upwelling

from 11° to 15° N westward to 110° E during thethawesterly monsoon winds.
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Fig. 5.1. Sample positions of shells collectedh@ working area between Ca Na and Nha Thang. Shondp
on the Ca Na coast and M. lusoria and M. lyratan@ 2 in the Nha Trang Bay
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5.2.2. Bivalve characterisation

The fossils were sampled from the beachridge deposCa Na formed during the mid-
Holocene sea-level highstand on the southeast dietse coast in the time interval from
5687 to 4860 cal yr BP. This deposit in southeastndam was found between 2.67 and 3.57
m (in Chapter 4) above the present mean sea [€lielbeachridge is composed of coral and
shell skeletons.

Only well preserved shells specimens that did howsany significant signal of reworking
were chosen for stable-isotope analyses. Thuseeampn of the bivalv&pondylus spvas
selected to take the carbonate powder from. Thepleawf Spondylus sps identified as
Vn11110306 collected on the beachridge top at thstipn of 11° 19,796° N and 108°
50,498 E, 4.95 km south-westward from Ca Na (Big.). The observation of the fossil
Spondylus smelongs to the family Spondylidae. The living spens of this family are
mainly found in shallow water below low tide. Ti8pondylus spreserved its original
mineralogy with 100 % of aragonite. Further SEMealiations showed cross-lamellar forms
confirming aragonite which formed this specimeng(F5.2c). The**C dating of this shell
yielded an age of 5605 - 5470 cal yr BP.

Modern shells were sampled in Nha Trang Town. Thells, sampled alive in the north of
Nha Trang in the mouth of the Cai River, were idett as two specimens Meretrix lyrata
The third shell, also collected alive at the exi@m®f the Nha Trang Bay northward to the
Mui Cay Ga region, was identified &eretrix lusoria (Fig. 5.1). All samples were caught
alive by a fisherman, bought on"&f April 2005 and killed afterwardd.he classification of
fossil and modern shells was accomplished by Buar@uNghi, working as a scientist at the
Nha Trang Oceanography Institute in Vietnam. Thadgical characteristics of each shell
such as their behaviour and environment of growdascribed in Kira (1965).

The M. lusoria (Roeding, 1798) belongs to the family of Veneridae economically very

important species. The species has symmetric wilangvate valves. Their surface is covered
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with a thin smooth and polished periostracum antbigolored white to chestnut-brown,
usually with broad radial rays. They live in sarmbttoms in subtidal environments of about
10 m of waterdepth.

The M. lyrata (Sowerby, 1851) is characterized by solid and hegmmetric valves of ovate
shape, rounded interiorly and narrowing towards plosterior end. The surface shows
concentric undulated growth. The species livehallew water below low tide.

After the shells had been investigated with regardheir mineralogical as well as their
external shape, the method of carbonate extraatias applied. Transversal slices of the
shells were sectioned, along their maximum growdis asing a low speed saw, starting on
the umbo up to the rim. From each shell a slice sua®f approx. 1 cm thickness. Four slices
were glued in sequence onto a millimetre-scale edwm plate, for observations under the
binocular.

The shells were put under a magnifying glass caupdea drilling machine, and manually
drilled along the umbo in direction to the rim, nggia micro drill of 200 pm diameter.
Followed a standard procedure described by e.g@nkeuser & Wefer (1981); Jones et al.
(1983); Krantz et al. (1987); and Mueller-Lupp Et(2004).

The transect drill was extended along the growik arder 0.5 mm from the shell surface to
avoid contaminated material of the surface. Theesaf the holes had a spatial distance of ~
1 mm between each hole. Where the growth incremeeits closer to each other, the spatial
distance between each hole changed to ~ 0.5 mm5Rg).

Along the drilling profile, no growth increments mgeobserved irBpondylus spue to its low
condition of preservation. In consequence, itsifgaample displayed a spatial distance of 1
mm to the middle of the valve after passing to @uH. 135 powder samples were drilled
along a profile of 110 mm length &pondylus spalve. The first 85 samples had a distance
of 1 mm between each hole, whereas the last 50lsarhpd distances of 0.5 mm in between

(Fig. 5.2b).

91



Coastal paleoceanography during the mid-Holocerselseel highstand on the SE-Vietnam hagier 05

The slice of theéM. lusoriavalve, measuring 66.5 mm in length from the unththe rim, was
drilled by 70 powder samples. The spatial distdncéehe first 41 holes was 1 mm, while the
last 31 were drilled each 0.5 mm.

The M. lyrata “C” reached 53 mm in length from the umbo to the fiime 52 collected
samples were drilled, leaving space of 1 mm betveaah one.

The M. lyrata “D” reached 40 mm in length from the umbo to the mwh @was drilled with 51
samples, with a spatial distance of 1 mm betweerfitet 29 samples and 0.5 mm between
the last 22 samples.

The distance between the holes revealed that th&htyogrown shell contained calcium
carbonate increment corresponding to 1 mm. Howewethe direction of the shell rim the
sampling distance was changed, as there was aw&y distance between the growing rings.
5.2.3. Temperature estimation

The sampled powders were measured by fractionatiarxygen and carbon isotopes. The
analyses were carried out by gas mass spectronmetdre Leibniz Laboratory in Kiel -
isotopic device, Kiel University - sea chapter 2.

The background 06'®0 indicates that its fractionation provides impnttalues to the
environmental conditions during shell formation. eTlsotopic composition in bivalves
depends on two oceanographic conditios®¥O in seawater and the temperature of the
environment where the animals live. In the coastglion the5'®0 of seawater 8%0w)
changes its values due to precipitation/evaporageents as well as freshwater input by

rivers, being agents that interfere with salinibycentration.
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Direction of drill
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Start of drill at 1. mm steps

Fig. 5.2. Cutting and drilling of investigated deelA” presents the transverse section and thdilprin M.
lusoria with distances between the holes. “B” shtvesprofile of the fossil shell Spondylus sp. “6"a picture
of SEM, showing the cross-lamellar structure ofjarate.
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In consequence, before calculating values of teatpers fromd'®Oppas., the variation of
880, linked with salinity should be known (e.g. Hongaét 1995; Klein et al., 1996; Ingram
et al.,, 1996; Auclair et al., 2003; Jones et al020Gillikin et al., 2005). In order to
understand the relationship between salinity atD,, it is important to calculate
temperatures by'®Oppax., especially for studies in coastal regions. Thisthod is a very
suitable model to obtaif'®Oppgy, temperature from bivalves, when no samples reggrdi
daily growth increments are available.

According to Grossman and Ku's (1986) the relatignsetween the temperatures and
8'®0ppe%, can be expressed by below given equation (01). Whter-temperature values

derived from this equation are corrected to the SMStandard Mean Ocean Water) scale,

Ts180 (°C) = 21.8 - 4.69%F °Oppa, - (5 °Ouwm, - 0.2 %9) (EqDi)

where8'®0pps, is related to the PDB %. measured from the aragarnstitution of shell
and whered'®0y is measured relative &%0 in water. Thus, it is assumed that 80, is
constant and that each shift of 1% f®pps«. reflects a temperature change of the ambient
seawater of 4.69° C.

5.3. Vital effect

As has been demonstrated, shell building minera¢seted in a quantity of taxa (mainly
molluscs) show that the composition of oxygen ipetoeflect in part the temperature of the
water in which the mollusc lives. However, the silgnof the biogenic mineral are in
particular related to biological processes infllehdy the environmental conditions. These
results are known as “physiological effect” or ateo called “vital effect” (Weiner and Dove,
2003). Additionally, according to Epstein et al9%1) the those taxonomic groups, in which
not all biogenic minerals are deposited in equtlittr with the environment, are represented

by echinoderms, corals and plants as corallinesalga
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With the increase of studies to reconstruction gat@ironmental conditions from the isotope
records embedded in skeletons, scientists havenassehe necessity to obtain more
knowledge about the *“vital effect”. Studies on thetal effect” were intensified and
consequently divided in two categories known agtkneffect and taxonomic effect.

- Kinetic effect: investigates the isotopic diseduilim deposited in biogenic mineral
linked with the environment. This condition is irwegdal by physical modification that
alters the velocity of isotopic assimilation (edcConnaughey, 1989 a, b; Ziveri et
al., 2003; Zhou & Zheng, 2003).

- Taxonomic effect: recognizes, which phyla, generd species deposit their skeletal
material in isotopic equilibrium with the environnig(e.g. Urey et al. 1951; Craig,
1953; Carpenter & Lohmann, 1995; Filippi, et al97}

5. 4. Results

5.4.1. Oxygen and carbon isotopes

Records 08*¥0ppgy, are very similar for specimens Mf lyrata “C” andM. lyrata “D” . The

M. lyrata “C” obtained by statistic estimation a mean of -3.6& %.5 (n=52), ranging from
-5.17 to -2.51 %dTab. 5.1). These values are similar to the oxyigetope found in thé.
lyrata “D” that shows a mean of -3.43 %0 + 0.6 (n=51) fronb95t0 -2.35 %o. In this
connection, the similarity might be traced backhe fact that the samples were collected at
the same place.

The isotope values &. lusoriahave a mean of -2.49 %0 £ 0.3 (n=70), ranging fr@mM88 to
-1.89 %o. In this case, the shells show heavieo@®tvalues compared with both species of
lyrata. Thed'®Oppay, Of fossil Spondylus sghows a mean of -1.58 %o + 0.5 (n=135), ranging
from -2.60 to -0.07 %and presenting isotopic fractionation, which iswier than that for

modern shells.
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Like the records 08'°Oppa«., the results 06*Cppsy, Were fairly similar for specimens .
lyrata. The statistics forM. lyrata “C” yielded a mean of -1.65 % * 0.3 (n=52),
corresponding to a range from -2.52 to -1.01 %o.

M. lyrata “D” showed a mean of -1.63 %o + 0.4 (n=51), rangingnfr8.46 to -0.62 %.. The
third examined shelM. lusoria, presented a mean of 0.50 %o + 0.3 within a range f0.21

%0 10 1.40 %0. In this case, positive values weresdptn contrast to the other two shells that
presented negative indices of isotope carbon.

Analysing the results on the growing axis in foss$iell, isotope values more enriched than
those demonstrated in the present shells were \@ake3pondylus sgarbon records were
ranging from 0.14 to 2.52 %o with a mean of 1.43 %0.#4 (n=136) also having positive

carbon values like iM. lusoria(Tab. 5.1).

Shell Species Mean (%) Min. Max. Range n
M. lyrata “C” (O) -3.67 £0.5 -5.17 -2.51 2.66 52
M. lyrata “D” (O) -3.43 £0.6 -5.59 -2.35 3.24 51
M. lusoria (O) -2.49 +0.3 -3.38 -1.89 1.49 70
Spondylus sp (O) -1.58 £0.5 -2.60 -0.07 2.53 135
M. lyrata “C” (C) -1.65 0.3 -2.52 -1.01 151 52
M. lyrata “D” (C) -1.63 +0.4 -3.46 -0.62 2.84 51
M. lusoria (C) 0.50+0.3 -0.21 1.40 1.61 70
Spondylus sp (C) 1.43+0.4 0.14 2.52 2.38 135

Table 5.1. The statistical results 8FOppgy, (0) and 8™ Cppry, (C) Were analysed in species shells from
Vietnam.

The lighter values showed in both specimenblofyrata significant influence of freshwater,
which confirms the fact that these specimens liiedan environment characterized by
shallow marine water influenced by freshwater infitius, maximum values 6%0 reached
-2.51 and -2.35 %o, whereas in a normal marine enwient the water values are higher -1.3
% (Wang and Tsai, 1993; Wang et al. 1994). The \edent is observed fo**C with
negative values in marine water environment (Tab); here marine carbon-13 isotope is

fractionated in mainly positive values.
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The measured isotope values indicate a freshwaftaence (Fig. 5.3). In fact the considering
marine conditions influenced by freshwater fromvar month of the northern of Nha Trang
Bay is characterized by freshwater from the CaieRestuary.

In M. lusoria the values 080 present a minimum equal to -3.38 %o and a maximtim
1.89 %o (Tab. 5.1). This isotopic fractionation icalies the influence of freshwater and marine
water, but on the cross-plot isotope values showeadency towards marine influence (Fig.
5.3). Also, M. Lusorias place of sampling showed no significant freslewahfluence.
Therefore, these lightér?0 values might be linked with the seasonal hydriclig-onditions

such as the salinity variations in the shell’'s emwvnent.
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Fig. 5.3. Cross-plai™*C vs5'®0 of mollusc shells from SE-Vietham shows the distion range from marine to
freshwater fields of modern and fossil shells.

The Spondylus sgshell indicates marine water signature in itsapat values. The noted
enrichment 06" 0Oppgy, at -1.58 %o on average showed tBabndylus sfived only in marine
environment, which is confirmed by*Cppgsx, values, indicating the complete absence of

freshwater influence (Tab. 5.1). However, the cfls$ %0 vs.§°C reflects a tendency in
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Spondylus sjsotopes towards a lighter fraction (Fig. 5.3)isTtendency goes along with a
hydrological variation in shallow water controlléy precipitation and evaporation events
during different seasonal periods (Israelson etl@94). A similar tendency was observed for
M. Lusoria

5.4.2. Isotopic profiles

The isotopic fractions along each growth axis @f shell were investigated for the evolution
of the intra-shell isotopic behaviour accompanigdskeasonal changes as well as for the
probable growth time of shells (Fig. 5.4).

a) Inter-annuab*®Oppss,

Fractionations of3*®Oppgy, from the carbonate increment of shells make itsjs to
recognize the local seasonal cycle (Williams et EH982; Jones et al., 1983; Krantz et al.
1987). As already mentioned, th&Oppgy, is correlated to the life time of shells, which is
controlled by seasonal hydrological conditions swash temperature and°0,, seawater
composition. Actually, lighter or more negative wes of5'°0O indicate warmer temperatures
and heavier or more positive values are connectexltder temperatures (e.g. Krantz et al.,
1987; Marchitto et al., 2000; Miller-Lupp & Bau@05).

Knowing the variation of oxygen isotopes within gteells, the seasonal fluctuations could be
determined.5'®Oppay, is basically categorized into lighter values foarm periods and
heavier values for cold periods (Fig. 5.4). Follogvithis standard, the spring-summer period
in each shell before April 2005 was identified.

The countdown of thé*®Oppgy, profile from April 2005 inM. lyrata “C”, “D” , and M.
lusoria demonstrated two or three periods of continuightlr values. In detail, this means
that the modern shell’'s cycle is characterized byigud S1 representing the first spring-
summer, period S2, showing the second spring-sumaner period S3, displaying the third

spring-summer (Fig. 5.4).
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The life cycles ofM. lyrata “C” andM. lusoria underwent three warm periods before April
2005, indicated by S1 for 2002, by S2 for 2003 byn&3 for 2004, alternating with heavier
values of8'0 that represented a colder seasons in betweell. liyrata “D” only two
periods of lighte'®0 values could be identified pointing to warmeripas. As a result.
lyrata “D” experience the first warmer period in 2003, aswshin S1, and the second
warmer period in 2004, as demonstrated in S1 §&).

The variability of oxygen isotopes Bpondylus sprofiles showed five periods with lighter
values, identifying roughly warmer periods (Fig4)5.lsotope values iSpondylus spvere
analyzed from 36 to 104 mm of the shell, becauseittterval exhibited a clear series of
different seasons (Fig. 5.4). Moreover, identifyitihgg great amplitudes in oxygen-isotope
values, suggested that the animal had a free-swmriife in very shallow waters, an
environment that favoured an immense variabilitg'80 due to the changes in precipitation
and evaporation.

b) Inter-annuab**C

According to definition, theé'*Cppg«, formed in marine water stays in isotopic equiliini
with the atmosphere in values between 0 and 4 %gatles values are typically found in
coastal and in estuarine areas where the wateacguit influenced by the recycling of
carbonate from organic matter and by dissolved araate of terrestrial origin (Mook &
Vogel, 1968; Israelson et al., 1994).

The total dissolved inorganic carbon (DIC) of theater is controlled primarily, by
bicarbonate which is influenced by metabolic phiaagton which can enhance or deplete of
the '°C (Krantz et al., 1987, 1988). Consequently, intgtion of environment or even
interaction of temperature wit°C is considered to be very difficult (e.g. Tanakaak,
1986; Romanek et al., 1992, McConnaughey et ad71Borrain et al., 2004).

Values depleted iB**C, in bothM. lyrata are linked with a freshwater intrusion into the

marine system, inducing change in salinity (Erlersez, 1995). In addition, depleté’C
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hints also to another process in coastal areashwikienduced by the recycling of organic
matter and the oxidation of phytoplankton that dases dissolved inorganic carbonate in
water. In contrast to this enriched valuessbfc were found inM. Lusorig being probably
values in equilibrium with marine water, which is@true for enriche@®pondylus spalues
(Fig. 5.4).

Contrary t08'%0, the variation oB'3C in the present shells is more homogeneousVfor
lusoria than for bothV. lyrata (Tab. 5.1). The similar fluctuation 6t°C in M. lusoriaas well

as in fossilSpondylus spnay be associated with the variation of salinityinlg the annual
season in shallow coastal water.

Furthermore, an interesting drop of #1&C profile was observed, showing a trend away from
the umbo - sedl. lusoriaandM. lyrata “C” (Fig. 5.4). Normally, this drop is explained by
the ontogenetic effect. It is categorized as aighyshange related to the transformation from
a fast-growing juvenile stage to a slower-growimlyla stage in which metabolic energy is
primarily diverted to gametogenesis which is masidd in light shells®*C values. This
mechanism involves a shift to light&t°C values by the inclusion of more metabolically
derived CQ into the bicarbonate pool used in calcificatiorrgiftz et al., 1987; Wefer &

Berger, 1991; Klein et al., 1996).
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Fig. 5.4. Stable isotope profiles measured on ttedis Grey areas are the lightfO values, represented by S1,
S2 and S3 in modern shells and Y1 to Y5 in fossills
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5.4.3. Calibration of $*°0Oppgx, by precipitation and temperature

The oxygen isotope record in shells showed seaseaaétion, which confirmed their
potential as archives of temperature records. Toexethe fractionation values of oxygen
isotope are connected with the seasonal varialafithe growing place. However, in order to
identify the variability 0f6'®Oppgyx, Within the system and the local water temperaiuie
necessary to accomplish a calibration betweenwbeagents.

The calibration was elaborated using records afipitation and SST of the north of the Nha
Trang coast at the latitude 12° 24" N and betwd@f #8" and 110° 36 E longitude. The
monthly climatological records were connected'f®pps«, values in the shell profiles, which
revealed a seasonal variation during their lifetamgegards the time span from April of 2005
(the date of collection) until July 2002.

The indices of precipitation and SST were providgdthe NOAA Climate Diagnostics
Centre in the Earth System Research Laboratory (ESRsection of the Physical Sciences

Division in (http://www.cdc.noaa.gov/cqgi-bin/TimeseifpsThe data set contains the monthly

average temperature and rainfall rates from 20020@5 of north the Nha Trang coast (Fig.

5.5).
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Fig. 5.5. Precipitation and temperature values ftoenNha Trang coast from August 2001 to August208ed
to calibrate3*®Oppgy, fractions from shells.

It was not possible to establish a correlation leembs'®Oppgy, fractions and temperature

because when comparing seasonal temperature acigitaiion with variation 08'%0ppgx,
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it was noticeable that many light peakssifiOppe%, Were related to high rainfall rates (Fig.
5.6). Thes*®Oppsy, related to rainfall in the region of the Nha Trazmast is well connected
with the growth of the rhythms of shells; therehg tighter oxygen isotopes in modern shells
provide evidence of the increase of rainfall duriwgrm temperatures in spring-summer
seasons.

Concerning fig. 5.6, the correlation between priégiipn ands*®Oppg«, from each shell is
accomplished. The growth-rhythms of the examineaglistare strongly connected with local
precipitation, creating a direct connection betwées rainfall peaks and'®Oppgy, peaks
measured in shells. The calibration shows a coioretietween the original extreme values

of rainfall and a corresponding point ®fOppgs.
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Through the connection of rainfall values witHfOppgy, the indices of water temperature
could be determined, because for each month ofathirecords there was a corresponding
temperature value (Fig. 5.5). On the basis of thes¢er temperatures linked to each
8'®0ppe%, it Was possible to calculate the scale of SMOW Brthermore, the water-
temperature indices that were not directly related'®Oppes, values were extrapolated
between two known temperature indices.

5.4.4. SMOW %oestimation

For calculating thes*®0,, scale, the paleotemperature equation (Equa. 1)appéed; the
values of §'%0,, were calculated by an inversion of equation 1ngisihe known SST

calibrated with5*®Oppgay, (Equa. 2),

880, = - (((T °C - 21, 8)/-4, 69) §'°0 PDB%o) Equa. 2

apart from thé'°0,, scale in shells, the hydrological balance betweeshfvater and seawater
was identified, as well as determination of thensgl variations in the environment, where
the modern shells lived (Tab. 5.2). The salinitysvestimated using a simple mass balance
equation based on theoretical marine water (34153.3 %o) and freshwater (O psu = - 9 %o)
endmembers.

Previous values df*®0,, were measured in four water samples taken oul$ideTrang Bay

at 12° 15.950° N and 109° 16.200" E during the BSA® cruise 187-3 on 9Bf April, 2006.
Water samples from in 1 and 2 m depth yielded -G0&s. SMOW %o on average with a
salinity of 33.6 psu. This is very similar to SMOW already analysed April 1999 in
subsurface waters of South China Sea with -0.0&rfid.a salinity of 33.3 psu (Lin, 1999).

After the temperatures i6'%0pgp%, in calcium carbonate had been determined, it was

necessary to bring these water-temperature redatdsline with the seasonal variation.
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Owing to the lifetime of modern shells, there issaterochronological development agreeing
with the seasonal period.

Greater increments of carbonate material are gmwmspring-summer seasons, smaller
increments occur in autumn-winter seasons. Thus,stiells’ growth was normalized to

calendar months with the basis of seasonal SST $E{{.

3C
2002 2003 2004 2005
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O
o
(O]
S
=)
©
& 26
'_
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24 —
23 —— Water-Temperature (12° 24'N
—@— M.lusoria
—A— M.lyrata “C”
—— M.lyrata“D”
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Fig. 5.7. Monthly variation of SST from January 200 June 2005 with the respective temperadti@ppgx, of
shells; the normalization of points measured inghell to calendar months is required to equalieeseasonal
temperature variation with the shell” growth.

The normalized profile available M. lusoria presents$'°0,, indices ranging from -0.89 %o
to -2.14 %o and indicating temperature values betw28.9 and 28.4° C with 26.4° C on
average. Salinity records calculated fréfiO,, range between 25.1 psu and 30.1 psu with
28.2 psu on average. The not normalized salinitgsdmeasured iNl. lusoriaare linked with

8" 0ppay, records in form of a linear regression ih=R0.505 (n= 64) (Fig. 5.8)
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Fig. 5.8. Linear regressions between salinity vakeds'°0 PDB %. measured in modern shells.

The indices of salinity calculated frodh®0,, yielded higher values indicating high salinity in
winter months than in summer months, indicating enarecipitation rates. Linear regression
between salinity rates asifOppgy, Shows low relationship, being an indicator of exagion
events caused by the absence of freshwater infnichveharacterises the place wherelthe
lusoriawas found at.

The M. lyrata “C” §"®0ppgsx, profile hass*®0,, values ranging from -1.74 to -3.38 %hich
are related to water temperature values ranging 8.8 to 28.4° C with 26° C on average;
salinity values show a range of 20.1 to 26.7 psth & mean of 23.9 psu (Tab. 5.2). The

relationship between salinity dates aittOppsx, can be calculated by linear regression with
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R? = 0.776 (n=44), indicting that salinity variatios linked to the different periods of
precipitation, in which the CaG®recipitated irM. lyrata “C” was influenced by freshwater
input from the Cai River. In summer, with the irecseng rainfall rate, water becomes lighter
in 5'°0,, due to the decreasing salinity concentration (5ad).

The indices of water temperaturesMn lyrata “D” range from 23.6 to 28° C with a mean of
26.4° C. From these values a profile of SMOW % mggfrom -1.52 to -4.24 %svas
calculated. The salinity concentration varies wydelth indices from 16.6 to 27.6 psu with
24.9 psu on averag&he relationship between salinity adtfOppg«, revealed R= 0,895
(n=44), which is in accordance with the seasoratdsrd of rainfall rates, showing periods

more or less saline as observed/inlyrata “C” (Tab. 5.2).

108



Coastal paleoceanography during the mid-Holocerselseel highstand on the SE-Vietnam hagier 05

Month Distance from 5O 3°C Water SMOW %, Salinity
umbo (mm) [PDB %4 [PDB %] temperature (°C) [psu]
M. lusoria
July (2002) 6 -2.69 1.25 28.4 -1.07 29.4
August 9 -2.96 0.18 26.9 -1.67 26.9
September 11 -2.51 0.37 26.3 -1.35 28.2
October 12 -3.05 0.14 25.7 -2.01 25.6
November 13 -2.35 0.33 255 -1.34 28.3
December 14 -2.13 0.36 25.1 -1.21 28.8
January (2003) 18 -1.99 0.37 24.7 -1.16 29.0
February 20 -2.04 0.48 25.7 -1.00 29.7
March 22 -2.33 0.51 26.9 -1.02 29.5
April 27 -2.51 0.32 28.0 -0.98 29.7
May 35 -2.57 0.69 27.8 -0.89 30.1
June 38 -3.04 0.29 275 -1.62 27.2
July 39 -2.93 0.40 28.1 -1.59 27.3
August 40 -3.05 0.29 27.9 -1.64 27.1
September 41 -3.38 0.12 27.6 -2.14 25.1
October 415 -2.38 0.41 26.2 -1.43 27.9
November *
December 42 -1.89 0.65 24.7 -1.29 28.5
January (2004) 43 -2.17 0.66 245 -1.39 28.1
February 44 -2.12 0.76 25.2 -1.19 29.9
March 445 -2.30 0.45 26.8 -1.02 29.6
April 47.5 -2.49 0.70 27.8 -0.99 29.7
May 49.5 -2.70 0.38 27.7 -1.22 28.7
June 51.5 -2.44 0.39 27.4 -1.03 29.5
July 52 -3.22 0.25 26.7 -1.87 26.1
August 525 -3.07 0.31 26.7 -1.83 26.3
September *
October 53 -2.33 0.41 255 -1.33 28.3
November *
December 54 -2.30 0.35 23.9 -1.65 27.0
January (2005) 54.5 -2.81 -0.20 23.9 -2.15 26.4
February 55 -2.09 0.31 255 -1.09 29.3
March *
April 55.5 -2.63 0.20 27.6 -1.19 28.9
M. lyrata ,C*
July (2002) 8 -4.10 -1.72 28.4 -2.48 23.7
August 10 -4.45 -1.77 26.9 -3.24 20.6
September 11 -4.09 -1.24 26.5 -2.88 221
October 13 -4.32 -1.72 25.6 -3.30 20.4
November 14 -3.96 -1.69 25.3 -3.01 21.6
December 15 -3.21 -1.62 25.1 -2.29 24.4
January (2003) 16 -2.93 -1.66 24.3 -2.18 24.9
February 18 -2.86 -1.36 25.8 -1.77 26.6
March 19 -3.19 -1.11 27.0 -1.87 26.1
April 20 -3.50 -1.80 28.0 -1.96 25.8
May 23 -3.61 -1.67 27.8 -2.12 25.2
June 24 -4.04 -1.35 27.7 -2.57 23.3
July 25 -3.96 -1.42 27.1 -2.62 23.1
August 26 -4.79 -2.13 27.4 -3.38 20.1
September 28 -4.50 -1.75 26.2 -3.36 20.2
October 29 -3.52 -1.38 25.1 -2.60 23.2
November 30 -3.37 -1.81 24.2 -2.65 23.0
December 32 -3.14 -1.84 23.8 -2.51 23.6
January (2004) 34 -3.36 -1.89 24.3 -2.61 23.2
February 35 -3.31 -1.65 24.6 -2.50 23.6
March 36 -3.41 -2.29 26.3 -2.23 24.7
April 37 -3.95 -1.70 27.8 -2.46 23.8
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May 41 -4.04 -1.58 27.7 -2.57 23.3
June 42 -3.95 -1.72 275 -2.52 24.6
July 43 -4.54 -1.90 27.2 -2.18 20.9
August 44 -3.65 -1.99 26.7 -2.40 24.0
September 45 -2.98 -1.37 26.7 -1.74 26.7
October 46 -3.20 -1.81 25.5 -2.20 24.8
November 47 -2.66 -1.94 25.0 -1.76 26.6
December 48 -2.51 -1.77 23.9 -1.86 26.2
January (2005) 49 -2.76 -2.00 23.9 -2,10 25.6
February 50 -3.06 -2.52 25.5 -2.05 25.5
March 51 -2.91 -1.72 25.5 -1.91 26.1
April 52 -3.62 -2.29 27.6 -2.18 25.0
M. lyrata ,D*
April (2003) 8 -4.00 -1.85 28.0 -2.47 23.7
May 10 -4.03 -1.76 27.8 -2.53 235
June 15 -4.04 -1.83 27.5 -2.62 23.1
July 16 -3.54 -1.46 27.1 -2.20 24.8
August 17 -3.61 -2.00 27.4 -2.20 24.8
September 18 -4.10 -1.66 26.6 -2.86 22.2
October 19 -3.19 -0.75 26.3 -2.03 25.5
November 20 -2.48 -1.01 25.3 -1.52 27.6
December 21 -2.40 -0.74 23.6 -1.80 26.4
January (2004) 22 -2.55 -0.88 24.2 -1.82 26.3
February 24 -2.61 -1.01 25.0 -1.71 27.8
March 325 -2.96 -1.36 27.1 -1.62 27.1
April 335 -3.39 -1.91 27.8 -1.90 26.0
May 34 -3.10 -2.37 27.8 -1.60 27.2
June 38 -3.66 -1.94 27.4 -2.26 24.1
July 38.5 -5.59 -3.46 27.2 -4.24 16.6
August 39 -3.41 -1.70 26.7 -2.16 25.0
September *
October 39.5 -2.84 -1.45 255 -1.84 26.3
November *
December 40 -2.35 -1.77 23.9 -1.70 26.8
* No information

Table. 5.2. Shell profiles normalized to calendamths with monthly isotope values and water tentpesaof
the Nha Trang region.

The profile 0f'®0ppgx, for the mid-Holocen&pondylus sp537 +55 cal yr BP is shown in
Tab. 5.3. From a total of 139 powder samples cteérom the shell, 87 samples were used
to calculate the paleotemperature.

The investigation 0820 isotopic variation in the graph of Fig. 58pondylus spevealed
that isotope values are linked to hydrological d¢bods. This clear isotopic variation was
observed mainly between 36 and 104 mm (Tab. 5.&revperiods of light and heavy values

from -2.60 to -0.43* 0ppa«, respectively were found.

110



Coastal paleoceanography during the mid-Holocerselseel highstand on the SE-Vietnam hagier 05

Due to the large variability indicating seasonalitgcords of temperature were calculated
using a scale of SMOW values because the isotofes daggested a seasonal precipitation
influx, although the clam had assimilated isotopesarine conditions (Fig. 5.3). Through
the equation 1 applied to estimate the paleoteryerdy a5'°0,, scale ranging from 0 %o,
linked at - 0.47 PDB %0 oSpondylus spto - 0.5 %olinked at - 2.60 PDB %o, the results of
water temperature were obtained ranging from 2330t7° C with a mean of 27.5° C to 5605
- 5470 cal yr BP.

Furthermore, water temperatures were calculatetherbasis of constant respective SMOW
%o values of 0 and - 0.5 %d hese results showed a difference of 2.4° C wataperature,

which represent the influence of precipitation sadering the different seasons (Tab 5.3).

Distance from 80 3-C 80, from T°Cfrom0O T° C at 0 % T°Cat- 0.5
umbo (mm) [PDB %] [PDB%] 0t0-05% to-0.5% %0, %0 5-°0,,
36 -1,60 0,32 -0.22 27.3 28.4 26.0
37 2,12 0,59 -0.38 29.0 30.8 28.5
38 -1,91 0,67 -0.30 28.3 29.9 27.5
39 2,11 0,65 -0.36 29.0 30.7 28.4
40 -1,55 0,66 -0.21 27.1 28.1 25.8
41 -1,39 0,94 -0.15 26.6 27.4 25.0
42 2,12 0,84 -0.38 29.0 30.8 28.5
43 -1,91 1,11 -0.31 28.7 29.8 27.5
44 -1,68 1,23 -0.26 27.5 28.7 26.4
45 -1,37 1,82 -0.14 26.6 27.3 25.0
46 -0,94 2,09 -0.05 25.0 25.3 22.9
47 -1,04 2,33 -0.07 25.4 25.7 23.4
48 -0,99 2,33 -0.05 25.2 25.5 23.1
49 -1,14 1,92 -0.10 25.7 26.2 23.9
50 -1,93 1,84 -0.32 28.4 29.9 27.6
51 -2,08 1,87 -0.35 28.9 30.6 28.3
52 -1,94 1,91 -0.33 28.4 30.0 27.6
53 -2,10 2,13 -0.36 29.0 30.7 28.4
54 -1,69 1,78 -0.26 27.5 28.8 26.4
55 -1,74 1,65 -0.27 27.8 29.0 26.7
56 -1,81 1,47 -0.29 27.9 29.4 27.0
57 -1,76 1,59 -0.27 27.8 29.1 26.8
58 -1,78 1,42 -0.28 27.9 29.2 26.9
59 -2,24 1,84 -0.45 29.4 31.4 29.0
60 2,17 1,75 -0.39 29.2 31,0 28.7
61 -1,79 1,90 -0.29 27.9 29.3 26.9
62 -1,61 1,72 -0.23 27.3 28.4 26.1
63 -2.59 0.14 -0.49 30.7 33.0 30.7
64 -1.65 1.14 -0.24 27.4 28.6 26.3
65 -1.08 1,27 -0.08 25.5 25.9 23.6
66 -0.69 2.01 -0.01 24.0 24.1 21.7
67 -0.72 2.38 -0.02 24.1 24.2 21.9
68 -1.23 1.77 -0.11 26.1 26.6 23.4
69 -1.14 1.09 -0.09 25.7 26.2 23.9
70 -1.53 1.17 -0.20 27.1 28.0 25.7

111



Coastal paleoceanography during the mid-Holocerselseel highstand on the SE-Vietnam hagier 05

71 -1.41 1.58 -0.16 26.7 27.5 25.1
72 -1.15 2.52 -0.10 25.8 26.3 239
73 -1.01 2.16 -0.06 25.3 25.6 23.3
74 -1.93 1.79 -0.32 28.4 29.9 27.6
75 -1.52 1.85 -0.19 27.1 28.0 25.6
76 -1.25 2.23 -0.12 26.1 26.7 24.4
77 -1.24 2.09 -0.12 26.1 26.7 243
78 -1.66 1.83 -0.24 27.5 28.6 26.3
79 -1.92 1.88 -0.31 28.4 29.9 27.5
80 -2.42 1.65 -0.47 30.0 32.2 29.9
81 -2.33 1.56 -0.44 29.7 31.8 29.4
82 -2.56 1.54 -0.48 30.6 32.9 30.5
83 -2.24 1.75 -0.41 29.4 31.4 29.0
84 -2.20 1.29 -0.40 29.3 31.2 28.9
85 -0.66 1.09 -0.01 23.9 24.0 21.6
85.5 -0.91 1.03 -0.04 24.9 25.1 22.8
86 -1.29 1.57 -0.13 26.3 26.9 24.6
86.5 -1.07 1.29 -0.07 25.5 25.9 23.5
87 -1.52 1.69 -0.20 27.0 28.0 25.7
87.5 -2.45 0.78 -0.47 30.1 32.3 30.0
88 -2.37 1.06 -0.45 29.8 32.0 29.6
88.5 -2.11 1.34 -0.34 29.0 30.8 28.4
89 -2.07 1.55 -0.35 29.9 30.6 28.2
89.5 -2.24 1.43 -0.41 29.4 31.4 29.0
90 -2.27 1.38 -0.43 29.4 31.5 29.2
90.5 -2.01 0.86 -0.34 28.7 30.3 28.0
91 -1.58 131 -0.21 27.2 28.3 25.9
91.5 -1.34 1.34 -0.14 26.5 27.1 24.8
92 -0.74 151 -0.02 24.2 24.3 22.0
92.5 -0.94 1.64 -0.04 25.1 253 22.9
93 -0.77 1.61 -0.03 243 24.5 22.1
93.5 -1.20 0.93 -0.11 26.0 26.5 24.2
94 -1.48 1.03 -0.18 26.9 27.8 25.5
94.5 -1.10 1.18 -0.08 25.6 26.0 23.7
95 -1.52 1.02 -0.19 27.1 28.0 25.6
95.5 -1.59 1.06 -0.22 27.2 23.8 26.0
96 -2.46 1.34 -0.48 30.1 324 30.0
96.5 -2.12 1.01 -0.37 29.0 30.8 28.4
97 -2.41 1.35 -0.46 30.0 32.2 29.8
97.5 -2.30 1.64 -0.44 29.5 31.6 29.3
98 -2.22 1.73 -0.40 29.3 31.3 28.9
98.5 -2.58 0.90 -0.49 30.6 32.9 30.6
99 -2.00 0.93 -0.34 28.6 30.2 27.9
99.5 -1.02 1.61 -0.06 25.3 25.6 23.3
100 -0.85 1.01 -0.03 24.7 24.9 22.5
100.5 -0.47 1.05 0.00 23.1 23.1 20.7
101 -1.49 1.11 -0.18 26.9 27.8 25.5
101.5 -1.67 1.23 -0.25 27.5 28.7 26.4
102 -1.63 151 -0.23 27.4 28.5 26.2
102.5 -1.45 1.59 -0.17 26.8 27,7 253
103 -1.38 1.75 -0.52 26.6 27.3 25.0
103.5 -2.24 1.74 -0.42 29.3 31.4 29.0
104 -2.60 1.45 -0.50 30.7 33.1 30.7

Table 5.3. Isotope profiles and temperature valve® estimated from the fossil sh8lbondylus sp537 + 55
cal yr BP.
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5.5. Discussion

5.5.1. Shell growth

8'®0ppe%, Measurements gave important information aboutgtioevth of modern shells in
connection with the local environment, which shoiffedent hydrological conditions. The
isotopic records in the shells demonstrate concmeldetween temperature and rainfall rates,
where local seasonality was evaluatedsB¥pps«., precipitated in shell-carbonate (Fig. 5.6).
In this way, distinct carbonate increments sugtjest different seasons of the year provide
the pattern of shell growth.

Once a pattern of shell growth was accomplishedag possible to demonstrate that a great
increment of carbonate grew during spring and sumseason. This great increment of
carbonate is changed by cooler temperatures immautand winter and therefore decreases.
Observations on the growing time in every clam fdied maximum ages of 34 months.

The M. lusoria lived 34 months, presenting a rate of ontogenamjn of 1.63 mm/month.
However, during the spring-summer months of th@seég/ear, the growing rate increased to
3.1 mm/month (Fig. 5.6), while during the warmeripe of the third year, the growing rate
decreased to 2 mm/month. In WP4, there is a loaiefall rate than in WP3, which explains
the lower growing rate of the shell during the hastrm period. It should be mentioned that
the growing rate observed in WP3Nh lusoria corresponds to the observations of Wang and
Peng (1990).

The growing rate oM. lyrata “C” was evaluated at 1.52 mm/month after 34 montHgeof
time with the last two similar warm periods arcldve the shell (Fig. 5.6). In WP3 the shell
had grown 1.33 mm/month, whereas in WP4 the gromdk evaluated at 1.75 mm/month.
The WP4 period shows that more carbonate was das@lm four months time. Also, heavier
isotopic values were caused by a lower rainfa#l.rat

The growth ofM. lyrata “D” was evaluated after 21 months of life time. khsaracterized by

a long interval with an increment rate of 1.90 mmh, whereas the rate in WP3 and WP4
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constitutes 2 mm/month and 4 mm/month respecti¢iély. 5.6). Additionally, its profile has

a drilling series reaching back to December 200dabse further drilling was impossible
because of the fact that the rim of the shell wakén.

M. lyrata “C” and “D” do not show similar growth based on isotope regoatthough they
lived in the same environment. In September of \iH3isotope value iM. lyrata “C” is
0.408™0ppgy, lighter than inM. lyrata “D” and in July of WP4 it is 1.05°Oppsg. lighter in

M. lyrata “D” than in July inM. lyrata “C” (Table 5.2). As the shells grew in the same place,
the isotopic difference may be due to physiologiddferences between specimens as
described below.

The recognition of the vital effect on the sheis\ecessary because of the different species of
shells. It was tried to identify the difference thfe growing rate expressed by isotopic
fractions without taking into account hydrologicainditions.

Linear regression analysis betwe8HC vs. §'°0 in order to observe the kinetic effect
suggests, thaSpondylus spM. lusoria and M. lyrata “C” have aragonite precipitates in
equilibrium with the environment through the low regation betweens*C vs. §*°0
(McConnaughey et al., 1997; McConnaughey, 19898919Carré et al., 2005). A marked
difference is observed iM. lyrata “D” in the linear regression at’R 0.44, showing a
smooth equilibrium between carbonate and oxygeopss (Fig. 5.9).

The different between species affirm the “vitaleetf, shifting isotopic assimilation among
the shells during the ontogenetic development (Broth 1977). Due to the fact that a
difference was only recognized &1°Oppax, Without their SMOW %o values, it can be
ascertained as a result, that isotope precipitamong the shells represents a physiological
variation of each specimen.

Therefore, it was tried to observe the “vital effdoy the difference between each shell in
8" 0ppay, assimilated during the shell mineralization; aftebtracted their respective amount

of SMOW %o was ranging between -0.95 % -1.10 %, exhibiting a difference of 0.15 %a
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8" 0ppey. This deviation could represent a variation 801Oppa«, in different species of
clams, but there is a difference between Bétiyrata sampled in the same environment.
Moreover, inM. lyrata “D” a vital effect for the equilibrium between thetwgues, influenced
by the kinetic effect, was already noted. Therehg, probable factor ascribed to the vital
effect is 0.1 %5 *Oppax, found betweeM. lyrata “C” andM. lusoria, which grew in distinct
environments. On the other hand, when it comeféeocomparison witfSpondylus sphe

difference increases to 062°Oppa«., Which might be linked to distinct temperaturesaEen

the periods.
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Fig. 5.9.5"C vs. 50 values in linear regression from a series of|skmhples used to evaluate the kinetic
effect.
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5.5.2. Evaluation of modern temperatures and paleetmperatures

Modern water temperature examined at the latitdd2® 24 N was linked to the lifetime of
recent shells and was afterwards normalized to hipntariation (Fig. 5.7). The water
temperature presented an annual mean of 26.4° M@jng from 23.7 to 28.5° C. Recent
works on the modern coastal surface temperatutieerstudied region revealed values from
24 to 30.3° C (Rojana-anawat et al., 2000), medsiyea CTD taken at a maximal depth of 5
m during April and May of 1999. In addition, Tang a. (2004) provided a standard for
winter-temperature at 25° C and summer-temperahigker than 28° C.

The results of the measurement of paleotemperdtare the axial growth in the specie
Spondylus spshowed that during sea-level highstand in the Huotbcene the water-
temperature values ranged from 23.1°&@, = 0 %o) to 30.7° CJ*0, - 0.5 %o) with an
average of 27.5° C (Fig. 5.9). These temperatulgesdor the mid-Holocene are very similar
to the values that were found recently by Wei et(2007) in the coastal area of Sanya on
Hainan, island localized in the northern South @hiBea. They have reconstructed a
temperature interval from 23.9 winter to 30.5° @swer with an average of 27.2° C, based in
coral records during the period 6271 - 6175 c&8Rr

Comparing the values of modern water temperatutdepateotemperatures'f0,, from 0 to -
0.5 %), their mean presents a difference by 1.2%ith the mean of moder&*®*Oppsy.
temperature being 26.3° C, whereas the mean obtgatgerature is 27.5° C. However, when
values of modern water temperatures are plottech wpaleotemperatur@sorpsx, a
considerable difference within the evaluated pen®dobserved. This applies mainly to
summer season, because during the mid-Holocenavéter temperature was warmer in
summer than at the present time, in maximal 2.2%@greas the temperature in winter

reached roughly 24° C in both periods (Fig. 5.10).
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Fig. 5.10. The plot shows two profiles: in “a” thgobable paleotemperatyig&ppss, records concern the
distance on the shell from 36 to 104 mm witfO,, varying from 0 to 0.5 %o (continued line) and thaues of
temperatures just at 0 %0 and - 0.5 #aowing the hydrologic balance between low amh lgrecipitation rates
respectively (dashed line). In “b” the temperatafenodern shells is compared with paleo-water-tamapee,
calculated on smow from 0 to 0.5.%o
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In order, to verify the difference between modenu gpaleotemperature during summer,
arithmetic mean values in mid-Holocene and modemmer periods were compared. This
procedure established a modern summer water tetaperaith a mean of 27.9° C and a
paleo-summer-temperature with a mean reaching Z9afid several records rising above 30°
C. The temperature difference amounts to 1.8° @icating that the mid-Holocene summer
seasons were warmer than summer seasons of abfptiese

However, upwelling event only take place in sumnrerthe studied area. This regional
upwelling in SE-Vietnam is formed during the souésterly monsoon between 11° and 15°

N and west of 110° E (Fig. 5.11).

A B

Fig. 5.11. “A” shows the SST of Feb. 1999; “B” showhe SST in the summer season of July 1999. Arrow
indicates cold water upwelling from the coast tadgathe open ocean. The shell samples as well aBESR:
water temperature in 12° 24™ N were collected mdhea of upwelling, whereas the ESRL water tenperat

10° 30" N is outside of the upwelling area.

Therefore, the difference between the seasonalrwenteperature at 5605 - 5470 cal yr BP
and the present time (Fig. 5.9) can be misinteggrbecause the present water temperature in

summer is influenced by cold upwelling water, whiphovokes the great temperature
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difference between the two studied periods. Thosther comparison with water-temperature
records outside of the upwelling area, southwa tiee Mekong Delta with records at 10°
30" N and 108° 48" to 110° 36" E is proposed.

The comparison presented in Fig. 5.13 shows hitgraperature outside of the upwelling
area (Fig. 5.12). For this reason, the water-teatpez indices from this region compared
with the mid-Holocene temperature presented nafgignt difference on average. However,
paleotemperature indices of summer seasons ar@appt C warmer than modern water

temperature 10°.30° N

3C
29
28
1%
o 27
=]
%
o 264
25
24+ ——— Water temperature at 10° 30" N v
777777777 Water temperature at 12° 24" N '
2'2 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Months

Fig. 5.12. The water-temperature records sougBiSBL are presented in two positions. The temperatd 0°
30" N is warmer than at 12° 24" N, being a resokdd to different isotherms.

Consequently, all the results of the water tempeeatound between the studied periods, the
assumption that the water temperature was 1° C aaduring summer periods in the mid-
Holocene to 5605 - 5470 cal yr BP became fairlyisge. Furthermore, the water temperature
records indicate strong seasonality, defined agseatgr difference between summer and
winter periods, in mid-Holocene.

Jones et al. (2005), who worked with oxygen isotofl@m shells, suggest a higher

seasonality for the northeastern coast of Florigénd the mid-Holocene, which Hodell et al.
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(1991) identified for the Caribbean region. Furthere, Hodell et al. (1991) suggests a
Holocene climate model with a high rate of evaporaaind precipitation during each annual
cycle. Normally, the increase of evaporation aretimitation rates is controlled by insolation
that is manipulated by orbital forcing. As regatlde Holocene, Hodell et al. (1991) describe
a long-term insolation evoked by orbital changesiclv might be the reason for the

seasonality observed in the paleotemperatureseosaiitheast Vietnamese coast.

This orbital forcing is generally controlled by pession and obliquity cycles, increasing the
amplitude of season. Obliquity alters the seasastridution of insolation so that the

amplitude of the season cycles is enhanced. Pienesecame important during the early
mid-Holocene because it placed perihelion in thee@losummertime. Furthermore, it is able
to cause a shift in the occurrence of the maximasolation throughout the years with the
highest insolation in the equatorial regions (Bua®01; Bush, 2005; Lorenz et al., 2006).
Additionally, this warm period has been identifiad the Holocene Thermal Maximum. It
started around 10,000 y BP and ended around 5@, ywhen insolation declined towards

the present (Haug, 2001).
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Fig. 5.13. Comparison between water paleotempasigi’o,, from 0 to -0.5 %0) sampled in the dorsal position
from 36 to 104 mm of Spondylus sp and water tempeza ERSL indices at the latitude of 10° 30" Nnfro
January 2000 to December 2006. The arrows show @ratemperature in summer than today. Colder water
temperature during winter the mid-Holocene mightiteed to the warmer isothermal at 10° 30" N.

5.5.3. Paleotemperature implications

The present water-temperature variation comparetth wie 5Oppg%, paleotemperature
during the mid-Holocene showed a seasonal differancsummer of approx. 1° C. This
seasonal difference can be observed in graph wift8the warmer peaks being above the 30°
C in almost all summers in the mid-Holocene. Tlihis, value suggests that the shallow water
temperature of the coast was warmer than the presdar temperature.

The warmer period indicated by the water tempeeaturing the mid-Holocene for the
southeast Viethamese coast might be a part of Hrener period already described as the
Holocene Thermal Maximum period (Hypsithermal). tms connection, effects of rapid
climate changes could not be observed in this wbink. Hypsithermal period is an episode, in

which the magnitude of insolation increased by diieital variation of the earth between
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10,000 cal yrs BP and approx. 5000 cal yrs BP. i8sudhow that during this period the
maximum occurred between 8000 and 7000 cal yr BlE3sy et al., 2001 and Haug et al.,
2001). Nevertheless, Thompson et al. (1995) sugddabat the maximum occurred between
6500 and 5200 yr BP.

Concerning the regional discussion, Rothlisber@®86) found warmer temperatures during
the mid-Holocene in New Zealand, and Gagan efl@P§) identified temperatures about 1° C
higher than it is today around 5350 cal yr BP irs#alia. In the North Pacific region, water
temperature has been studied for the last 7000skmying an increase of 1.09° C up to the
present for the South China Sea (Kim et al., 2084)vever, these data are mentioned for the
period from the mid-Holocene until today, assumiingt the water temperature of the entire
South China Sea does not affect coastal areas,ewhiarm temperatures in the studied
interval are a result of insolation that increadadng the mid-Holocene.

In northern Vietnam, paleoclimatic reconstructiovere carried out in the Song Hong Delta
(Red River). Li et al. (2006a; 2006b) reconstructeldanges in vegetation through
palynological study. Firstly, these works investagh the climate variation since the last
deglaciation until the present time at the SongdiDelta. Secondly, the climate change with
anthropogenic impact during the Holocene was pteserior the period studied here, the
above mentioned palynological records between 65800 cal yrs BP indicated a cooling
climate, which is in contrast to what is preserftede as well as to what was described for
northern Vietnam (Wei et al., 2007).

Additionally, evidence of elevated mid-Holocene paratures was derived from the deposit
where theSpondylus sphad been. The deposit was completely composedobgl @and
mollusc fragments dated between 5686 to 4835 c&@Byrindicating its time of formation.
This attribute of beachridge, consisting of a gipadntity of coral fragments, indicates that
during the period of sea-level highstand a sigaificdeath rate of these organisms occurred.

Coral bleaching occurs on three levels, all of tHemed on rising water temperature, when
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the average temperature reaches 1 and 2° C abevmd¢hn water temperature in tropical

regions or when temperatures exceed 30° C (Gly293,11996; and Buchheim, 1998).

5.6 Conclusions

1.

Modern §*%0ppgy, and**Cppax, isotope values identified in shells corresponded t
hydrological conditions where they were collectkiis is mainly true for the salinity
results that showed variable conditions of the @daystem: freshwater intrusion for
the twoM. lyrata specimens and evaporation/precipitation ratedfdusoria

Due to the O-isotope measurement in the three frqwofiles of shells, it was
possible to elaborate a seasonal standard betwesatopés and
precipitation/temperature on the Nha Trang coastthermore, with the knowledge
of 5'®Oppay, fluctuation within the system, it was possiblecticulate precise values
of 5*%0,.

Through the high quality of isotopes measured @nntlodern shells it was possible
to identify a precise seasonality for shallow cabaiater.

Water-paleotemperatures were calculated withinpiseod 5605 - 5470 cal yr BP
from one AMS-radiocarbon dated shellSgondylus sp

These mid-Holocene paleo-water-temperatures recexstaled warmer coastal
waters than today.

In more detail, estimations showed that duringrtteximum sea-level highstand the
water was approx. 1° C warmer in the summer se#smm modern summer water
temperatures from oceanographic measurements ealdukated from modern shells

(cf. point 3). This indicates more pronounced seabty in the mid-Holocene.

. Ca Na beachridge sea-level highstand indicatorSHErVietnam are mainly coral

fragments. The death of this high amount of corghinhave been induced by an

increase of water temperature.
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8. Finally, warmer water paleotemperature in shalloatex identified on the SE-
Vietnamese coast during the mid-Holocene 5604-5d&d0yr BP was probably

connected with the “Holocene Thermal Maximum” mldter phase.
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6. General discussion

Different coastal sediment deposits such as beeksrbeachridges, washover and backbeach
were used as sea-level indicators to reconstrecHtilocene sea-level curve for SE-Vietnam.
Holocene coastal evolution is characterized by @-IHolocene sea-level highstand reaching
1.52 m above the modern mean sea-level in the®8&680 to 5380 cal yr BP.

Furthermore, paleotemperature in coastal watenduhe mid-Holocene sea-level highstand
was investigated. The results were compared witdamowater temperatures, which proved
that during the sea-level highstand between 56833y cal yr BP the coastal water had
more seasonality than today with regard to summasan (Fig 5.10). The period in the mid-
Holocene characterized by a warmer water temperatught have provoked a significant
death of constructor organisms, as coral fragmamghe principal components deposited in
beachridge. Despite the important premises alrei@gdgribed in the present study for coastal
evolution and paleoceanographic conditions somstoures still remain unsolved.

The first question which has to be raised is whegyehs a low occurrence of beachrocks along
the SE-Vietnamese coast.

Based on personal information and the informatioovigled by authors as Korotky et al.
(1995) and Tam (1991), the development of beaclsracs reported throughout the coast of
Vietnam, but their occurrence is insignificant bhesmof some hydrographic characteristics of
the studied coast.

The southeast Vietnamese coast displays severahatbBastics that make one expect the
formation of even more beachrock, such as: supeetain of CaC@ dissolved in water,
high water temperature and a mesotidal regime géngra wet-dry cycle at the shoreline
being a favourable environment for the precipitataf calcium carbonate. However, these
favourable conditions for beachrock formation arenttasted by some noteworthy

characteristics of the SE-Vietnamese coast tha¢dmpheir formation.
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The storage of sediment perhaps is reduced onER€¢i&namese coast due to the different
landforms, including mountains being located nedae tvater and thus hampering the
deposition of sediment at the coast due to the dtgp Moreover, the lack of sedimentation
can also occur due to the regime of coastal cigrénat do not prevent sediment deposition,
but transport it off the coast. The fact that beacks are always found in sheltered position,
as in embayment or opposite of platform reefs, eggnting a low-energy environment,
supports this interpretation (Fig. 3.1).

The second important question is how beachridgkesited in the coastal region. Is it only
one deposit or is it fragmented in several platesgthe coast?

Studies about beachridge on the SE-Vietnamese cslasived that it has the same
characteristics proposed by Hesp et al. (2005ngodeposits found above the maximum
spring tide and provoked by storm-surge events.

The deposits were found at three stations on tlegngimese coast with approx. 34.8 km, of
maximal distance between them. Two locations werthe vicinity of Ca Na town and the
third was in Phan Rang, all showing very similaareitteristics: sediment consisting almost
exclusively of carbonate skeleton, buried in theefeand approx. 2.67 m above the present
mean sea level in the stations of Ca Na. The logati Phan Rang, the height of beachridge,
could not be taken into consideration because ldeepvhere the beachridge was found was
heavily affected by anthropogenic activity.

From these characteristics connected with the ieimby Hesp et al. (2005), it could be
inferred that the beachridge deposit may be only fammation, which is buried but runs
parallel on the SE-Vietnamese coast. This argumweastalready discussed in chapter 4, but it
has to be pointed out that the development of by is a relevant issue concerning the
coastal evolution in SE-Vietnam.

The third question to be solved is: Why was no beatk cementation process observed

within the interval of beachridge formation?
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The beachrocks in the studied area are outstas@iadevel indicators enabling to reconstruct
a sea-level curve from the early mid-Holocene io phases. The first phase is between 6721
to 5869 cal yr BP, elevated at 1.32 m amsl; thersg@@hase recognizes the final drop as well
as the start of the sea-level stabilization, oaogrbetween 3760 to 640 cal yr BP. However,
during the period of beachridge formation from 56874836 cal yr BP, no beachrock
cementation event could have been detected (5. 4.

The absence of a cementation process maybe isdlinkidh some environmental changes
because beachrock cementation needs a combindtistalile substrate (regular grain size)
and a slow sedimentation rate (e.g. Scoffin, 198d Moore, 1989). In this way, an
unfavourable environment for beachrock cementateonbe induced by weather conditions.
During the sea-level highstand in the mid-Holocemben the beachridge was formed, the
temperature of the water was warmer than at présemnt5.10). Through the identification of
warmer water temperature, it can be concluded thatclimate conditions in the mid-
Holocene provided a sea-surface temperature thatwaemer than it is in the present time.
Several studies about climate conditions showtti@increase of the sea-surface temperature
has an immense impact on the weather conditionsoifiar as it turns their events more
intense. As a result, the velocity of the wind, #term frequency, and hurricane events are
increased (e. g. Emanuel, 2005). The strengtheoiirntbese events is directly linked to an
increase of the water current circulation as wellcastorm-surge events. Thereby, an increase
of the water force arriving on the SE-Viethnamesastahanged the characteristics of the
beach substrate, preventing the cementation ofhioecks.

In addition, a fourth question could be answerethwegard to this scenery: How was the
fragmentary up to pebble-size deposited into tlaiwegde.

Beachridge deposit consists of great amount ofellesteous carbonate skeleton (see Fig. 4.4
and 4.6a, b), consisting of organisms having digel td the warmer water temperature during

the studied period. The deposition of this matetave the maximum spring-tide level in the
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mid-Holocene indicated that the waves as well asvssurge regimes during this period was
much stronger than today, caused also by inteasithic of storms, which was provoked by an

increasing temperature.
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7. Final conclusions and suggestions

An exhaustive study and precise data have revelasdhe coastal evolution in SE-Vietham
since the mid-Holocene has been strongly influenbgdhe sea-level highstand and the
warming of the shallow sea during the mid-Holocene.

On the southern Vietnamese coast, three examplesazhrocks were found at two locations
in Ca N& and Son Hai towns. They were found exeélgiin the intertidal zone. The research
indicated that their lithification took place inethntertidal zone and that afterwards this
marine characteristic changed due to the influxreshwater from the vadose environment.
Furthermore, the beachrocks™ ages suggested thtexeadls of lithification, which are linked
to different stages of sea-level.

The sea-level history in SE-Vietnam could be retoieted with the help of beachrocks and
beachridge. Through the beachrocks the sea-leseebs well as the sea level decline could be
reconstructed. The sea-level highstand position desrmined by investigating beachridge
and underlying upperbeach deposits.

Regarding the period of the sea-level highstandvéet 5690 - 5380 cal yr BP, the
reconstruction of the water temperature for theetimerval 5605 - 5470 cal yr BP showed
warmer temperatures in summer season by 1° C Hepresent seasonal variation measured
between 2002 to 2005. This warmer water-temperatuseimmer during the mid-Holocene
might have provoked the bleaching of reef-coralsicv could be destroyed and deposited in
beachridge by storm-surges or other episodes indogextreme weather conditions.

As far as the evolution of the SE-Vietnamese ctmastoncerned, it was noted during this
work that the SE-Vietnamese coast is less studie@dinparison with other places in Vietnam
as for instance the northern and southern delthsrefore, the demand for further study
concerning this coastal area in order to betteretstdnd the coastal processes during sea-
level fluctuation in SE-Vietnam is high. The findgsmpresented in this study already indicate

that dates from the coastal areas of Vietnam cavige precise evidence for their evolution.
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Thus, objectives of future works could focus on iheestigation of the circumstances of
transport and deposition of sediment by means athr®ck formation; geophysical records
on the coastal area could be used to identify¢aédistribution of beachridge; coastal water-
temperature reconstructions covering a large tiramé could enhance the knowledge about

the sea-level highstand period.
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App. 9.1. Complete list of analysed samples evalliduring the work.

N° Coordinates Sediment-type Fossils
VN 08110301 N10°56,578 // E108°17,987 Consolidatals Bivalve
VN 08110302 N10°54,981 // E108°17,658 Consolidatals
VN 09110302 N11°19,084 // E108°54,918 Beachridge raCand Bivalve
VN 09110303 " " Coral
VN 09110304 N11°20,007 // E108°52,447 Conglomerate Oyster
VN 09110305 " " Snalil
VN 09110306 N11°19,975 // E108°52,320 Beachrock aCor
VN 11110301 Beach sandy
VN 11110302 N11°19,434 // E108°50,260 Backshore dsSpartly with Bivalve
VN 11110303 " "
VN 11110304
VN 11110305 Bivalve
VN 11110306 N11°19,796 // E108°50,496 Beachridgep] Bivalve and coral
VN 11110307 " Beachridge (Mid) Bivalve and coral
VN 11110308 Upperbeach Sediment
VN 11110309 N11°19,803 // E108°50,550 Beachrock aCor
VN 11110310 " " Coral
VN 11110311 N11°20,305 // E108°51,047 Washover ®petd
VN 11110312 " Aeolinite Sand (consolidated)
VN 13110302 N12°42,947 /| E109°22,839 Paleo Lagoon Qyster
VN 15110301 N11°34,173 / E109°07,717 Notch Bivakerals
VN 15110302 " "
VN 15110303 Part of trunk
VN 15110305 N11°34,098 // E109°07,725 Aeolinite
VN 16110302 N11°39,149 // E109°11,107 "
VN 16110303 N11°39,098 // E109°10,234 Coral
VN 04050501 N11°19,958 // E108°50,774 Beachrock aCor
VN 04050502 " " Coral
VN 04050503 Bivalve
VN 04050504 Coral
VN 04050505 N11°20,058 // E108°51,422 Beachridge vaBe
VN 04050506 " "
VN 05050501 N11°19,801 // E108°50,495 Beachridge vaBe
VN 05050501 (A) Coral
VN 05050502 Coral
VN 05050503 Aeolinite Gastropod
VN 05050504 Aeolinite
VN 05050505 Beachridge Coral
VN 05050506 " Bivalve
VN 05050507 N11°19,993 // E108°52,429 Beachrock aCor
VN 05050508 " " Coral
VN 05050509 Bivalve
VN 06050501 N11°43,368 // E109°12,023 Evaporite alBie
VN 06050502 N11°42,873 // E109°11,968 Taphonoméaar Coral
VN 06050503 " " Coral
VN 06050504 N11°24, 962 // E109°00,681 Platfornf ree
VN 06050505 N11°24,946 // E109°00,622 Beachrock raCo
VN 06050506 " " "
VN 06050507 Coral
VN 06050508 Coral
VN 07050501 N11°34,923 // E109°04,215 Beachridge vaBe
VN 07050502 " "
VN 07050502 (A)
VN 07050503 Bivalve

VN 07050504

N11°28,120 // E109°00,925

Conglomerate
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App. 9.2. Petrographic thin sections from SE-Vietnapast.

NO

Coordinates

Kind of sample

Used in this work

VN 08110301

N10°56,578 // E108°17,98

~

Consolidatals

VN 08110302

N10°54,981 // E108°17,65

0

Consolidatals

VN 09110304

N11°20,007 // E108°52,44

~!

Conglomerate

VN 11110310

Beachrock

VN 11110312

Aeolinite

VN 15110301

N11°34,173 // E109°07,71

Notch

VN 15110302

VN 15110303

Part of trunk

VN 15110305

N11°34,098 // E109°07,72

Aeolianite

VN 16110302

N11°39,149 // E109°11,10

VN 16110303

N11°39,098 // E109°10,23

VN 04050501

N11°19,958 // E108°50,77

=T+ NUT

Beachrock

VN 04050502

VN 04050504

VN 05050504

Aeolinite

VN 06050501

N11°43,368 // E109°12,02

Evaporite

VN 06050504

N11°24.962 // E109°00,68

Piece offedat reef

VN 06050505

N11°24,946 // E109°00,62

OO

Beachrock

VN 06050507

VN 06050508
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App. 9.3. Petrographic thin sections from SW-Madaga coast.

NO

Coordinates

Kind of sample

MD 06120303

23°38.089S//43°39.089E

Beachrock

MD 07120301

23°40.267S//43°38.233E

MD 07120313

MD 10120301

23°10.053S//43°36.509E

MD 10120305

23°09.793S//43°36.478E

MD 10120307

MD 13110401

MD 14110404
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App. 9.4. Fraction of aragonite in the carbonatéena with AMS-radiocarbon and U/Th

ages.

N° Description Identification % of Age ky BP Kind of date
of X-RD Aragonite

VN 08110301 Bivalve MDV-1 90 % - -

VN 09110302 Bivalve MDV-2 100 % 1760+ 25 BP AMS

VN 09110303 Coral MDV-12 100 % 1470+ 26 BP U/Th

VN 09110304 Oyster MDV-13 91 % -

VN 09110305 Snalil MDV-14 95 % -

VN 09110306 Coral MDV-3 94 % 5420+ 30 BP AMS

VN 09110306 Coral MDV-3 " 5490+ 40 BP U/Th

VN 11110302 Bivalve MDV-15 99 % 2110+ 25 BP AMS

VN 11110305 Bivalve MDV-16 100 % -

VN 11110306 Bivalve MDV-4 100 % 5120+ 55 BP AMS

VN 11110307 Coral MDV-17 99 % 5270+ 40 BP AMS

VN 11110307 Bivalve MDV-17b 99 % -

VN 11110307 Gastropod MDV-17¢ 100 % -

VN 11110307 Coral MDV- 17d 99 % -

VN 11110309 Coral MDV-18 96 % -

VN 11110310 Coral MDV-5 97 % 3745+ 30 BP AMS

VN 11110311 Gastropod MDV-6 99 % 2075+ 30 BP AMS

VN 11110312 Gastropod MDV-19 24 % -

VN 13110302 Oyster MDV-7 4% > 1954 A.D. AMS

VN 13110302 Oyster MDV-7b 66 % -

VN 15110301 Bivalve MDV-8 100 % 3215+ 30 BP AMS

fragment
VN 15110302 Bivalve MDV-9 * 3225+ 30 BP AMS
fragment

VN 16110303 Coral MDV-10 96 % 3000+ 28 BP U/Th

VN 04050501 " MDV-34 92% 3615+ 25 BP AMS

VN 04050502 " MDV-35 100% 3325+ 30 BP AMS

VN 04050503 Bivalve MDV 24 98 % 6160+ 35 BP AMS

VN 04050504 Coral MDV-36 99% 6210+ 35 BP AMS

VN 04050505 Bivalve MDV-30 19% 2165+ 25 BP AMS

VN 05050501 Bivalve MDV-37 91% 4965+ 30 BP AMS

VN 05050501(A) Coral - - 5010 + 30 BP AMS

VN 05050502(A) Coral MDV-42 99% 5185 + 30 BH AMS

VN 05050502(B) Coral MDV-43 99% - AMS

VN 05050503 Gastropod MDV-33 98% 4680+ 35 BP AMS

VN 05050507 Coral MDV-29 99% 6655+ 40 BP AMS

VN 05050509 Bivalve MDV-38 95% 5650+ 40 BP AMS

VN 06050501 } MDV-27 95% -

VN 06050502 Coral MDV-39 99% 1260+ 20 BP AMS

VN 06050503 " MDV-31 100% 1290+ 25 BP AMS

VN 06050505 " MDV-32 99% 1005+ 25 BP AMS

VN 06050506 } MDV-40 68% -

VN 06050507 " * 1095+ 35BP AMS

VN 06050508 " MDV-41 98% 1570+ 25BP AMS

VN 07050501 Bivalve MDV-26 100% 4540+ 30 BP AMS

VN 07050503 " MDV-28 74% 3685+ 30 BP AMS

* not analysed
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App. 9.5. Isotope results Meretrix lyrata “C.

Distance of umbo 5°0 PDB%o 3°*CPDB%o
1 -3,80 -1,17
2 -3,86 -1,06
3 -3,78 -1,01
4 -3,84 -1,14
5 -4,07 -1,23
6 -3,93 -1,35
7 -4,01 -1,73
8 -4,10 1,72
9 -4.,64 -1,96
10 -4,45 -1,57
11 -4,09 -1,24
12 -4,86 -1,73
13 -3,78 1,71
14 -3,96 -1,69
15 -3,21 -1,62
16 -2,93 -1,66
17 -2,66 -1,38
18 -2,98 -1,34
19 -3,19 1,11
20 -3,50 -1,80
21 -3,16 -1,69
22 -3,68 -1,78
23 -4,00 -1,52
24 -4,04 -1,35
25 -3,96 -1,42
26 -4,79 2,13
27 -5,17 2,04
28 -3,83 -1,46
29 -3,52 -1,38
30 -3,37 -1,81
31 -3,03 -1,98
32 -3,26 -1,70
33 -3,33 -2,20
34 -3,39 -1,59
35 -3,31 -1,65
36 -3,41 -2,29
37 -3,95 -1,70
38 -3,68 -1,47
39 -4,03 -1,65
40 -4,18 -1,57
41 -4,28 -1,61
42 -3,95 1,72
43 -4,54 -1,90
44 -3,65 -1,99
45 -2,98 -1,37
46 -3,20 -1,81
47 -2,66 -1,94
48 -2,51 1,77
49 2,76 -2,00
50 -3,06 2,52
51 -2,91 1,72
52 -3,62 -2,29
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App. 9.6. Isotopic results iWeretrix Lyrata “D”.

Distance of umbo

5°0 PDB%o

8C PDB%o

1 -3,95 -1,59
2 3,73 1,61
3 -3,76 -1,68
4 -3,84 2,42
5 -3,78 1,64
6 -3,90 1,26
7 -4,09 -1,59
8 -3,92 2,12
9 -3,83 -1,56
10 4,23 -1,96
11 4,35 2,19
12 4,22 2,09
13 4,04 -1,58
14 3,92 1,57
15 -3,69 1,71
16 3,54 -1,46
17 3,61 2,00
18 -4,10 -1,66
19 3,19 0,75
20 2,48 -1,01
21 2,40 0,74
22 2,55 0,88
23 2,43 1,41
24 2,80 0,62
25 3,21 1,27
26 -3,03 1,31
27 2,93 1,67
28 2,75 -1,36
29 -3,02 -1,35
29,5 -3,03 -1,49
30 2,75 -1,20
30,5 -2,80 -1,00
31 2,92 -1,19
31,5 -3,00 1,57
32 2,96 -1,36
32,5 -3,15 1,52
33 -3,56 2,16
33,5 3,22 -1,65
34 -3,10 2,37
34,5 2,93 -1,68
35 3,15 2,12
35,5 -3,47 248
36 3,47 -1,48
36,5 -3,35 -1,85
37 -3,45 -1,01
37,5 452 -1,84
38 4,98 2,16
38,5 5,59 -3,46
39 3,41 -1,70
39,5 2,84 -1,45
20 2,35 1,77
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App. 9.7. Isotopic results iMeretrix lusoria.

Distance of umbo

50 PDB%o

3C PDB%o

1 -2,34 1,27
2 -2,41 1,17
3 -2,55 1,40
4 -2,65 1,29
5 -2,69 1,35
6 -2,69 1,25
7 -3,35 -0,08
8 -2,85 0,31
9 -2,68 0,30
10 -2,25 0,38
11 -2,77 0,36
12 -3,05 0,14
13 -2,35 0,33
14 -2,13 0,36
15 -1,89 0,28
16 -2,15 0,32
17 -1,98 0,33
18 -1,94 0,56
19 -1,92 0,53
20 -2,15 0,42
21 -2,21 0,53
22 -2,45 0,48
23 -2,69 0,26
24 -2,39 0,31
25 -2,46 0,16
26 -2,55 0,37
27 -2,46 0,49
28 -1,95 0,64
29 -2,12 0,75
30 -2,37 0,79
31 -2,64 0,63
32 -2,17 0,81
33 -2,44 0,58
34 -2,62 0,71
35 -2,76 0,61
36 -3,13 0,26
37 -3,05 0,21
38 -2,96 0,39
39 -2,93 0,40
40 -3,05 0,29
41 -3,38 0,12
41,5 -2,38 0,41
42 -1,89 0,65
42,5 -2,21 0,55
43 -2,13 0,77
43,5 -1,98 0,92
44 -2,27 0,61
445 -2,30 0,45
45 -2,78 0,70
45,5 -2,30 0,48
46 -2,46 0,75
46,5 -2,11 1,06
47 -2,47 0,88
47,5 -2,79 0,32
48 -2,94 0,41
48,5 -2,69 0,50
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49 -2,68 0,31
49,5 -2,48 0,35
50 -2,01 0,44
50,5 -2,63 0,05
51 -2,37 0,44
51,5 -2,73 0,61
52 -3,22 0,25
52,5 -3,07 0,31
53 -2,33 0,41
53,5 -2,10 0,48
54 -2,51 0,22
54,5 -2,81 -0,21
55 -2,09 0,31
55,5 -2,63 0,20
1
55.5
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App. 9.8. Isotope results Bpondylus sp.

Distance of umbo

5%0 PDB%o

613C PDB%o

1 -1,81 0,51
2 -1,96 1,02
3 -1,47 1,06
4 -1,44 0,28
5 -1,06 1,19
6 -1,28 1,73
7 2,23 1,65
8 2,43 1,60
9 -1,70 1,94
10 1,62 1,83
11 -1,68 1,66
12 1,67 1,59
13 -1,59 1,60
14 -1,69 1,51
15 1,15 1,53
16 -1,05 1,35
17 1,22 1,57
18 1,41 1,13
19 -0,94 1,78
20 -0,49 1,85
21 -1,84 1,64
22 1,85 1,86
23 -1,88 1,56
24 1,81 1,49
25 -0,07 2,30
26 -0,91 1,46
27 1,52 1,25
28 -1,59 1,40
29 1,73 1,48
30 -1,00 1,18
31 -0,79 0,73
32 -0,68 0,85
33 -0,87 1,22
34 -0,86 1,13
35 -1,04 1,01
36 -1,60 0,32
37 212 0,59
38 -1,91 0,67
39 211 0,65
40 1,55 0,66
41 1,39 0,94
42 212 0,84
43 -1,91 1,11
a4 -1,68 1,23
45 1,37 1,82
46 -0,94 2,09
47 -1,04 2,33
48 -0,99 2,33
49 1,14 1,92
50 -1,93 1,84
51 -2,08 1,87
52 -1,94 1,01
53 2,10 2,13
54 -1,69 1,78
55 1,74 1,65
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56 -1,81 1,47
57 -1,76 1,59
58 -1,78 1,42
59 -2,24 1,84
60 -2,17 1,75
61 -1,79 1,90
62 -1,61 1,72
63 -2,59 0,14
64 -1,65 1,14
65 -1,08 1,27
66 -0,69 2,01
67 -0,72 2,38
68 -1,23 1,77
69 -1,14 1,09
70 -1,53 1,17
71 -1,41 1,58
72 -1,15 2,52
73 -1,01 2,16
74 -1,93 1,79
75 -1,52 1,85
76 -1,25 2,23
77 -1,24 2,09
78 -1,66 1,83
79 -1,92 1,88
80 -2,42 1,65
81 -2,33 1,56
82 -2,56 1,54
83 -2,24 1,75
84 -2,20 1,29
85 -0,66 1,09
85,5 -0,91 1,03
86 -1,29 1,57
86,5 -1,07 1,29
87 -1,52 1,69
87,5 -2,45 0,78
88 -2,37 1,06
88,5 -2,11 1,34
89 -2,07 1,55
89,5 -2,24 1,43
90 -2,27 1,38
90,5 -2,01 0,86
91 -1,58 1,31
91,5 -1,34 1,34
92 -0,74 1,51
92,5 -0,94 1,64
93 -0,77 1,61
93,5 -1,20 0,93
94 -1,48 1,03
94,5 -1,10 1,18
95 -1,52 1,02
95,5 -1,59 1,06
96 -2,46 1,34
96,5 -2,12 1,01
97 -2,41 1,35
97,5 -2,30 1,64
98 -2,22 1,73
98,5 -2,58 0,90
99 -2,00 0,93
99,5 -1,02 1,61
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100 -0,85 1,01
100,5 -0,47 1,05
101 -1,49 1,11
101,5 -1,67 1,23
102 -1,63 151
102,5 -1,45 1,59
103 -1,38 1,75
103,5 -2,24 1,74
104 -2,60 1,45
104,5 -1,42 1,77
105 -0,65 1,71
105,5 -1,13 0,76
106 -1,95 1,33
106,5 -2,42 1,78
107 -2,26 1,23
107,5 -1,44 1,29
108 -1,31 1,66
108,5 -1,77 0,79
109 -1,66 1,49
109,5 -2,17 1,55
110 -1,87 1,70

110
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