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ABSTRACT

This study aims to study an assessment of the weathering of rocks in Songkhla
Province by analyzing and interpreting airborne radiometric data together with
other remote sensing data. Rain water on ground and soil samples at various depths,
and lake-bottom sediment at various depths were collected and analyzed for
radionuclides concentrations.

Results showed that the abundance of radionuclides derived from airborne
gamma-ray spectrometric survey corresponded with geologic features and
geomorphological processes. The Weathering Index of Songkhla (WIS) model was
generated by analyzing airborne gamma-ray spectrometric data and digital elevation
model (DEM); WIS = 2.778 -.453*K +.006*eTh/K -.005*Relief. The radionuclide contents
derived from soil samples well corresponded with geologic features and
geomorphological processes, and with airborne radiometric data.

Study the sedimentation rate in the Songkhla Lake has been performed by the
measurement of Pb-210 and Cs-137 in sediment samples at various depths. This helps
to estimate the sedimentation rate at the present time and at the past time and
understand the water dynamics and changes in the Songkhla Lake system in the past.
Results indicates that the first, second and third highest sedimentation rates are
observed in the Outer Songkhla Lake of valued 1.543 ¢ cm’ y_1 at the west side of U-
tapao mouth, 0.949 g e’y at the west coast of Koh Yo and 0.84 g cm” y near the
Pak Rho mouth. This indicates that the most important factors affecting sedimentation
of the Songkhla Lake are a huge amount of water and sediment eroded from U-Tapao
sub-basin and tidal effect.

Sedimentation in the Inner Songkhla Lake is the lowest at 0.28 ¢ cm’” yf1 at
north of Koh Yai, 0.354 ¢ '’ y_1 found between Lam Jong Tanon and Koh Yai and
0.304 g cm’” yf1 is found south of Koh Yai in the Middle Songkhla Lake.
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re
R = hin(—L) (1)
A
A 2 . 2 & X dy a
o h, Ao relaxation mass depth ,ke/m” 10U mass depth Tufiufi®neds (reference
site) MldanedawnuiAIAMLIRiANTun WS NuT D ugug
Ars D ANAIUAUILUUANTUANNLTINUNS19B (reference areal activity density,
2
Bg/m")
a | w W a & 4 ° o & A
A AD AIAIURUILUUANTURAIWTINUN 8l FLuileenee Tunun@ne (areal

activity density, Bg/m’) fiflandinnina1dnada (A

dusuonsinisazaus (R’) auisauseiiulalnainaunig

’

— ’_
R = (W —A,)/C, (2)
We A’ A AIAUUUILUUALTUANIWTINUN 8l Aundannee Tuundne (areal activity
. 2, aa Y A 1 ] ' H LY
density ,Boym”) #iilAngendnne1eda (A, ) way  C, feAnadediniminuosny
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aunny (Zapata, 2002; walling et al, 2003)

dA(t) R
— = a-Dit— A+prP)AR) (3)
dt d

A & i v W o o a & A 210 A o "
We A(t) A9 AIAMURUILUUANTUANINSIFLTINLNVY * Pb Adunuaseg Tu

& A L. . 2, = a1 o I Y a
nunAnw(areal activity density ,Bg/m’) #41A1011NINATD1904 (Aref

9 a 2 a ¢ v v o a 210 a o
ansvesiukg/myear) T fAeo wWesifudvesiuiunsed ~ Pb fAimnasuilud neunisuas

) R A® 9RSIN15UY

v a = . 2 = | = aa 210

AIUNITHNTIUALY  d Ae cumulative mass depth (kg/m”) 1 Ap A1ATITIAYOY ~ Pb
-1 & a [y 210 2 = & s

(year ) uag I(t) A9 dsuunangues — Pb (Bg/m'year) P ADLWNTGIADIVUIAYDIDUNA

U



wazovazldaunisegsiedmiuiunimnzugnaieBlansomuials auaunis
(Zhang et al., 2003; Zheng et al., 2007)

AH (A — A)
h = (4)
(A+2H ACy)

Wo  h YSunaanudnvesiiufimeluluseud (cm/year) , A fio A1AuULILLY

v v U a a dgl’ Qll o 1 I 2 I ! 1 [ Y% v
AUUUANINTIALTINUN QU ALRUIR9E) (Bg/m ), Aref AB ATAINUAUILUUNUNUNNINIIE

a & A X dy a 2 a | = Aa 210 -1 a =
LINUNYDINUNDWBY (Bg/m ) A #o Aa3e¥inues ~ Pb, (year ) Ho fle Aywdnves
NslangIuAu cm € Ao ANUTNTUANTUANINSIE (MBg/s) wae ¥ ARAIAINMUIWIY
a 3
YAU (g/cm’)
o U v U dl U o U v a 210 dl o 1 v a0 1 1
dmsusnsinisazaud (R') Weadudunnmsed = Pb Aduneinilaunnniien
91999 (A(Y) > A gnunsamuiadle (Zapata, 2002; walling et al, 2003) AU&NATT

A
R' — ex (5)

t ’
J’Cd(tr)e—ﬂ,(t—t )C/i”

t

0
dl = 1 U U v a a dﬁl dl ! dl 1 ! ¥ a 2 ’ A
e A, fepunuuuunuiun wsIEdsiuNdWALINAIA10198e (Bg/m) C,(t) fp

AITLTUALTIUAN NV IRZN DU (Boyke)

ANNTIATIZI 31NV NPAENINNMEATNVBINNDY W3EUGIBE 16BN
dlaspuanuiafiudiegsulszann 2 cm udeuwiedl 110 °C udrsemerfuditawin
Woend1 2 mm UAwiIkazUsTYluNvUEdmsUInfIag19nesed Tdssuuindadunuan
Usganinmesnieiain High Purity Germanium (CANBERRA Model GC1319) aglufinds
$y8mza (CANBERRA Model 747) sutdinsnzisadldindosiasziiuuanstos
Multichannel analyzer (CANBERRA Model inspector2000) uaglglusunsy Genie2000
(CANBERRA) Tun1s3aseiidenaninuazieUsinuvesanasusedunuun lnglinsieiven
wduSaELnuLLaAusiunnnssdvesielalny “°Pb (46 5keV), Pb-214 (351.9 keV)
(Walling et al, 2003; Walling and He, 1997; Zapata, 2002; Zhang et al, 2007)

2.3 wadAn15n52399 lalgInunudunsed Tuieu-137

Bnns199n lelelnuiusiunsed $18eu-137 (7' Cs) 1Hudsisutunld
drsun1sUssiunsTrasesRuLasnsazaus (Soil Erosion and sedimentation) &4
ABusn 9 lumsvszgndld uagiduisnsiduussiumdnsnmsimaneuagnisayaud
vanulutgiesreziialseaunans (Medium-term) taguseun 40- 50 U (Mabit et al,,



2008; Zapata, 2003) wainunzdmsunuidnwivuiainglanninidinaidudunninsed
7 PN o o z:ill N =3 [ dy addyd' a
vaslolalny Be Mumnzdmsunuiivuindn Tnendnmsiugiuvesisiiliewnanysuin
LYY U ad = & a aaa a a  fa LY . . .
NUNUAIIATEEN-137 Fadunanananinisninaesnysu (nuclear fission reaction)
waylinedioglusssuvfuineu audlslinisadesudaiamdesuasvnaossudniandesiu
UTI8INA v bisuiinisnsgaevesdiduu-137 Tulsunaiuinwenayinlasgsidedranlu
fuiisngg Malan dudwad a.a.1950 Wuduun wazlirgeaalud A.A.1963 (Matsumoto,
1987; Ritchie and McHenry, 1990) @ w3U38n15i a1u1satdoyauniins1eyini 6nsIng
Ya19veny (R) Tunuifndinslansiuiu laainaunts 3) dewdeu A(t) Juriaanu
v W o a & A 137 ° o y A L. .
RUMUUANTUAN NSET SNV~ Cs funuaniee Tuiufnfne(areal activity density

2 d‘d ! z': 1 1 1% a L% 1% a 2
Bg/m’) uaz NiAAINIADNE (A ) R Wusnsnisvedrsvesiu (kg/m’year) T

[~ & @ I (v} Y] v a 137 d' 1 1 % a [~3
Wuesiwuavasnuiunsid ~ Cs Annasunlud neuniswausmenistansiuiy d iy
. 2 | = Aa 137 -1 a
cumulative mass depth (kg/m’) A 1JuAiA3sdinues  Cs (year ) I(t) 1w Ysunau
[ 4 137 2 [~ 4 I a o [ [ LY
andues ~ Cs (Bg/m'year) P iluunndinesvuinvesouniany dmsudnsinisazausi
lﬂl 1 o o v a 137 lﬂl o 1 U a0 1 1 v a o
(R") dleafusfunnn$ad ' Cs Asundainflanunnninaneneds (A > A @1u150fuIN
19 auaunis (5) wuietuisnisasiateaduiunnwsidveslelelny aen1-210

ARNTIATITN BUINTUNLENYAULTINNIEATNTBINZNOY LHTHUFIENIRIEANT
dlasauanunafiuieg i amunUsyanm 2 cm udreunisdl 110 °C udrgeueniuiifiiun
Weendn 2 mm uakikazusTIlunwurdmsuindmegimnedad Tunsiiesemdanmnin
wazlFsUSINvRIEUNASUSSELNLIN TaeAT1EieoANS WS LN ANNTUANINSSE
vaslolalny 'Cs nsraTaiingasu 661.63 keV (He and Walling, 1997; Walling and He,
1998; Zapata, 2002; Zhang et al, 2003)

2.4 N1SNUNIUITIUNTIN/AN58UA (information) MNea989

Tanavud et al., 2002. laussifiulenalunisiinseanaianansveshuluniald
vaaUszmAlnglaganfyseuuansaunAgleansuarUayadINANENe ALY WALENNTT
gadeAuaing (USLE) wudngnsimaiianisyzansvesiulunialasglugie sewdng 0 fia 191
dustelinel nenuinasdfulssanm 125720000 du Idgaudsluaniuiinndandy
YSunaumsgaydedu 2.86 dusalsnel UonANHHANNIANTuanslFTiuT 87.5, 2.3
uay 0.5 wWeddudvesiiuiianuavesneldilenagadeiulusedutios sefusuuss uay
sgfuuLsINeudIRy Tnefuiiiilenagadofulussduguusenuagluuinuiufias
19 Rz IUANREAULEYDINA

Tanavud et al., 2006. laAnwIUssdunasnvaInIsgeydefunazn1sazauda
Tuguimeiaauasan Taglfaunisgapdefuaina (USLE) Usgnaufussuu GIS Tngnudnd
Mg deRussann 22,951,339 du andufiianualul we. 2505 uaznuidasiais
VBINTAYFLFU 30.9 t ha'y" wavuenaniiduansliifiuin ﬁuﬁﬁﬁmiqm?ﬂsﬁﬂmzﬁu
fuszanm 43.6 % w3 324,020 enumes waznuiliuiiiAansgyAsfuegieunss



Uszan 4.4 % w39 32,809 Lanwas Jaduiiuildaumeiulduazinuny funnvadguun
NaavaIvan wasdanuinlutdertuiinseeneulunuanlunsiaaiuuseunas 6,885,402
U a ’2 =) o L% ’1
fu visoAndu 813.6 t km~ wiseAndusnInsavausiUseann 0.44 cm y
Sepulveda, et al. 2008. laAnwin13¥Ea19v0IRUA838N1TInloleInd

Y v oa [ A a & Y a | b ) Y]
AUTUASIA Be 1WoAATIZANITTEANURIAULUTIEUS udsandunnnin ( 400mm Tu 27
Tu) veumsungenIAL A.A. 2005 Tuw1suae Buenos Aires Tu Coastal Mountain %119
aaldnaunatveslsenadd guluiuimigdgnanglanmslilonsiuiu wazlifinnswnne
= Y} A oA 2 a = = \ vy g Ao |
wselAyTanlvdeannsiufgnlussesiia 18 Yunew waglviinisiinaluiuifingl?
neuruanviln Ysingindadeiiinasnenisvzdraiinduananduiinnudnuazilunaunain
ASHENND LAYNANTSANYIONITINITULANUDIRULUNUNFAIDE19UTINNI NN BUNUDRIINSTY
9 a | ) . Y ad ) YY) o o 137
AesfulurieszeziansEaunals (medium term) Ale3sn1sinlalelnunuiunsed ~ Cs
AladnsfinwanneuvesiiuinisinzUgnuuuauan@nislansiufuiazinineuaziayian)
waziunnewUasunndunismizUgnisglilansiufuwazliwine  uaslowSeuiioudng
N1592A1NVBIAUNAINHUANUTINT A.A. 2005  NUSAIINISVLA19Ue9RUluT9ss8Ian
JERUNa lanunsaasulainUSunamnuanninuagn Nz i S9ea199IRULINNT

(% '
= =

nunnldlalansiufunazlaiiniswine

Walling, et al. 2003. laAnwdnsIn1svzarsvesiunieisn1sinlelalny
YY) [y 210 § {1 - . [y [ £ .
Ausium$ed * Pbolunuigui Upper Kaleya River ludawninnouldvesussina Zambia

(% '
= =

lngideniunnldusslod 3 dnwag AoN1TNYASIIENITAT NISNYATLNOYUTY wavyLAaY
Aeednd HausIng I NUNYIINITNERTNENIA1 T9NIIN1TTLA1VRIAULREE 8.2 Fiu/ian
e o g A A o e ~ A a o
WesU MyazaudluiiuliafeUssana 3.7 du/ienmesU uaginisayidedu 4.5 du/ian
a3y Ay 55 LU@%L%uﬁﬁuaqU%mmﬁuﬁgﬂ%a”Naaﬂm Tuiunyinynsio UL dn T
ASTVLANNVDIAULRAY 6.4 HU/ABNHDTY NITALAUAIUNUNRASUSEUI 5.2 AU/t9NMBsY
a A a ) e a & ¢ 2 & a a a Py

wasinITgLasaUY 1.2 au/ennesl Aadd 19 1UaIEguavaIusnIminungnyzaI9ennu
wazyjala uaeednilonIIn1sveavesiuedy 4.5 duisnwesy nsavaudiluiuiade
Uszana 0.8 Au/anmesy uaziinisgadesu 3.7 du/iennesy Andu 82 Wosiduduag
a a A:{I ¥ o % ¥ = = v ada % % L% v a 137
USunadungnugansesninauaiu waslallSeuiisuiuisnsinlelelndiudunsed  Cs
Usingimanlalulumameniulinnulndifesiy dainnanisnwildeuaiunsaldisnisin

YRR o a 210 ] | 2 ad Y] v o o~ 137
lolelnuiusiunssd = Pb,, unldmugrseidumadenunuisnisinlelelnuiutiunssd ~ Cs
FeonvagiigmuTunuanitesasainnisaatsdmaulndazinlilawazdeyninisnisanan

137 N v Y & A )

(fallout) ¥0¢ ~ Cs Mdeagumluiunuauidugudgns

Schuller et al. 2004. lavimsAnwinisiasuwdasdnsnismsaaidenulunisy
Buenos Ares nan1Alanaunaeveslseinada Miususzuunisianisiiuimizdgnivg
PnRuninsnetaziawianmedunuieaneunislansiufunndunislivnneuasiay
'Y | a { & v aa o Y o 137
TanreunmslonsiufuiesenisiizUgnasilug medsnsialelelnuiuiunsed ~ Cs wa
U5 IUSIUENIINSNSELaEAUTINAAAY 40% LBIEUAUNITINNITINEATAIINTITLH
nouaziAwiannevdsAungInounslansu



2.5 Uszlowiianinegléisu wu nsweunsluasans andvsins wav uasmissauiit

nan193TeluldUsEle v

251 l§foyadnnnmssedrmeshunardnanisasaud Tutufussmelg
deusuiduiuiidsionmsgadeningu vieenaduiiuiidesfofuody

2.5.2 ahyaansseiuUyaes In uazien idanuidunsuszgndld
fudunSedsssuwd wazmsvenainsetiveentulueuiam

2.5.3 Timnuunuszyivu adugudsiuuvasdoyaniadsnisau
fufunnmisdsssund Afenuduuduaranuannsamanaluladves
Uszimelng

2.5.4 Ransuszaumusmiientumhsnuematazionty wieth
naaideluussgndldliAnyselovifussmalnganniian

2.6 unun1sanenaamalulaguianan1sivegnguilmvneg

nau g LHUNSEeneamalulad

1. drinnudsinaniiedud nsUszyndmaiianieiiiades
[ Aa i < v ° 1Y vaa

2. NFURRUINAY werdudeyadmiunisneununisionau
3. NIUNTNYINTTIEN N15USUUTURUTSTAINET Unaes Nuildesdiefuaay
4. yuyu/Uszvunibl HunsruIumsiseuilagn1sdnduaun inuiwebsite
5. 9aANITJuasSTIamnaLay Wedudeyardugiu dmiunisanaunuimu g

USEnienvuifedlivaua

ad [ Y a v a o [~
2.7 Bmsaiiiun1s3dy uazdauivininisnaasyinudeya
2.7.1 fnwiiuil NWKRUN 1eNanseede Adenvihunney Yeyassalinen
a (54 LY £ Aaa 1 ~ o dgl’ e -’-&J =i
Anneideyalnsduda Jeyassilldnd iefwuaiunfnw uaziiui

3

91989 TATeaALYaYa v ground truth WewRuatuATumw

2.7.2 a$19ATa 0 AULIaRZN DU fﬁ’mumﬁLﬁuﬁaashﬂuﬁuﬁﬁﬂmLLazﬁuﬁé’N%q
< Y] 1 [~ | '3 1w 1 < Y] 1 1 v

2.7.3 yusagraduwissazaunsodalantviaiiograndusagegesls

274  A5997059FNUNNUDIAIDYNNIAUANILLATDITASIFLNALNT  IATIZUNE
ANUIDNIINNTVEANVDIAULALDNTINTAL AU

2.7.5 A58 agung

2.7.6 T19uANUATIME iseeuldatuauysal duaduRu




uni 3
A5n1saniiun1sive

3.1 M sAnwINTvEa NIV AU lUNUT
nsAnwAMuguLslunsreaiwesiulunuideilasniunisiaenisieeeni

a

Aruveayatudunn1mSd#NN1TdTIIN eI ALAET YA UUTIABITEAUAINEIVDIYT
Uspina Saufudioyadun 1y deyassdiive dumailva Wudu Snisfufogistused
AMNANANNY NeTdeulngdlasimAAudNTuYes dalaandusiunssdlag TnAtan n
FulilamawiwanluiesufURng wazadiunisdrsniaaunlagldssidouisnismessd
Wand 1fun nsdrsraismindadn wazmsdranaulmaziiieunuvaziiou lailian
gUnsnluaiBsiunmside futelud

4

Tangunsaldniumsiiasizinazinudayanuiunninisdnsiaianiseinia
1. unufifusup AnSsEnsaaTn19e1ne UsEnausie iy
Pnuvaidey LLmuﬁqLiLﬁauam@ LLazLquﬁmaﬁwauga 11518731 1:250,000 58219 NB
47-3 SONGKHLA, NB 47-7 SATUN wag NB 47-8 NARATHIWAT
2. ToUARUUTIABITEAUAIINGURINTUTEINA SRTM DEM 90 m
3. JeyaarsaumaAiia1ans 1wy vaulwnn13UnAses dnyuznlienie

[ a

nwazniuszma ninensu dnwagnessaliven usuy

nsiAufieendy

1. \@eaiusiognemy 2. 99U

3. QENANERN 4. g1395av94

5. nnuadl 6. AAULLAT
NISLASEUFIBLN9AY

1. AsEAuranen 2. 2a1NANAIDYNN
3. anelddnegiedy iewidgeu 4. wauAuTou
5. %Y 6. ASAUA — &N

7. P30T OULENULINVDIAY 8. naasilay

9. FoUANAT 10. ety 4 funus
11. ASEUBNAIY 12. wuniugeln

13. nszUnuanadndwmsulddiegemiu
14, 9¥UATIENIUINBUYNIATBIAU (analyseniseb test sieve)
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3.2 Bsiersiuasinnudayaiusiunnmssdnsaadianieima
n1sATzRnaginuteyadudunninssdnsiatanisennia Wuns
Wisuifsuauduiusvasdeyafusfunnmisdnnaiamsenmadiufudoyadug Tufiud
fnwn 1wy vihaidmudiuduvesihleadiusiunsedaed mnuduiusvesuiinauileaad
futumssafudnunenisssiiine viessdldaguinensig 4 MiRetuuinaiuify nou
thifeyaluiirsgiuazinnufinssuaunssngg Toun msudauud fufunamisdnsatn
9017 (Wuiinszay) Wegluguuuudeyadivia mIuvasiitauazudludoyasziuaiy
gewesiuszina SRTM DEM uazmsnausdeyafudunnmisdnsiaiomeeina Lile
wissnanunTeulviaunsaindeyaluldlunisieseiuazinnula

YY)

A v (% PN 4 I
NISbURILAUNNUUUANINIIENIIVINN1IDINA (LHNUNNTEANY) 1‘1/1@%1‘14

aa v

sULUUlBYasava
L nsdnsiaiansennianeglugliuuwnuninssaliaunse
ldlgivlusunsusing islumslinsgiuasinudeya duulunsinsziuasininy

aa v

wrunfuiunnms@nraianieniaagdesnlasnuinseayleglusliuutoyaiia

Tneiitumeu fail

1. thusuiifiusiunnnisdnnatansenmasuaduludeonais

2. Wuhnndasdumurmdnlunudiatudeenans wdthlvaununm

3. digitize AfuumSAvonduse annmitaunusaelusunsy Dideer 4

4. waiindeyaainseuuiinia Indian 1975 (Lat, Long) Wieglussuudiin
WGS 84 (UTM)

5. Grid Yayalnimelusinsy Surfer 9 ¥u1A 500 X 500 1A

6. wlatoyannututuvesiileaniudunssdannisdrsianiseinia Ty
sUwuutayasavia (*.grd) Usenausie deyandinuidutuveddnunaden gisilouauya uay
yaFevauya (@unsathlild *grd Tuldlunsadaunuil uvenanidsanunsn export tidly
SULUUBUT 19y * dat, *xis 1Tudu iilelindeyasmeTusunsusieg)
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ﬂ:)rk

T T T
600000 650000 700000 750000 800000

SUT 3.1 uduianuiduduveddnunaden n.) uiuinsea1eilaaddnuavanids 58319 NB
47-3, 9.) WHUNIINToyandvia 53219 NB 47-3, 47-7 uay 47-8

miuvasiiinuazuiludayaseiuninugsuadniivseing SRTM DEM

foyauuuaessriuamugauasgivssmaitnnflumiaded Wudoya
IMNNANLATINLUTEAUAINENUTUAY (Shuttle Radar Topography Mission Digital
Elevation Model %38 SRTM DEM) lngilanuastdenvestoyawiasiu 90 wns Iavilag
NASA Tutl 2003 agluszuuiiin WGS84 (Lat/Long) nsuiludeyaseiuainuganasiuag
fifaditunou foil

1. mmﬁwamsﬁaga SRTM DEM 90m 310 _http://earthexplorer.usgs.gov/
Tnendeniiufl foust axfign 6 - 8 osunile aos3gn 99 - 102 psrny Tuoon Talwdduiiu
fufuionun 5 Wd wiaglidfown 1x1 am

2. ufilvirseiuanugeesiumisiifideyaiianatn selusunsy 3DEM

3. wasiiinan Lat/Long Miegluiiia UTM

4. Yuiinlwdluguwuu USGS DEM (*.DEM)

5. liteyaseiuanugesiivssmaiusludeyaifanainuazuuasiiin
W&y anansas Ul UTUsunsudue Aivelumsiesgiuaziiany


http://earthexplorer.usgs.gov/%20มีความละเอียด%2090%20เมตร%20ทั้งหมด
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=3

e Openstion GPS _Color Scale _Geo C

AN U]

JUN 3.2 oya SRTM DEM 90 m fiaiUasielusunsy 3DEM wagliunluAseduninugeves
AUVIARANAA

nsdauedeyaiuiunn1nsidnsiainniweinia
n1sunauedayadudunninisdnsiaianiseinia Wunisindeya

LYY v

Auduanindednsiaianisenialuguuuudadna undnaweluguuuunieg enassdiiaus
JoyansaumquTIiuiifnwviedonanzurcusnailianuaulails susuulunisdiaue

Y 9

€

€

[V v

Toyatusiunnmisdnsiaianisennia Tiua unuil 2 87 unufivladnay uaznnLLNea 3
16 Teedlianisiazidnenedeninull mwﬁﬂ%auaiugﬂuwshm mmsmﬁﬁagaﬁuq L
voulmsLne Sain SnwazmassdiRnet dumah Wudu umidewiuld iedagluns
Angiuariinn Tnefituneulunisadausuiilusuuuusine il

1. export Iddureumiuiidminawardelusunsy Arc GIS 9.3

2. uwhlvdureuaiuifmiaamarilddeutuuavauduiilidosnisesn
#2e felusunsu Didger 4 iitelmaeaniziduveuiwnfiuiuresdwminaan

3. Saguuuulild (< ply) iog Tusuuuuiianansaldaudnelusunsy Geosoft
Oasis montaj 7.5 TnglWddazidulnidvouwnitufvvesdwminasan

4. Dummy grid Yeyanuiiunninisdnsiainnemauazdeyaszauaiy
geveeniiusema melusunsy Geosoft Oasis montaj 7.5 aglavayadudunnmssduas
foyassduanugaamsinaiuiiinum Uil 3.3 wansnmaiouifieudeyaveddnumadon

NOULAZEIIN Dummy grid
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JUT 3.3 Wiguiigudeyavedlnunalgey n.) Yeyaneu Dummy grid, ¥.) Teyanas Dummy
L= & v & A
grid Faludeyaluiuidnw

5. asrausufuunnm$sdluguuuusing q Tiun

- ouwui 2 83 Wunisuansemiduduvesialaad fusunsed 16un
Inuvaden giiflouauya neSvuanya nIouanidnstdiuanudutuvesialaadg
Fsumn$ed 1wy uwuiisnsidmeSeuanyase lnunadey 1wy

- wnuivdindnan Wumsuanseanduduesinlaadfuiundsdsiuiu Tne
Taunsuansnnuiduduresmadon AdomannruduturemeFouauya uariiniu
WERIAILTNTUYRIELT HELANLa

- amyguwes 338 Wunisuansanududuresdalaadiudunsed leaun
Inuwnal@ey gisidovauya vienaissuauya fouuutayawuudnasiseiuaIugIvedgll

Uszina visouanidoyadue deuvudeyawuudtaessziuniuawagivsznanls

3.3 MINATISIMIAG VUKWV TULALNTAAIY

meseimadlimesiuluiuiifminamwarlduszgndainnsdinu
mriinnuguusdlunsyifaesiuvesiivseanside (Wilfold, 2012) Fslsusuriivum
ANNAUNUTTENIN smﬁ"ummwmﬂumﬁ@quaqﬁuiuﬁuﬁﬁwmmsﬁammmmﬁwaaﬁu
AAFUINLAENTIATIEInILTosAUsEnoUluTRIUFTRANNT FeutsseRunisyiavesiiy
sandu 6 s¥Av 91nTzaU 1-6 lawn Huldnils, gisldes, gisuiunans, nieunn, Wenng
LAaTHWITULTY AudoyaiudunnnsidnsiaianiseniakastayaseAunINaIvee)l
Uszina lawn Wnunadey (K), gisillovauya (eU), naiSeuauya (eTh) , dns1diunaisey
auyasialnunalgen (eTh/K), 8n51USU5E (Dose) WagAINULANANNTEAUAINEIBINI
Uszina (Relie)  wazlaasrsiuudnaesadyiauguwsslunisyiavesiiu (W) Ao Wil =
6.751 +-0.851*K +-1.319*Relief + 2.682*Th/K +-2.590*Dose

31NN15ANYITDY Wilford vibinsaudn K, eTh/K uaz Relief daiuduiug

[y

N v v a IS L v 6 d‘ = L7 v 6
ANUIZAUNTIHWITBINU Dose UAMUAUNUSUIUNAN VaUeh eU g eTh AANUANNUG
?

ﬁe

AN

<

gslsimudugefthdannin a1 Wil danuaenadesiuszauninuiuwsdlunsniaves
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filuiufiaiauazanunsnsuunseiuarusunssunsisesiulddnaulussdunants 1-
3 yppiisedu d-6 a1 Wil fnnsnszanseglurasdideutrianianazenlsifienuunnsiisty
FaLau

Tunsinnadedfsldudseiumagitesiiuoonidu 3 sefu Tnauszgndld
meandutulneyszanamednunadenannmsanwves Witford teldiduvouiuslunis
wlsspdunanieosiiudosiu wasmanuduiusserie seduaruguusdlunisyisvesi
(W) 7 K, eTh/K wag Relief G93is 3 AwlsAautadinuduiuslagnsatusERUNITHI
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4. ATINADUANNARBAAGDIYRITBYATENINN WC U K, eTh/K wag Relief
Melusunsu QI Macros 2015 lagfiansaNAINNADAARDIY8UBYAINAIFUUTEANT

ANAUNUSWUULNESEU (Pearson correlation coefficient) TagdANudunusaInIsIe 3.2

A1579 3.2 ANdUUSEANTaNdUNUSWUULNYSAU

CORREL WC K eTh/K Relief
WC 1.000 -0.947 0.704 -0.803

K 1.000 -0.669 0.714
eTh/K 1.000 -0.456
Relief 1.000

PnAduUszandanduiusuuuiiosdu Wuanddiduin we  faanw
AOnAABIANU K, eTh/K laz Relief

5. ihdeyaluatisuvusiassaduiyiavosiuluiiuiifminasan
(Weathering Index of Songkhla: WIS) f38n15iATIgvinIsanneenyas (Multiple
Regression Analysis) lAlLUUd1a09 uanIRI8aunI1s 3.1 A1 multiple R = 0.097, R square
=0.941

WIS = 2.778 -.453*K +.006*eTh/K -.005*Relief (3.1)
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1. fa¥edunuanannszyninonaiinienld feyninfedununviaiia
HPGe tietlUAlasgsimaimududues Inunadon gindovauya uasnoiFouauya
NAIYAU T2V TATIELANNYINIUAIBlUTINTN Gamma Aquasition & Analysis Genie
2000 YaSsdunuinusazsegnadunan 7,200 Aund vinstuiinainaSuesssdunuuiile
ilnszvinely

2. Fnfedunuanveansunsgu 1AEA Soil-04 leglaldlilunsesynwanafn
yawifunszndiedne 100 niu Jandnd fumuiuaeliuazislfidunaregsies 30

Ju wielidngdaunanedsduds Tneansuimnsgiu 1AEA Soil-04 \uansiivsruaaanuidudu
vosihlaadiudunadsneg agudd tialdlunismeAiussdnsnmeesininfiseaundasieg
TAFEUNNUIVOIEITUINTFIU IAEA Soil-04 1TuLaan 7,200 Fundl

3. Jasednivds Wunsiassdununifetuluannemusssuyd Inenisld
CaCos 100 n$u Tunszynwanafinfidvunewindunszyndzegne Wuwmuuaelnuasssliidu
nanegeey 30 Ju Wielidngaunan1esid@udy Tnsadunuundunan 7,200 Funil

4. Apsgvalnesussdunuinuesinindsduin HPGe lnnisiiaTiziigen
WaNUUITIELNUI YA nLAaz i lraniutiun S uazAmwa iU liueand ey

A o a ¢ v W ° 40, , 238 232
(Net area) tathlUdaszimariuiuanmdwizees K, = Uuaz = Th
a d 1 > > o 40 L2 ¥ 2 { 1
AMFATIEReMIANUTUAN NI LNIZURY K dalaainsedunuinivaess
Y | 238 232 vax v o A
ponNlaY K-40 AIWasu 1,460.8 keV @ U wag — Th l9isnsinsedununiivasy
sanulneiilaadiuiunsedsugnuaiuneglusunsuifeliuiazegluaniizaunanieseg
i A v o ° 238 ) v A 226 A o
Aadsdutunn T LNIzes U dnainssdunuiniivassesnuilay © Ra AINawIu 186.2
214 A o 214 . A o
keV, ~ Pb NMasanu 295.2 keV ag 351.9 keV wag  Bi “wadu 609.3 keV wag 1,120
i YY) ° 232 o o o A 228 A

3 keV Anadsdudunn ndwizaes  Th dnandsdunuunivaeseenuilag © Ac 9
WANU 338.3 keV wag 911.2 keV (5U# 3.8)
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N193LATIENMIANTURNINTDTI L AAAATIIY NOUBUITADIAIUIINIAN

v v a

Usgansnmueaiainged (Efficency) 1na7150195514 IAEA - Soil-04 Taein15AIUIRAN

UszaNSNIMU0IRIIngad asaunis (3.1) wazUssandninnisinsadnnuuiNAIngaIumaIge)
wanslumisng 3.3

Net area

Efficiency =
eleney (livetime ) Activity )Yield )

(3.1)

do  Activity Ao ardusiunnwwesialraniusiunsed Surdaendu Bg
YBIETUINIFIUNNS U F e

Yield R branching ratio fraction

Live time @® the actual ADC live time flwaetduiund (s)
Efficiency A9 A1UsEANSAMU09HIn a wasussdunuan Tumiiy cps/Bq
Net area R Nuildvenanndumdanudsdniasz

A3 3.3 UszanSn1mn1sInsednnuunnaIng 9 ussdnnuuisige

Nuclide | Energy (keV) | Yeild (%) | Activity (Bq) Net area Efficiency
(counts) (CPS/Bq)

226

Ra 186.2 3.59 5.05 315 0.241313662
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214

Pb 295.2 19.3 5.03 423 0.060517723
e 3383 11.27 4.12 229 0.068422231
by 351.9 37.6 5.03 715 0.052507062
21 609.3 46.1 5.03 540 0.032343898
e 911.2 258 4.12 287 0.037458282
21 1120.3 15.1 5.03 67 0.012251729

“k 1460.8 11 48.79 1014 0026240557

v W 40, , 238 232 v A ° %
Arfuduaninues K U wag  Th weefegehiu Awiaddainaunis
A o 1 v o % Y 1A ) ° 40
(3.2) wazdlptAfusiunnimmisieniavesiegeiuagldmiudunaindimeves K,
238 232 [ 1
Uuaz ~ Th agluniielu Boske

Net Area
(LiveTime)( Efficiency)(Yield)

Activity (Bq)=

(3.2)

5. uwlamnheanududuvesiilaaniuiiunsed a1n Bokg Teglumiae
%K, ppm eU wag ppm eTh a1U#A1519 3.4

A1319 3.4 nsilasuntieanututuvesdilrannusiunsadluiduniioanie (AEA, 1989)
40

1% in rock = 313 Ba/ke K
1 ppm U in rock =1235 Bg/ks 238U, or “’Ra
1 ppm Th in rock =4.06 Bg/ks “h
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A1519 4.1 APNULILTUTRIT lran NusTuASIEINAI0819RU

Site site 01 site 02 site 03 site 04 site 05 site 06 site 07 site 08 site 09 site 10 site 11 site 12 site 13 site 14 site 15

E 678203 673532 670065 665688 660858 658735 657820 656866 655278 652779 650628 647578 645160 655899 628441

N 773015 770114 769326 770507 772257 772308 772306 774208 776293 779041 781992 785008 788172 783565 628441

k (%) Depth 0-10 cm 1.06 0.43 0.68 0.45 0.42 0.00 0.14 1.05 0.08 0.11 0.15 0.08 2.78 0.08 4.74
11-20 cm 1.13 0.41 0.89 0.59 0.37 0.09 0.12 0.95 0.07 0.14 0.20 0.02 3.22 0.06 3.67
21-30 cm 1.13 0.51 1.03 0.72 0.43 0.06 0.10 0.92 0.08 0.05 0.26 0.00 2.95 0.01 3.78
31-40 cm 1.45 0.58 1.13 0.78 0.45 0.02 0.17 0.72 0.32 0.07 0.02 3.02 0.08 5.38
41-50 cm 1.31 0.59 1.25 0.79 0.54 0.00 0.18 0.57 0.24 0.07 0.04 3.19 0.02 6.25
51-60 cm 1.40 0.65 1.17 0.76 0.51 0.05 0.18 0.59 0.21 0.09 0.04 294 0.11 5.44
61-70 cm 1.58 0.69 1.34 0.80 0.49 0.03 0.10 0.52 0.17 0.00 0.05 3.08 0.00 4.56
71-80 cm 1.53 0.70 1.41 0.97 0.53 0.05 0.10 0.67 0.22 0.04 0.06 3.04 0.13 a.17
81-90 cm 1.58 0.63 1.36 0.91 0.51 0.14 0.15 0.70 0.13 0.08 0.06 2.98 0.07
91-100 cm  1.48 0.68 1.45 0.85 0.65 0.06 0.13 0.80 0.10 0.06 3.08 0.09

eU

(ppm)  Depth 0-10 cm 3.78 6.54 3.43 5.53 3.46 5.28 4.31 11.40 3.43 3.95 3.41 2.79 11.16 584 26.79
11-20 cm 4.27 8.13 3.39 8.68 3.42 543 a.57 11.26  4.42 4.05 5.09 2.48 13.08 6.09 26.74
21-30 cm 4.49 8.84 4.15 10.80  3.20 5.49 4.93 10.70  4.82 a4.74 5.74 2.64 1232  6.44 26.91
31-40 cm 5.34 8.29 3.58 10.83 395 5.35 4.42 9.70 a.47 4.11 3.10 1376  5.62 25.98
41-50 cm 5.74 7.85 4.83 9.37 3.71 5.38 4.38 9.88 4.86 4.90 3.15 1405 5.85 24.26
51-60 cm 5.81 8.17 6.07 9.14 3.64 5.25 4.26 9.55 4.62 a.77 2.84 13.05 5.46 25.67
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AN979 4.1 AP N NdLaasTin lrasA N uR RN nAaatingAY (Aa)

Site site 01 site 02 site 03 site 04 site 05 site 06 site 07 site 08 site 09 site 10 site 11 site 12 site 13 site 14 site 15
E 678203 673532 670065 665688 660858 658735 657820 656866 655278 652779 650628 647578 645160 655899 628441
N 773015 770114 769326 770507 772257 772308 772306 774208 776293 779041 781992 785008 788172 783565 628441
61-70 cm 5.79 8.16 5.27 9.66 3.16 5.58 4.42 9.49 4.64 4.50 3.29 14.04 547 23.46
71-80 cm 5.75 8.88 5.57 9.03 3.92 5.50 4.56 9.22 4.50 5.40 3.40 13.43 581 22.59
81-90 cm 5.54 9.42 5.84 9.98 4.48 5.27 5.16 9.94 4.74 6.20 3.69 1336  5.30
91-100 cm  5.71 8.39 5.35 1221 4.06 5.04 4.70 9.68 6.29 277 1292  5.65
eTh

(ppm)  Depth 0-10 cm 16.64 1258 1376 1270 1225 24.67 1081 2386 9.74 13.89 10.69 522 3349 3459 12748
11-20 cm 1659 1685 16.04 1541 1190 2140 1336 2562 10.57 1525 1396 556 4197 3544 12474
21-30 cm 1920 1889 16.16 2245 1008 2198 1390 2264 1508 1724 2046 583 39.06  36.40 124.73

31-40 cm 2271 2008 17.68 2745 1208 22.01 1587 2279 2569 16.99 7.60 39.97 3493 138.28
41-50 cm 2249 1997 19.12 2888 12.88 2340 1653 2329 2486 18.32 7.19 42.15 31.16  145.03
51-60 cm 2347 1964 2151 2861 1203 2536 1726 2296 2593 18.72 8.60 38.75 33.63 12831
61-70 cm 24.67 19.89 21.09 3030 12.06 2797 1521 21.83 29.00 17.82 6.99 41.20 3226 119.39
71-80 cm 28.45 2140 1927 3034 1091 30.38 1830 22.68 33.17 22.29 8.22 4141  30.19 120.63
81-90 cm 2635 2297 2243 2729 1424 3027 1745 2344 3219 2208 9.76 40.14  32.71

91-100 cmm  26.51 2275 2294 3459 17.09 2899 19.51 2327 21.06 9.16 46.70  31.83
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Abstract

Airborne gamma-ray spectrometric survey measures the abundance of natural gamma ray emitted from
potassium (K), uranium (U) series and thorium (Th) series in the top of the earth’s surface. Gamma ray
emitted from the ground surface relates to the mineralogy and geochemistry of bedrock and weathered
materials. Airborne gamma-ray spectrometric method can be used to study weathering of rocks. The
weathering is disintegration or alteration of rocks and minerals by chemical and physical processes
those relate to environmental condition at or near the earth’s surface. The weathering process modifies
the distribution and concentration of radioelements from initial bedrock concentration. The
concentration of potassium generally decreases with increasing the weathering of rocks because
potassium is highly soluble and leaches from weathering profile, whereas the concentration of uranium
and thorium in weathered rocks depends on complexities of dissolution and precipitation process of
each radioelement. The weathering data of rocks in Songkhla Province obtained from analyzing
airborne gamma-ray spectrometric data and digital elevation model are compared with geological,
erosion and landslide hazard maps. Data processing and interpretation are currently being carried out.

Keywords: Airborne gamma-ray spectrometry, Weathering, Radioelements, Songkhla Province

Introduction

Airborne gamma-ray spectrometric survey is one
of aerial geophysical methods by measuring
abundance of natural gamma ray emitted from
potassium (K), Uranium (U) series and thorium (Th)
series in the top of the earth’s surface. The abundance
of gamma ray emitted from the ground surface relates
to geochemistry and mineralogy of bedrock and
weathered materials. Airborne gamma-ray
spectrometric survey has been used in many
applications, such as detecting mineral deposits,
geological mapping tool and environmental
applications. The objective of this work is using
airborne gamma-ray spectrometric data to study the
weathering of rocks. Studying the weathering of rocks
is beneficial because the weathering is one of
important factors affecting the occurrence of landslide
apart from rainfall and deforestation. Nowadays, the
landslide is an important disaster destroying a lot of
lives and building. Consequently, the weathering data
of rocks covering a wide area are useful to further
study the landslide hazard area.

Radioactivity is common phenomena of natural
geological materials. Radioactivity occurred in three
types that are named alpha particle, beta particle and
gamma ray. Alpha and beta particles cannot move

though soils, rocks and air. Therefore, there is only
gamma ray that can be detected by airborne
radiometric survey. Generally, there are many natural
radioisotopes. However, there are only radioisotopes
of potassium, uranium series and thorium series that
can produce sufficient gamma ray to be measured by
gamma-ray spectrometry. Potassium measurement is
direct estimate from abundance of “°K. Uranium and
Thorium measurement are indirect estimate through
daughter radioisotopes, 2**Bi and 2°8T]| respectively.

Potassium is a major component of the earth’s
crust (~2.5%) [Wilford, Bierwierth and Craig, 1997]
and is mainly found in rock-forming minerals such as
K-feldspar and mica. The abundance of potassium is
high in felsic rock but low in mafic and ultramafic
rocks. Uranium and thorium are a minor component
of the earth’s crust (~3 and ~12 ppm respectively)
[Wilford, Bierwierth and Craig, 1997]. The
abundance of uranium and thorium is high in
accessory and resistant minerals such as monazite,
xenotime and zircon but low in rock-forming
minerals.

Weathering is breaking down or alteration of
rocks and minerals by chemical and physical
processes that relate to environmental conditions at or
near the earth’s surface. The weathering of rocks can
be separated in two major types which consist of
physical weathering and chemical weathering. The

XXX
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physical weathering is disintegration of rocks into
smaller pieces by mechanical process without a
change in mineral and chemical composition of rocks.
The chemical weathering is alteration in composition
by chemical reaction of minerals with elements in
water and air. Factors influencing the weathering
intensity of rock consist of parent material, external
climate, topography, biotic potential and time. During
weathering, potassium  concentration  generally
decreases with increasing the weathering because
potassium has high solubility. In contrast, Thorium
has low solubility and solubility of uranium depends
on valence state of uranium ion. Therefore, the
concentration variation of uranium and thorium
during weathering is complicated. Uranium and
thorium are released from rocks during weathering
but can be adsorbed by clay oxide of Fe and Al in
weathering profile.

Materials and Methods
Study Area

Study area is Songkhla Province. Songkhla is an
east coastal province in southern Thailand which
covers an area of 7,393.889 km?. This area is located
in 6°17'-7°56" N latitude and 100°1'-101°6' E
longitude. Landform in the north part mainly is
alluvial plain, the east part is coastal plain and the
west and the south parts are mountains and plateau.
Songkhla has been influenced by tropical monsoons
which include the northeast monsoon and the
southwest monsoon. Therefore, Songkhla has only
two seasons. The hot season is from February to July.
The rainy season is from October to January. Figure 1
shows geological map of Songkhla [DMR, 2007].
Songkhla is mostly covered by Quaternary sediments.
The found oldest rock occurs in  Cambrian period.
Sedimentary and metamorphic rocks are found having
many types. Moreover, igneous rock found in this
area is granite occurring in Triassic period.
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* | Metamorphic rocks
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Figure 1. Geologlcal map of Songkhla Province.

Data sets

This work studied the weathering of rocks by
using airborne gamma-ray spectrometric data. The
data consist of K, eU and eTh. These data were
derived from surveying in 1984-1989 which cover
most area of Thailand under handing of the
Department of Mineral and Resources. Potassium is
expressed in percent while uranium and thorium are
in parts per million. The digital elevation model
(DEM) was also used in this work. DEM was derived
from The Shuttle Radar Topography Mission (SRTM)
elevation data collected in 2000. Figure 2 shows all
data sets that were used.

a)

a
|

c) d)‘

Figure 2. a) Potassium map, b) Thorium map,
¢) Uranium map and d) DEM.

Weathering intensity of rocks

This work used the weathering intensity index
(WII) [Wilford, 2012] to assess weathering intensity
of rocks in study area. The WII formula was
generated by analyzing correlation between airborne
gamma-ray spectrometric data and DEM with
weathering class for the Australian continent in 2012,
The weathering class is levels of rocks-weathering
intensity from field investigations which separated
into six levels. The WII formula is shown below.

WII =6.751+-0.851K + —-1.319Relief Q)
+2.682Th/K +-2.590Dose

The dose rate was calculated by using the formula
13.078 K (%) + 5.67 U (ppm) + 2.49 Th (ppm)
[IAEA, 2003] and is expressed in nanoGrays per hour
(nGy/h). The relief surface was generated from DEM
analysis by calculating the difference between the
lowest and the highest elevations within a 270 m
radius.

XXX
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Results and Discussion

The abundance of radioelements corresponds
with geological features and landscape process (figure
1, 2 and 3). Figure 3 is ternary map (RGB = K, Th
and U). Granite mountain zones apparently show high
concentration of K, Th and U, whereas other zones of
sedimentary and metamorphic rocks show lower
concentration. Moreover, the ternary map can show
channel as a result of transportation and deposition
from granitic mountain.

Area of special interest is granite mountain
zones. Main component of granite are quartz and
feldspar. Feldspar is easily weathered by hydrolysis
reaction. Besides, granite zones are higher steep than
other zones. Therefore, these zones have high risks in
occurrence of landslide.

Channel

The WII image for Songkhla shown in Figure 4
was calculated by using equation 1. The WII values
can be used to indicate weathering intensity of rocks.
Values of the WII increase with increasing weathering
of rocks.

Figure 4. WII image.

The WII image in Songkhla indicates that the
WII values in low plain areas are higher than
mountain zones. In plain areas, there is much time for
rocks to weather. In contrast, mountain zones have

more slopes. Weathering of rocks in these zones is
more difficult. Moreover, weathered rocks in these
zones may be eroded from the origin by agents such
as wind and water. Therefore, the WII values in
mountain areas are lower.

Figure 5. Slope image derived from DEM.

Slope image for Songkhla shown in Figure 5
was calculated from DEM data. Levels of slope were
separated into nine levels. The slope levels
correspond with WII values. High levels of slope
correlate with low WII values, whereas lower levels
correlate with higher WII values. The levels of slope
affect weathering intensity of rocks and erosion rate.

Erosion level
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Figure 6. erosion map.

Figure 6 shows erosion map [LDD, 2002].
Erosion levels are separated into five levels. Most of
erosion map corresponds with the WII values. High
erosion levels correlate with low WII values, whereas
lower levels correlate with higher WII values.
However, some zones are not correlated. For example,
the WII values of the granite mountain area in west
Songkhla are not correlated with erosion levels. This
area is mountainous that there are both high and low
slope. The erosion map shows low levels in this area,
whereas the WII image shows low values in steep
zones and higher value in more flat zones.
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Landslide hazard level
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Figure 7. Landslide hazard map.

Figure 7 shows landslide hazard map [DMR, 2004].
This map shows risks in occurrence of landslide
which separated into three levels. This map indicates
that landslide hazard areas mostly are near the granite
mountain, whereas other zones have no risk although
there are the high WII values. In the risk zones, high
values of the WII indicate high risks in occurrence of
landslide, whereas lower values indicate lower risks.
High values of the WII in mountainous zone are result
of high weathering intensity of rock and thick layer of
weathered rocks. In contrast, low values may be result
of low weathering intensity of rocks or high erosion
rate.

Conclusions

The airborne gamma-ray spectrometric data can
be used to assess weathering intensity of rocks.
Particularly, potassium content  systematically
decreases with increasing the weathering of rocks.
This work indicates possibility of applying the WII in
order to assess weathering intensity of rock in
Songkhla area. The WII values correlate with
geological map, slope image derived from DEM,
erosion map and landslide hazard map. However, this
index might be adjusted for this area because of
difference in geology and climate between Thailand
and Australia.
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Abstract. The cosmogenic radionuclide 'Be is increasingly used to obtain information on
event-related soil erosion rates within agricultural landscapes. In this study, we select two
undisturbed and flat areas to calculate the reference inventory and relaxation mass depth by
using 'Be technique to document short-term erosion. Our results showed that the depth
distribution of "Be in undisturbed soil profiles was 1.0 cm in sites S02 and S03; the initial
activities were 31.6 and 38.8 Bq.kg™, respectively. The relaxation mass depths were 5.4 and
7.2 kg.m™ and the measured reference 'Be inventories were 71 and 110 Bq.m™ for sites S02
and S03, respectively. The difference values of the relaxation mass depth and the reference
inventory of both sites implied that for determining a short term soil erosion using 'Be, the
reference site was suggested to be selected as close as possible to the study site.

1. Introduction

Some agricultural practices such as burning of stubble and crop residues after harvest and subsequent
ploughing and disc harrowing for seed bed preparation leave large areas of bare soil have increased
the soil erosion problem that relating to the reduction in soil productivity and to the off-site effects of
eroded sediments such as transportation of the sediment-associated nutrients and contaminants (e.g.
agricultural pesticides) through terrestrial and aquatic ecosystems [1-3]. Therefore, the reliable
information on rates of soil loss is important for an improved understanding of sediment transfer and
storage in catchments and river basins to provide a basis for sustainable soil management. The
environmental radionuclides *’Cs (T, = 30 years) and unsupported 210py, (T, = 22 years) are widely
used to document rates of soil redistribution on agricultural land, but both these radionuclides have
provided the retrospective estimates in the medium-term (i.e. ca. 50 years for *’Cs and up to 100
years for unsupported *'’Pb). The obtained values from both radionuclides are the average rates taking
account of inter-annual variability in the magnitude and frequency of erosional events. If the
magnitudes of soil loss associated with individual events or periods characterized by specific land use
conditions are required, the short-lived radionuclide Be is used to calculate the soil erosion rates.
This paper reports a preliminary investigation of undisturbed and flat areas aimed at exploring the
potential for using 'Be measurements as the reference inventory and relaxation mass depth to
document the short-term events of soil erosion.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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2. Methodology

2.1 Background and initial depth distribution of the beryllium-7 in the soil

"Be is produced by cosmic-rays spallation reactions in the atmosphere. These reactions occur
primarily in the stratosphere and upper troposphere, where charged particles (alpha particles,
electrons and protons) induce nuclear reactions with oxygen and nitrogen atoms. The 'Be
attaches to airborne particles and its deposition is continuously delivered to the earth’s
surface by wet and dry fallout [2, 4-6]. Although it is quickly sequestered to the Be”* ion by
slightly acid rainfall, its ion is rapidly and strongly fixed onto the clay minerals in the soil [2,
7]. Therefore, cosmogenic 'Be has been widely used as a tracer to document both the
magnitudes and the spatial patterns associated with short-term or event based soil
redistribution on agricultural land [1-2, 8]. The 'Be technique is, principally, based on the
comparison of 'Be inventory (Bq.m?) between sampling sites and reference site. The
reference site is selected from undisturbed area located near sampling sites. The 'Be
inventory for sampling site is depleted relative to the reference inventory that can be referred
to occurring erosive processes, whereas areas of deposition can be located by increased
inventories [1-2, 8].

There are three key assumptions for using 'Be measurements to estimate both the soil
erosion and sedimentation rates [1-2, 8]. The deposition of "Be fallout from atmosphere to the
ground surface is, first, spatially uniform. Secondly, preexisting 'Be in the surface soil in
study area is uniformly distributed across the area. Finally, the 'Be deposited during event is
rapidly and strongly absorbed in couple centimeters of surface soil and can be mobilized by
erosion. From these assumptions, it can be assumed that the initial vertical distribution of the
"Be activity C(x), (Bq.kg’l) within the soil will be characterized by an exponential decrease
with mass depth x, kg.m?[1-2]. The sample model to estimate the soil erosion and
sedimentation rates is described below,

Cix) =C{Dexp(—x/h,) (1)

where C(0) is the initial activity of the surface soil (at x = 0) and h,, kg.m?, is the relaxation mass
depth.

The reference inventory of 'Be, Asep, Bq.m?, is defined as the initial total areal activity at an uneroded
stable site or reference site in the study area:

A, = A(0) = _[(.‘:.r]m.- = h,C(0)
0 (2)

The areal activity of "Be below depth x, A(x), Bq.m'z, for the initial distribution is therefore:

A(x) = j("[_r ydv = A cexp(—x/h,)
\ (3)
The relaxation mass depth describes the shape of the initial depth distribution of both the activity as
shown in Eq. (1) and areal activity as shown in Eq. (3) in the soil.

By measuring the activity of 'Be, C, in different depth increments of soil collected from the
reference site and establishing the mass depth of each depth increment, the values of A(x) for
corresponding mass depths x down the reference profile can be calculated. Logarithmically
transforming Eq. (3), h, and the reference inventory A, can be deduced from a linear regression
between [n[A(x)] and x.

2.2 Study site

Atmospheric deposition fluxes of 'Be in the study areas, the fallout samples during December, 2012
to December, 2013 for periods from 1 to 31 days depending on the frequency of rain were collected at
the top roof of the Physics building called SO1 site (7°00°24.6” N, 100°29°57.8” E) where is the
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control site to estimate the running inventory of 'Be. Two sampling sites for rain water samples were
at selected reference sites 7°00°30.9” N, 100°30°22.0” E (S02) and 6°59°32.1” N, 100°33°04.8” E
(S03). Meteorological data were provided by the Thai Meteorological Department at the Songkhla
Meteorological station (WMO Index: 568501/48568, located at 7°12°14” N, 100°36’11” E). Rain
water samples were collected after rainfall event. The water sample was filtered through the MnO,-
fiber (5 g) which was in the cylinder of 15 cm long and 1.8 cm inner diameter.

The climate of the Songkhla province, Thailand is controlled by tropical monsoons that consist of
the southwest (May — October) and northeast (October — February) monsoons. There are generally
two seasons — the rainy season and dry season. The rainy season is influenced by the southwest
monsoon (May — September) that brought the moist and warm air from the Indian Ocean whereas the
northeast monsoon (October — January), brought the moist air from the Gulf of Thailand.

Figure. 1 Photographs showing a) soil core sampling; b) cutting the cover grasses

Soil samples were collected from two selected reference sites S02 and SO03 in the U-Tapao
subcatchment, Songkhla province, Southern Thailand. Using a hand-operated corer equipped with the
PVC pipe (8.5 cm internal diameter, 20 cm length), 8 soil cores were collected from two selected
reference sites S02 and S03 on January 10, 2014. Figure. 1 shows the soil core sampling and cutting
the cover grasses. All the soil cores were kept vertically and returned to the laboratory, and then sliced
at 0.5 cm intervals through its depth using the hand-held extruder. All the cut samples were dried at
105 °C for 24 hours by electric oven, grinded by ceramic mortar, sieved to < 2 mm fraction,
homogenized, weighed and put into a polyethylene bottle.

2.3 Measurement and analyze method

Beryllium-7 activity concentrations in fallout (wet and dry) samples, soil samples and grass were
determined by measuring its gamma line at 477.6 keV. The gamma-ray measurements were
performed using gamma spectrometer with an HPGe detector (GC7020, Canberra Industries, USA) in
a low-background cylindrical shield (Model 747, Canberra, USA). Data were accumulated in a
multichannel analyzer (DSA1000, Canberra, USA) based on a personal computer. The energy
resolution was 0.88 keV (FWHM) at 122 keV (*’Co), and 1.77 keV (FWHM) at 1332 keV (“°Co). The
minimum counting-time for each sample was set in 40,000s. For samples having an analytical error
more than 1o, the counting-time will be added until 100,000s to provide reasonable analytical error
(less than 25% or 1c). The spectrum analysis was performed by the commercial software Genie 2000
(Canberra, USA). The absolute efficiency curve of detector used in this work was fitted from activity
concentrations of discrete gamma-ray lines in the IAEA TEL 2011-03 WWOPT s0il-04 sample with
certified radionuclide activities, and it was used to calculate the relative efficiency of "Be at 477.7
keV. The "Be activities were corrected for decay to the sampling time on January 10, 2014.
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Figure 2. The depth distribution of 'Be in the soil profiles within the selected reference sites.

3. Results and Discussions

The results reported in this paper were obtained from the selected reference sites (S02 and S03) where
located in the undisturbed, non-tilled areas at the U-Tapao subcatchment, Songkhla province,
Southern Thailand. Our results show that the depth distribution of "Be in undisturbed soil profiles is
1.0 cm in both sites (S02 and S03), the initial activities are 31.6 and 38.8 Bq.kg™ for S02 and S03
sites, respectively. The 'Be activities for both locations declined exponentially with mass depth as
shown in Figure 2. Following from Eq.(1), the relaxation mass depths were, therefore, calculated from
linear regression between [n[C(x)] and x. These obtained results are 5.4 and 7.2 kg.m'2 for SO2 and
S03 sites, respectively.

The measured reference inventories of 'Be in soil profiles are 71 and 110 Bq.m™ for S02 and S03
sites, respectively. The calculated reference inventories from Eq. (2) are 170 and 279 Bq.m™ for sites
S02 and S03, respectively. Both important parameters, relaxation mass depth and reference inventory,
can be used to estimate the magnitudes of soil loss or deposition. The soil mass eroded per unit area,
R, kg.m™, or soil erosion rate as provided from Blake et al. [1] can be calculated by using both values
as:

R = h,in[ 4, /4] @
Moreover, the magnitude of deposited sediment rate, R’ , kg.m’z, can be calculated by:
R = (A=A )/ Cy )
when A’ Bq.m?, is the areal activity of 'Be at a sampling point located in sediment deposition zone,
C, is the mean 'Be activity of deposited sediment that can be estimate by
~ ~ {
C, = L_f RdS | L_ RdS ©
when C,, Bq.kg", is the weighted mean 'Be activity of mobilized sediment from eroding area S, m?,
which can be:

C,= (A~ AR = A [1-exp(-R/h,)|/ R o

From procedure outlined above, the &, and A, are crucial important for calculating the magnitudes
of soil erosion and deposition rates at sampling points for study area. The relaxation mass depths and
"Be inventories in the soil obtained from selected reference sites are different because the atmospheric
depositional fluxes of 'Be are controlled by several factors depending on location, precipitation, the
cover crops etc. Lohaiza et al. reported the monthly relaxation mass depths and inventory of 'Be from
one reference site changing with season, the maximum value in heavy rain period and low value in
dry period [7]. Moreover, the relaxation mass depths in some locations where selected reference site
are significantly higher than that in others. Therefore, the running atmospheric deposition flux of 'Be
and the 'Be activity in the covered grasses were used to compare with the inventory in soil for the
reference study site.
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Figure 3. Atmospheric running inventory of ‘Be collected from SO01, SO2 and SO3 sites.

In this study, the atmospheric depositional fluxes of 'Be have been decay-corrected to the
collecting time of rainfall sample, and the results are shown in Figure 3. In order to calculate the
atmospheric deposition running inventory of ‘Be following Zhu and Olsen [9], the calculated running
inventory values range 29 + 1 to 156 + 14 Bq.m™, with an average value of 92.2 Bq.m™ for site SO1,
2.0 £ 0.5 to 96 + 12 Bq.m™, with an average value of 19.6 Bq.m™ for site S02, and 2.9 + 1 to 103 + 15
Bq.m”, with an average value of 27.1 Bq.m™ for SO3. The estimated 'Be running inventories at the
time of sediment sampling are 156 + 20 Bq.m”, 169 + 7 Bq.m” and 215 + 17 Bq.m™ for SO1, S02 and
S03, respectively. Atmospheric running inventories for the selected reference sites SO2 and S03 are
shown in the Table 1 and Figure 4.

Table 1. 'Be inventories in soil cores, areal activities in cover grasses and atmospheric running
inventories which were corrected to the soil sampling time on January 10, 2014.

Type/Location S02 S03
Measured sediment inventory (Bq.m™) 71+ 18 110 + 26
Areal activity in grasses (Bq.m™) 112+9 108 +9
Atmospheric running inventory (Bq.m™) 169 =7 215+ 17

The measured 'Be inventories in soil cores of 71 + 18 and 110 + 26 Bq.m™ were stacked with the
areal activities in cover grasses of 112 + 9 and 108 = 9 Bq.m™ for the selected reference sites SO2 and
S03, respectively. The atmospheric running inventories are similar to the stacked activities between
the areal activities in cover grasses and the measured 'Be inventories in soil cores for both sites S02
and SO3 as shown in Figure 4. The relaxation mass depths and the reference inventories of both
selected reference sites showed the different values which had been influenced from the different soil
types and the different atmospheric depositions of 'Be. Therefore, if this method is used to determine
the short term soil erosion, the reference site is suggested to be as close as possible to the study area.
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Figure 4. The bar charts comparing the atmospheric running inventory and the stacked columns
between measured sediment inventory and areal activity in grasses.

Although, the calculated reference inventories, 170 and 279 Bq.m?, are larger than the measured
inventories. The measured inventories in soil cores, 71 + 18 and 110 + 26 Bq.m™ for both sites S02
and S03, may be used as the reference inventories, A, in the model to calculate the soil erosion rates
in study area. This is in fact the calculated reference inventories are not possible to be larger than the
atmospheric running inventory. This problem may occur due to the thicker section of soil cores. In the
future work, the thin sliced section of soil cores will be made, because there will be more than two
points in the 'Be profiles with mass depth to estimate the calculated reference inventory and
relaxation mass depth.

4. Conclusions

This preliminary study is successful to detect ‘Be in the soil and atmospheric deposition in the South
of Thailand located near equatorial zone where is known that very low 'Be activity and the 'Be
measurement in soil can be used to estimate important parameters (relaxation mass depth and
reference inventory) for approached model of the soil erosion. Further work, we will investigate the
magnitudes of both soil erosion and deposition obtained from the 'Be measurement technique in this
study area.
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SEDIMENTATION RATES IN THE U-TAPAO ESTUARY
DEMONSTRATED BY #°Pb-AND *¥'Cs-DATING METHODS

Santi Raksawong', Miodrag Krmar?, Tripob Bhongsuwan'”
'Department of Physics, Faculty of Science, Prince of Songkla University, Thailand
“Department of Physics, Faculty of Science, University of Novi Sad, Serbia

E-mail*: tripop.b@psu.ac.th

Abstract. The study of sediment dynamics will provide an understanding of the dynamics of
pollutants, and aid in developing sustainable effective management. The **°Pb and **'Cs
dating techniques have been widely used to reconstruct the sedimentation histories in the
lake sediment. In this contribution, we present the preliminary analyses and results of
sedimentation rates. One site from U-Tapao estuary located in the Outer Songkhla lagoon,
southern Thailand was selected and the vertical profiles of excess *°Pb and **’Cs were used
for analyses. The average accumulation rates determined by **'Cs method are 5.7 and 6.5 kg
m? year' from 1963 to 1986 and 1986 to sampling time, respectively. Moreover, the
sediment accumulation rates between 8.8 and 3.3 kg m™ year™ during sampling time to 1954
were obtained by the CIC and CRS models. Two-marker events based on **’Cs activity were
used to validate age of sediment layers obtained by ?°Pb method.

Keywords. Songkhla lagoon, **°Pb-dating, **Cs- dating, Sedimentation rates.

I. INTRODUCTION

Nowadays, the Songkhla lagoon is facing the pollution problems as evidenced by
several factors: overall low water quality, contamination by toxic pollutants/nutrients, and
rapid sedimentation in some areas [1-9]. Especially, the unsanitary drainage from Hat Yai
urban area, and the wastewater from large factories along the U-Tapao canal and its
watershed drain into the U-Tapao estuary [6, 8-10, 13]. Therefore, studying the
sedimentation dynamics in this area will provide an understanding of the dynamics of
pollutants to develop effectively sustainable management. Over the past four decades in
the sediment chronology, the °Pb and *¥'Cs dating techniques have been widely used to
reconstruct the sedimentation histories from a year up to 150 years [14-17].

2%y js naturally occurring radionuclide of the 2*®U series. Its closed parent is 2**Rn,
a noble gas having short half-life, 3.8 days. This gas escapes into the atmosphere from
surface soil layers and provides *°Pb with mobility in atmosphere. The ?!°Pb is introduced
into the estuarine environment through atmospheric precipitation, terrestrial runoff and in
situ production from ?°Ra in the water column and soil or sediment. #°Pb falling directly
into the lake is removed quickly to sediments by adsorption process and deposited on the
bottom of the lake together with the sediment [18]. Two simple models known as the CIC
and CRS models are usually applied. For constant sedimentation rates, the CIC model is
the simplest method based on the supply of 2°Pb to the sediments which is constant initial
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concentration [18, 19]. Moreover, the CRS model is based on the assumption of the
constant rate of supply unsupported “°Pb or ?°Pbe, to the sediment and insignificant
mobility of ?!°Pb in the sediment column [18]. Sometime, the chronological results
provided by the ?!°Pb-dating models could probably provide less reliable information on
sediment accumulation rates. When the researchers need a high level of confidence in
chronology, the ?°Pb-dating models must always be validated by the **'Cs profile for
identifying the peaks corresponding to sediment deposition in 1963 and 1986, or other
records of known contaminant inputs [15, 18, 20].

In this paper, one selected core was taken from the U-Tapao estuary located in the
Outer Songkhla lagoon. Results of sedimentation rates are estimated by the vertical
profiles of excess %°Pb and **’Cs.

Il. METHODOLOGY

Study area

The Outer Songkhla lagoon is located in southern Thailand between latitudes 7° 05°
and 7° 50’ N and longitudes 100° 05> and 100° 37’ E, a part of the east coast of the Malay
Peninsula. The Outer Songkhla Lagoon is a shallow coastal lagoon with an average depth
around 2.0 m in rainy season and 1.5 m in summer season.
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Fig. 1. Study area in the Outer Songkhla lagoon, black star (*)
is the location of the collected sediment core.

At the lower east side near the Songkhla harbor and the Songkhla town, it has a deep
channel (5 — 12 m depth) connecting the lagoon with the sea of the Gulf of Thailand and
allowing the tides to propagate into the lagoon as shown in Fig. 1. Therefore the aquatic
environment in this lagoon is a combination of seawater and freshwater, and the
hydrodynamic complexity of this system is mainly controlled by tide, runoff, wind and
wave.
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Sample preparation and measurements

The sediment core was collected using a hand-operated corer equipped with the PVC
tube (8.5 cm internal diameter, 150 cm long). In the laboratory, the sediment core was
sliced horizontally at 1.0 cm intervals through its depth using the handheld extruder. All
the specimens were dried at 105 °C for 24 hours by electric oven, and grinded by ceramic
mortar, and sieved to < 2 mm fraction, homogenized, weighed and put into a polyethylene
containers of a similar geometry with the calibration source.

The selected sediment samples at depth layers (2, 4, 6, 8, 10, 14, 18, 24, and 30 cm)
were sent to the nuclear laboratory of the Faculty of Sciences, University of Novi Sad,
Serbia, to measure the “°Pb activity usinga low background 100% relative efficiency
gamma spectrometer at 46.5 ke\VV gamma line. Other sediment samples were measured in
the Nuclear Laboratory at the Prince of Songkla University, Thailand, using a 80% relative
efficiency gamma spectrometer coupled with a DSA 1000 multichannel analyzer. Due to a
very low activity of *¥'Cs in sediments, its gamma ray energy 661.6 keV was measured by
counting-time periods of minimum 40,000s to maximum 100,000s to provide the lowest
reasonable analytical error. The IAEA TEL 2011-03 WWOPT soil sample-04 with known
radionuclide activities was used to calculate the relative efficiency of **'Cs at gamma
energy line 661.6 keV.

1. RESULTS AND DISCUSSIONS
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Fig. 2. a)"*'Cs depth profile, b)*°Pb activity profiles from the Outer Songkhla lagoon. The
curve corresponds to those used by the CIC model to estimate sedimentation rate.

This paper shows the results of sediment samples from a single core coded SK02
selected for interpretation of two different sedimentation processes. It can be seen that the
37Cs time-markers correspond to the fallout from the Chernobyl nuclear accident in 1986
and the highest atmospheric thermonuclear weapon testing in 1963. Both chronologic
markers can be identified as shown in Fig. 2.
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The *"Cs activity in each sediment layers varied between the level of detection limit
and 2.1 Bgkg™. The peak values of **'Cs activity at the mass depths of 18.1 and 31.2 gcm™
correspond to the sedimentation years of A.D.1986 and A.D.1963, respectively. The
average accumulation rates calculated in the period from A.D.1963 to 1986 and A.D.1986
till the moment of sampling from those markers are 5.6 kgm™2y™ (linear sedimentation rate
0.52 cmy™), and 6.7 kgm?y™ (linear sedimentation rate 0.78 cmy™), respectively. The
previous sedimentation rate of 0.57 cmynear the Pak Ro channel, reported by Chittrakarn
et al [2] was the result of the **’Cs method.

The **°Pb dating method can be
used to estimate the sedimentation
rates in this site. The depth
distribution of #°Phey activity shows 2
some regular decreasing trend. It was
supposed that the simplest CIC model
can be applied in the estimation of
sediment mass accumulation at this
location. The mean sedimentation rate
is 9.62 kgm™2y?, calculated from the b)
slope of the graph between the
logarithmic scale of the ?*Pbe

2yh
o B

Mass accumulation rate
(kg m
I

0 [T T[T [T T[T T[T T rrrr]

2013 2003 1993 1983 1973 1963 1953 1943 1933 Year A.

Mass depth
(gem?)

activity and mass depth. Moreover, * UE
the mass accumulation rates obtained — CR

by the CRS model are between 8.3 Fig. 3. a) its obtained by estimating from CIC
21 ig. 3. a) results obtained by estimating from
and _3'3 kgm~y™. The CRS model .4 cRs’models and validated by **’Cs markers,b)
provides the best result that the comparison between mass accumulation rates
marker-peak values of '¥'Cs are obtained from CRS model and **'Cs method.

validated as shown in Fig 3.

The mass accumulation rate that provides from dating by CRS model in recent year
is high value about 8.0 kg m? y™* and it gradually decreases. So it indicates that in the past,
before 1960s the Songkhla lagoon experienced a low sedimentation rate.

IV. CONCLUSIONS

The mass accumulation rates of the sediment at aselected location inthe Outer
Songkla lagoon were determined based on both vertical profiles of **’Cs and #°Pb in
sediment core. Use of?'°Pb-dating models was validated by using fallout of artificial
radionuclide ¥'Cs, that showed a very good correlation between them. Also CRS model
indicates that the sedimentation rates show a constant increasing trend with time.
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Abstract The main objective of this study is to estimate
the sediment distribution pattern in the outer part of the
Songkhla Lagoon, in southern Thailand, by measuring the
cosmogenic 'Be in the lake bottom sediment cores. The
results indicate that ‘Be inventories are larger in the areas
where channels collecting water from large subcatchments
flow into the lake (mouths of Pak Ro, U-Tapao, Ro-1, and
Ro-3 canals). Lower 'Be inventory areas are observed near
mouth of channel transporting eroded materials from
smaller subcatchments and at the northern tip of Koh Yo
island, which is strongly influenced by tidal currents and
wind waves which can probably cause sediment re-
suspension.

Keywords Atmospheric 'Be - 'Be running inventory - 'Be
inventory - Songkhla lagoon - Sediment

Introduction

In recent decades, the pollution problems in the Songkhla
lagoon have continuously become worse [1-10]. The main
sources of the pollutants for the outer part of the Songkhla
lagoon include sewage from the Songkhla and the Hat Yai
urban areas, waste from the Songkhla harbor, near shore
drainage, and effluents from the large factories around the

P< Tripob Bhongsuwan
tripop.b@psu.ac.th

Nuclear Physics Research Laboratory and Geophysics
Research Center, Department of Physics, Faculty of Science,
Prince of Songkla University, Hat Yai 90112, Thailand

Department of Physics, Faculty of Sciences, University of
Novi Sad, Trg D. Obradovica 4, Novi Sad 21000, Serbia

lake and the watershed [5, 8, 9, 11-14]. Moreover, the fine
sediment eroded with the pullutants from the lake water-
shed among the pollutants damaging the ecosystems in the
lake [15, 16]. This sediment erosion is usually caused by
human activities (non-sustainable farming practices, over-
grazing, deforestation, and change in land use from farm to
urban), as well as by natural processes (runoff, flooding).
Because of these increasing problems, it is essential to
obtain reliable quantitative data, and to comprehensively
assess the problems. The actions should then be steered
towards effective sustainability, based on both economic
and environmental impacts. The current study of sedi-
mentation dynamics and its patterns in this lake will pro-
vide understanding of the dynamics of pollutants, and aids
in developing sustainable effective management.

The environmental radionuclides 137Cs, 210Pb, and 7Be,
have been widely used to determine the dynamics of sed-
iment, namely deposition, erosion, and distribution patterns
[e.g. 17-19]. In particular, the cosmogenic radionuclide
"Be has been used to determine recent (short-term) soil
erosion/sedimentation in watersheds that have been
degraded by natural processes or human activities [e.g. 17,
18, 20-26]. This technique may also be used to estimate
recent sedimentation patterns in lakes, rivers, and marine
shores [e.g.27-34].

The nuclide "Be is naturally produced by the spallation
reactions of cosmic particle rays (protons and neutrons)
with the nuclei of light elements (carbon, oxygen and
nitrogen), in the stratosphere and the troposphere. These
cosmogenic 'Be atoms are readily attached to airborne
particulates, and settle to the earth’s surface by precipita-
tion and by dry deposition [e.g. [35] ]. Therefore, the "Be in
a lake is supplied by two incoming streams, the one
directly entering from the atmosphere into the water col-
umn and lake-bottom, and the other transported from the

@ Springer
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Table 1 Event of total rainfall, “Be atmospheric deposition flux, and the calculated running inventory of 'Be atmospheric deposition during
December 21, 2012 to December 31, 2013 at the top roof of Physics Building, Prince of Songkla University

Collecting Exposure Total rainfall "Be depositional Running inventory
date time (day) (mm) flux (Bq m2) (Bq m~?)
21-Dec-12 1 422 29+2 29+1
24-Dec-12 3 56.8 27+£2 56 £ 3
26-Dec-12 1 20.8 16 £1 70+6
1-Jan-13 4 74.7 17+£2 82+9
4-Jan-13 3 48.8 9+2 88 + 10
1-Feb-13 27 3.8 7+1 69 £9
24-Feb-13 23 51.2 10+ 2 61 £6
25-Feb-13 1 110.6 14£1 74 £ 4
26-Feb-13 1 47.6 25+2 98 £ 8
28-Feb-13 3 29.8 6.0+ 09 102 £ 12
31-Mar-13 31 2.8 0.6 £ 0.1 69 7
17-Apr-13 17 104.6 10£1 656
30-Apr-13 13 11.2 11 +1 66 £ 7
7-May-13 7 59.8 7£1 67 £7
8-May-13 1 29.0 9+1 76 £ 6
20-May-13 22 153.6 25+1 90 £5
17-Jun-13 17 104.1 21 +£2 84 + 8
1-Jul-13 13 8.8 61 76 £ 12
5-Jul-13 4 23.6 24 £+ 0.6 74 £ 18
8-Jul-13 1 14.6 1.8 £ 0.7 73+ 17
9-Jul-13 1 13.4 3.7+£0.8 76 £ 12
31-Jul-13 24 17.4 8§£2 65 £ 10
3-Aug-13 2 432 43+09 67 £ 8
6-Aug-13 2 39.2 6.5+ 0.8 71+£5
17-Aug-13 11 70.0 19+1 815
31-Aug-13 13 101.0 29 £3 96 £ 7
7-Sep-13 6 10.0 82+ 0.9 96 £+ 27
8-Sep-13 1 24.6 1.1 £0.6 96 + 27
17-Sep-13 11 29.9 12+ 1 97 £ 13
30-Sep-13 13 14.2 4+£1 86 + 11
8-Oct-13 8 12 79 +£09 86 +9
14-Oct-13 6 62.6 61 85+ 8
22-Oct-13 8 127.6 12.1 £ 09 89 £ 6
23-Oct-13 1 15.8 7.1 £0.8 95 £ 7
26-Oct-13 3 70.8 14+1 105 + 10
27-Oct-13 1 51.4 5+1 109 + 13
31-Oct-13 4 772 57+09 109 £ 10
20-Nov-13 20 123.6 16 £1 100 £ 5
21-Nov-13 1 158 18 +1 117 £ 8
22-Nov-13 1 107.4 15+£2 131 £ 14
23-Nov-13 1 39 31+06 132 £ 15
30-Nov-13 7 101.3 14 £2 135 £ 18
2-Dec-13 2 57.8 7T+2 138 £+ 18
4-Dec-13 2 67.7 12+ 1 147 £ 10
12-Dec-13 8 101.8 22+2 155+9
19-Dec-13 5 76.6 14+ 1 156 &+ 14
31-Dec-13 11 222 14+2 147 £ 12

@ Springer
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Fig. 1 Location maps of the study area, a Thale Sap Songkhla subcatchment, b sampling points

watershed through streams and overland flow [e.g.17, 36—
38].

Although "Be was frequently used in environmental
studies, most of those research activities were focused to
exploration of soil erosion. Published results concerning
"Be content in lake and lagoon sediments involving its
spatial distribution are not so abundant in scientific litera-
ture. The most important goal in this pilot study was to
establish range of ’Be inventory at Songkhla Lagoon,
compare it with results of other similar studies and check if

S S
Intermonsoon SW monsoon
Feb - Apr 2013 Apr - Oct 2013
13:00 L.S.T 13:00L.S.T

there is some heterogeneity in 'Be inventory pattern.
Moreover, vertical distribution and the maximum pene-
tration depths of "Be were determined to estimate recent
sedimentation patterns. Comparison of the 'Be sediment
inventories with the running inventory of "Be atmospheric
deposition measured in the period of 12 months before the
time of sample collection of lake-bottom material, can help
us to gain rough indication concerning sediment accumu-
lation or resuspension/erosion. As the studied lagoon lake
is shallow, the hydrodynamic properties (including runoff,

Wind speed (m s'')
Hl>0.1-2
[1>151-3
>3.01-5
Bl >5.01-8
Il >8.01-10.5
[ >10.51

S
NE monsoon

Oct 2013 - Jan 2014
13:00 L.S.T

Fig. 2 Wind diagram showing percentage of wind direction at the Songkhla meteorological station (WMO Index: 568501/48568, located

7°12'14"N 100°36'11”E) during January 2013-January 2014. (data from

Thai Meteorological Department)
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diurnal variation of tides, and wind waves) probably have
significant influence to the sedimentation processes.
Obtained results of this pilot study can suggest if 'Be
technique has potential as a tool for assessing of some
environmental parameters related to sediment in one very
interesting water system—Songkhla lagoon highly influ-
enced by heavy tropical rains, winds and tidal activities.

Experimental

In this study, we assume that the direct deposition of "Be is
a constant, because the precipitation of 'Be from the
atmosphere is relatively uniform regionally. However, its
value can vary by up to an order of magnitude by location,
depending on factors such as rainfall and geography
[e.g.17, 23-25, 34, 39]. The principal hypothesis applied in
this pilot study is as follows; 'Be reaches the soil surface
and attaches strongly to fine particles [23-25, 33]. The "Be
and attached soil are then eroded from the watershed and
transported to the lake, and the Be inventory is thereby
related to the sediment deposition. The highest 'Be
inventory activity corresponds to the greatest sedimenta-
tion rates as well as the depth distribution processes. Low
"Be inventories correspond to the low sedimentation rate or
increased effects of erosion and redistribution. However
short-living "Be can be used to indicate the short-term
sedimentation patterns, and the distribution of "Be inven-
tory can reveal the sedimentation/erosion in the moment of
the sampling.

Study area

The Songkhla lagoon is the largest lagoon in South—East
Asia, located in southern Thailand and on the east coast of
Malay Peninsula (Fig. 1a). It has a total catchment area of
7460 km? and a total water surface of 1050 km?. The
Songkhla lagoon consists of four parts: Thale Noi (swamp),
Thale Luang (inner part), Thale Sap (middle part) and
Thale Sap Songkhla (outer part) as illustrated in Fig. la.
This study focused on Thale Sap Songkhla, the outer part
of the Songkhla lagoon (Fig. 1b.), which is located
between latitudes 7°05’ and 7°50'N and longitudes 100°05’
and 100°37'E. The Thale Sap Songkhla catchment can be
further subdivided into five parts. The two parts in the
South and South-West side are the Khlong U-Tapao sub-
catchment (2357 km?) and the Khlong Rattaphum sub-
catchment (625 km2), while the Khlong Pru Po
subcatchment (487 km?) is in the North—West side, and the
East coast subcatchment (205 km?), the Khlong Pha Wong
subcatchment (137 km?) are located on the East side see
Fig. la.

@ Springer

The majority of Songkhla lagoon subcatchments,
5660 kmz, is agricultural areas that consist of rubber
plantation (60 %), paddy field (30 %) and others (10 %).
There are rain forest, crop area and mangrove forest (ca.
940, 694, and 168 kmz, respectively). Urban area is
126 km® (1.5 %). There are mainly sandy clay in the
Khlong U-Tapao subcatchment, Khlong Rattaphum sub-
catchment, and silty clay in the east coast subcatchment
(data from GEO-informatics center for natural resource and
environment and Land development department). The
annual runoff of Khlong U-tapao subcatchment and Khlong
Rattaphum subcatchment is 1664 x 10° and 249 x 10°
m’, respectively. There is the runoff from subcatchments of
upper and middle parts of Songkhla lagoon about
1305 x 10° m® (data from Hydrology and water manage-
ment center, Royal irrigration department).

The climate of the Songkhla lagoon is controlled by
tropical monsoons, namely the South—West (May—October)
and the North-East (October—February) monsoons. There
are generally two seasons—the rainy season and the dry
season. The rainy season (May-September) is influenced
by the South—-West monsoon that brings moist and warm
air from the Indian Ocean, whereas the North—East mon-
soon brings moist air from the Gulf of Thailand (October—
January). Meteorological data were provided by the Thai
Meteorological Department at the Songkhla Meteorologi-
cal station (WMO Index: 568501/48568, Ilocated
7°12’14"N  100°36'11"E). During the period A.D.
2003-2013, the mean annual rainfall was 2451 mm and
rains were frequent in October to December. The mean of
total rainfall in these 3 months was 1441 mm. The mon-
soon system affects the wind speed and direction in the
Songkhla lagoon. The wind was predominantly from ENE
during the inter-monsoon (February—April), from WSW
during the SW monsoon (April-October), and from ENE
during the NE monsoon (October—January) as shown in
Fig. 2.

Thale Sap Songkhla is a shallow coastal lagoon and has
an average depth ca. 2.0 m in the rainy season, and about
1.5 m in the summer season. There is a narrow deep
channel (5-12 m depth) near the Songkhla harbor con-
necting the lagoon with the sea of the Gulf of Thailand, and
allowing the tides to propagate into the lagoon. The aquatic
environment in the Thale Sap Songkhla is therefore a
mixture of seawater and freshwater, and the hydrodynam-
ics of this system are mainly controlled by tides, runoff,
winds and waves. The salinity of the lake water has
reached about 31 ppt in the dry season, when the saline
water is brought into the lagoon by the tidal effects and
there is less runoff water from the subcatchments. The
salinity reaches zero ppt (freshwater) in the season with
heavy rains (October—January) as the rain water drains
from the catchments in two main streams; Rattaphum and
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Fig. 3 Photographs showing a panoramic scenery of the study lake during sediment core sampling and b slicing the extruded piece of sediment

core 0.5 cm thick using a metal blade in the laboratory

Fig. 4 a Atmospheric
deposition flux and running
inventory of "Be. b rainfall at
the Kho Hong
agrometeorological station

Collecting
sediment samples
December 25, 2013
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U-Tapao canals, and there is also inflow at the Pak Ro
canal from the middle lake [40—42]. The current velocity of
water in the inner lake (Thale Luang; Fig. 1a) is quite slow,
0.01-0.10 m/s, whereas strong flows from 0.40 to 0.75 m/s
occur at the tidal inlet during the maximum outflow in the
low tide or the maximum inflow in the high tide [40, 43].

Rain water samples for estimation of the total
inventory flux of "Be

In order to estimate the total inventory flux of Be in the
study area, the wet and dry deposited samples were

Decay curve of the assumed running inventory in 2012

collected by using three polyethelene buckets that is a
surface area of 0.13 m”. All of the buckets was exposed to
atmosphere continuously on the top roof of the Physics
building (PHY station) situated ca.15 km away from the
study lake, from December, 2012, to December, 2013. The
collection procedure for wet deposition, firstly, the large
rainwater samples were collected into the tanks after
rainfall events. Secondly, the inside of the buckets was
rinsed with 1.5 L acidified distilled water by 30 mL 6 N
nitric acid, and the rinsing water was combined with the
rainwater sample. Finally, 20 L rainwater sample was
justified to pH 7 by 2 N NaOH and filtered through MnO,-

@ Springer
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fiber (5 g) in a 15 cm long and 1.8 cm inner diameter
cylinder. During periods without rainfall event, the acidi-
fied distilled water was added in the buckets to prevent any
loss atmospheric deposited material. The distilled water
was processed like rainwater sample. After filtering, the
MnO,-fibers in distilled water medium were measured by a
gamma spectrometer with an HPGe detector (GC7020,
Canberra Industries, USA) in a low-background cylindrical
shield (Model 747, Canberra, USA) and coupled to a
multichannel analyzer (DSA1000, Canberra, USA). The
energy resolution was 0.88 keV (FWHM) at 122 keV
(*’Co), and 1.77 keV (FWHM) at 1332 keV (°°Co). The
efficiency calibration of the detection system was done
with a certified Europium-152 solution (Gammadata
Instrument AB, Sweden), at 477.7 keV gamma energy. The
counting-time was set to 21600 s for each sample, to pro-
vide a reasonably low analytical error (less than 25 % or
1c). The prominent point in using MnO,-fibers to absorb
the "Be in rain water are (1) quick sample preparation, and
(2) comparatively short counting-time in gamma spec-
trometry relative to other methods.

Sampling of the lake-bottom sediment cores

A total of 16 bottom sediment cores were collected using a
hand-operated corer equipped with PVC core tubes (8.5 cm
internal diameter, 30 cm length), sampled from Thale Sap
Songkhla on December 25, 2013. Figure 3a shows the
panoramic scenery of the study lake during the sampling of
sediment cores. All the sediment cores were kept vertical
and transported to the laboratory, then sliced at 0.5 cm
intervals in depth direction, using a hand-held extruder
(Fig. 3b). These specimens were dried at 105 °C for 24 h
in an electric oven, ground in a ceramic mortar, sieved to
<2 mm fraction, weighed, and stored in polyethelene
bottles. The "Be activities were measured using gamma
spectrometry (as described above). The minimum count-
ing-time for each specimen was set in 40,000 s to get
overall uncertainty of "Be concentration (in Bq kg™") less
than 25 % at 1 . However, for some specimens having
low content of 'Be, we added to the counting-time up to
100,000 s to provide reasonable analytical error (less than
25 % or 1 o). Gamma ray energy at 477.7 keV was used

Table 2 The "Be areal activity, total inventory in sediment cores and percentage of classified sediment

Cores 'Be activity of penetration layer (Bq m~?) "Be Expected Difference® Percentage of classified sediment Zone
inventory®  running - -
Depth (cm) inventoryb Medium to ﬁr{lle sand Very fine sand
_2 = - (0.1-0.3 mm) to silt and clay
0.0-0.5 0.5-1.0 1.0-1.5 1520 Bgqm ) @Bqm ) Bgqm ) (<0.1 mm)?
SKO1 221 £80 238+71 156+ 72 615 £ 135 156 £ 14 4459 41.1 58.9 B
SK02 217+£65 105+61 98 +£58 55+£62 420+ 141 156 £ 14 4264 42.1 57.9
SKO3 49+22 38+17 26+£17 114 £34 156 + 14 —42 65.1 34.9
SKO5 164 +£46 91 +£45 102 £ 46 358 £ 8 156 £ 14 4202 34.6 65.4
SK06 174 £+ 57 174 £57 156 £ 14 +18 28.9 71.1 C
SKO7 173 £29 111 +30 284 £30 156 + 14 4128 16.9 83.1
SKO8 111 £23 70+£30 56+£27 96+£33 23776 156+ 14 +81 18.5 81.5
SKO09 388 £51 174 £49 156 £ 49 718 £ 105 156 £ 14 4562 29.3 70.7 A
SK10 239 £52 136 £50 106 £ 53 482 £ 105 156 £ 14 +326 349 65.1
SKI11 201 £32 104 £28 34 +28 340 £98 156 £ 14 4184 25.8 74.2
SKI13 225+76 139 £69 106 £ 62 470 +£ 132 156 £ 14 +314 49.2 50.8
SK15 219429 127+ 18 167+£29 74 +£35 587451 156+ 14 +431 66.3 33.7
SKO4 224 +£69 84 +70 308 £ 137 156 £ 14 4152 48.4 51.6 D
SK12 80 £ 57 228 + 51 307 £ 116 156 = 14 4151 46.2 53.8
SK14 184 + 81 184 £81 156 + 14 +28 24.9 75.1
SK16 175 £ 69 175 £ 69 156 + 14 +19 28.8 71.2
Avg. 370
S.D. 174

2 The "Be inventory is the summation of "Be activity for all layer in a sediment core

® The expected running inventory is the atmospheric depositional running inventory at the time of sampling (December 25, 2013)

© The differences between the "Be inventory and the expected running inventory for each sediment core. Positive values (4) indicate sediment
accumulation and negative values (—) indicate sediment erosion. (followed the method in Zhu and Olsen [34])

4" Particle size of sediment classified by sieve analysis
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Fig. 5 The vertical profiles of
areal activity of "Be in lake
sediment versus sample depth,
the measured sediment
inventory of "Be in these cores
in the outer part of the Songkhla
Lagoon
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for the ’Be determination. The IAEA TEL 2011-03
WWOPT so0il-04 sample with certified radionuclide activ-
ities was used to calculate the relative efficiency of 'Be
detection at 477.7 keV. The "Be activities were corrected
for decay from the sampling time on December 25, 2013.

Results and discussion
Atmospheric deposition flux of "Be

In this study, due to varying rainfall periods and their
frequency, the atmospheric deposition flux of 'Be was
decay-corrected to the collection time of the rainfall sam-
ple. The results are shown in Table 1 and Fig. 4a for
sampling from December 21, 2012 to December 31, 2013.
The minimum, maximum and mean daily depositional
fluxes of "Be during this period were 0.02 & 0.01, 29 =+ 3,
and 4.6 Bq m~?, respectively. This result also is compa-
rable to the the daily atmospheric deposition fluxes of "Be
at Xiamen, China during March 2004 to April 2005 varied
between 0.11 and 2.93 Bq m™~ that reported by Yi et al.
[44]. However, the annual atmospheric deposition flux of
"Be, 0.52 kBq m 2, is in low range comparing to those
reported from Japan during period of 1989-1995
(0.325-4.94 kBq m_z) [45, 46]. This is probably because
Thailand is located in the magnetic equator zone.

In order to calculate the atmospheric deposition running
inventory of "Be following Zhu and Olsen [34], all the
preceding atmospheric deposition fluxes were decay-cor-
rected to the current time and summed to the present value,
shown in Table 1 and Fig. 4a. Running inventory of "Be is
a result of very non-uniform atmospheric deposition and
decay. In our study this quantity will be used as some kind
of index showing us inventory of 'Be which could be
expected in the simplest possible case where just deposi-
tion and decay (without transport processes) have influence
on 'Be presence. The calculated Be running inventory of
156 + 14 Bq m~? at the time of sediment-core sampling
in 2013, on December 25. Because atmospheric "Be sam-
ples were collected in short period (about 1 year), the
estimated 'Be running inventory from the year 2012 was
assumed to equal that of the year 2013 (156 Bq m™?) as
shown with exponential decay to less than 2.0 Bq m~2in 6
half-lives of "Be (about 321 days; dashed line in Fig. 4a). It
can be concluded that the running inventory of ‘Be from
the year 2012 had little influence on the expected running
inventory of "Be at the time of sediment sampling in 2013.
Therefore, the expected running inventory of
156 + 14 Bq m~ 2 in the study lake was considered a good
estimate (italicized in Table 1).

Considering that half-life of "Be is relatively short, time
necessary to transport 'Be from surrounding catchments or
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through water column can have influence on "Be activity in
sediment. There are several factors affecting mixing of
water in lagoon: five tributaries from subcatchments, strong
wind, tidal activities and currents inside lake, it was rea-
sonable to suppose that in lake can be find region having
sedimentation rate and residence time significantly differ-
ent (in the time scale of “Be half-life) than in other parts of
lake. Therefore, we can expect that possible differences in
timing of sedimentation at different locations of the lake do
not significantly influences spatial distribution of 'Be
measured in this study.

"Be inventories and depth profiles

Obtained results of "Be sediment inventories are depicted on
Table 2. It can be seen that measured inventories are ranging
from 114 + 34 to 718 + 105 Bq m™2. Similar values were
obtained by Bai et al. [27]. They have measured 'Be inven-
tories from 237 + 73t0 783 + 44 Bq m~“in lake sediments
collected at the deepest part of the lake (overlying water depth
up to 60 m). In some river estuaries characteristic 'Be
inventories can be significantly higher at locations exposed to
intensive deposition (5460 & 54 Bq m ™2, as reported by Zhu
and Olsen [34]). Minimal value of "Be inventory (core SK03)
is just 73 % of what would be expected from the running
inventory at the time of sampling. This probably indicates a
slower rate of net sediment accumulation at this site in this
period, but may also reflect some sediment redeposition or
erosion, what should be confirmed by further studies. The
maximal 'Be sediment inventory measured at the site SK09 is
4.6 times higher than running inventory.

The depth profiles of "Be areal activity in each sediment
core are presented in Table 2 and Fig. 5. The maximum
depths at which "Be activities were still measurable in the
cores ranged from 0.5 cm (sites SK06, SK14 and SK16) to
2.0 cm (sites SKO2 and SK15). It is comparable with
results obtained by Bai et al. [27]. In their study 'Be was
mainly distributed within top of 2 cm of lake-bottom. The
maximum of Be depth penetration in another one fresh
water lake [47] is between 2 and 3 cm, however there are
examples that measurable values of 'Be activities were
obtained in river estuaries at depths of 10 cm [34]. For the
topmost sediment layer at 0-0.5 cm depth, the minimum
and maximum areal activities of 'Be were 49 + 22 and
338 + 51 Bqm %, found at sites SKO3 and SKO09
respectively.

If we suppose that a continuously and non-perturbed
accumulating sediment is governed by two most important
processes: its supply via sedimentation and radioactive
decay, depth distribution of "Be activity should be descri-
bed by uniformly decreasing exponential function of depth.
Depth profiles depicted at Fig. 5 show that sediments at
several cores (SK10, SK11, SK13, for example) appears to
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Fig. 6 a The vertical profiles of "Be areal activity and b The "Be sediment inventory from Pak Ro canal to North of Koh Yo along the line AA’

reflect what would be expected from radioactive decay
with continuous sediment deposition without mixing. In
some of other location we have reduced thickness of the
bottom containing "Be (SK6, SK14). It indicates the
locations exposed to erosion or with reduced rate of sedi-
mentation. It is interesting to notice that there are several
depth profiles which exhibits a prominent sub-surface
peaks (SK12 is one of them) which may reflect some
redistribution mechanisms or perhaps some nonuniform
deposition of sediment on the lake bottom.

It is interesting to notice that the maximum depth of "Be in
SKO09 core is less than 2 cm. Moreover, at this core maximal
"Be inventory was detected in topmost sediment layer,
almost 400 Bq m 2. Subsurface peak at the depth distribu-
tion of "Be in SK15 core indicates that sediment deposition in
this area is not stable. Both mentioned locations are close to
of Pak Ro channel delta and when heavy rainfall events
occurred in subcatchments of the upper and the middle lake,
large amounts of sediment were eroded and then redeposited
in this area. Chittrakarn et al. [2] reported pretty high mean
sediment accumulation rate of 0.57 cm y71 in this zone,
from '¥’Cs measurements. So high "Be inventory and
specific depth distribution could be result of hydrodynamic
changes in this area. Nonuniform depth distribution and high
"Be inventory measured at SKO1 core could be explained by
similar way. In the area of SKOI core large U-Tapao sub-
catchments contributes with eroded material from cultivated
soil. Moreover, this zone is influenced by the slack tides
when the maximum ebb or flood currents occur, with slow
flow rates [40, 43, 48].

Considering that tributary channels transport sediment
from subcatchment, it should be interesting to compare 'Be

inventories and depth distribution patterns along one line
which can coincide with some water currents in lake. The
depth profiles of 'Be areal activity and the sediment
inventories along line AA, connecting the sites near Pak Ro
canal to the northern tip of Koh Yo island, are shown in
Fig. 6a and b, respectively. It can be seen that maximal 'Be
inventory is observed at core SK09, about 1.5 km far from
Pak Ro channel mouth, and the "Be sediment inventories
were lower at the sites SK11, SK12 and SK14. The depth
profile of 'Be areal activity at the site SK11 decreased
uniformly, and the 'Be sediment inventory was close to
average indicating that this area could be a uniform
deposition zone with only slight disturbances. The depth
profiles of "Be areal activity and 'Be sediment inventories
at the sites SK12 and SKI14 indicate possible erosion,
probably caused by strong tidal currents.

The areal pattern of "Be inventory in the outer part
of Songkhla Lagoon

We assumed that most of the 'Be measured in sediment
comes by dry and wet precipitation falling directly on the
surface of the lake and from soil particles transported by
surface runoffs. We should keep in mind that some amount
of "Be dissolved in water, or transported by streams,
especially in period of heavy rains, avoid sedimentation,
however this process is not analyzed in this work.

In this study, the "Be sediment inventories ranged from
114 + 34 Bq m ™2 at the site SK03 to 718 & 105 Bq m >
at the site SK09. The spatial distribution of 'Be sediment
inventory is illustrated with a colored contour map in
Fig. 7b. It can be seen that two highest 'Be inventory areas
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"Be, and d separated zones of sedimentation/erosion pattern

are at the northern part of the lagoon (Pak Ro delta; Zone
A) and at the southern part of the lagoon (U-Tapao, Ro-1,
Ro-3 deltas; Zone B). The two lowest "Be inventory zones
are the southwest of the lagoon (Ratthaphum delta; zone C)
and the northern tip of the Koh Yo island (zone D).

It can be expected that the runoff water or flood carrying
eroded sediments from their subcatchment through river or
channel tributaries after flow into the lake deposit sedi-
ments near the mouth. The location of sedimentation also
depends on grain size, affecting distance from the mouth.
At the Pak Ro delta area (zone A in Fig. 7d), the main type
of sediment is the very fine sand, silt and clay, which is
more abundant than medium and fine sand fraction, except
at the mouth (SK15) as shown in the Table 2 and Fig. 7a.
The "Be sediment inventory was high ranging between 340
and 718 Bq m . This indicates that the sediment is
transported from the middle of Songkhla Lagoon and from

@ Springer

the nearby subcatchment before finally deposited near the
mouth of Pak Ro canal. A large portion of the eroded
sediments probably comes from the modern rubber and oil-
palm plantations, and from cultivated rice fields in the
subcatchment of the upper and middle part of Songkhla
Lagoon.

In zone B or U-Tapao delta high values of 'Be inven-
tories (up to 615 Bq m~?) were observed. High values of
"Be deposition can be explained by the fact that U-Tapao
subcatchment is the largest area of 2,357 km?. The eroded
sediment from U-Tapao subbasin was transported to this
area by the Ro-1 and Ro-3 canals that were constructed to
bypass the overflow, and to protect Hat Yai city against
flooding in the rainy season.

Although, the very small sediment fraction (very fine
sand, silt and clay) in Zone C were found more abundant
than larger sizes, but the inventory of ’Be was low,
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indicating small "Be input in the lagoon zone C, matching
the smaller size of Khlong Ratthapum sub-catchment
(625 km?) than the much bigger U-Tapao sub-catchment
(2357 km?).

In zone D, the very small size particles fraction was
found more abundant than the larger sizes particles (in the
Table 2 and Fig. 7a). The sediment inventories of 'Be for
the sites SK04, SK12, SK14 and SK16 were below those
of zones A and B, and were comparable to the atmo-
spheric running inventory. Moreover, the depth of "Be
penetration in sediment cores in zone D is significantly
lower than in other parts of lagoon. This fact can indicate
effects of erosion because this zone is strongly influenced
by the tidal currents and wind waves coming from the
Gulf of Thailand. Effects of increasing salinity upon 'Be
desorption [26] should be tested in this zone in some
further research.

Conclusions

The most important objective of this study was to use 'Be
as a tracer to examine recent accumulation pattern in the
outer part of Songkhla Lagoon. In this study inventories as
well as depth distributions of “Be in soil samples taken in
Songkhla Lagoon were measured. These measurements
indicate sediment accumulation zones at the Pak Ro zone
and the U-Tapao zone, while the northern tip of Koh Yo is
probably an erosion zone. Obtained results of 'Be inven-
tories are spread in the relative large region, from 114 to
718 Bq m 2. Variations in the "Be inventories in sediment
cores collected in the Songkhla Lagoon indicate a high
degree of spatial heterogeneity in sediment accumulation
patterns. These results suggest that ‘Be can serve as a
useful tool for quantifying short-term changes in sediment
dynamics.

The depth distributions of "Be in cores from Songkhla
Lagoon showed that "Be was present only in the top 2 cm
or less. The vertical profile of "Be in the sediment cores
indicating continuous sediment deposition without mixing
(exponential uniformly decreasing) was observed at just a
few locations. At other sampling sites vertical distributions
of "Be inventories were not uniform or maximal penetra-
tion depth was less than 2 cm. This fact indicates high
dynamic and changes in sedimentation process, probably
caused by hydrodynamical properties of lagoon water
system.

Our measurements indicate that the phenomena in this
area are complicated, and a good understanding of the
hydrodynamic systems in this lagoon would require further
studies. Obtained results are very encouraging and com-
plete understanding of sedimentation can be gained after
repeated measurements and comparison of measured short-

term changes in the "Be sediment inventories and depth
profiles with respect to characteristic seasonal and hydro-
logical conditions in this area.

Acknowledgments This research was financially supported by the
Prince of Songkla University (project code: SCI550111S), the
National Research Council of Thailand (project code: SCI560125S),
the Physics Department, Geophysics Research Center, Faculty of
Science and the graduate fellowship from the Graduate School, Prince
of Songkla University. In addition, the first author would like to thank
the Prince of Songkla University Graduate Studies Grant. We thank
Associate Professor Seppo Karrila, Faculty of Science and Industrial
Technology, Prince of Songkla University and the Research and
Development Office of the Prince of Songkla University, for English
proof reading service. The Thai Meteorological Department is
acknowledged for providing the meteorological data at the Songkhla
station.

References

1. Bhongsuwan T, Bhongsuwan D (2002) Concentration of heavy
metals Mn, Fe, Ni, Pb, Cr and Cd in bottom sediments of the
Outer Songkhla Lake deposited between the year B.E.
2520-2538. Songklanakarin. J Sci Technol 24(1):89-106

2. Chittrakarn T, Pornpinatepong S, Bhongsuwan T, Nuannil P
(1998) Mathematical model study for determination of sedi-
mentation rate in Thale Sap Songkhla, Final report; Dept. of
Physics, Prince of Songkla University, Songkhla

3. Gyawali S, Techato K, Yuangyai C, Musikavong C (2013)
Assessment of relationship between land uses of riparian zone
and water quality of river for sustainable development of river
basin, A case study of U-Tapao river basin, Thailand. Procedia
Environ Sci 17:291-297

4. Ladachart R, Suthirat C, Hisada K-I, Charusiri P (2011) Distri-
bution of heavy metals in core sediments from the Middle part of
Songkhla Lake, Southern Thailand. J Appl Sci 11(17):3117-3129

5. Pornpinatepong K, Kiripat S, Treewanchai S, Chongwilaikasaem
S, Pornsawang C, Chantarasap P,Chandee C,Jantrakul P (2010)
Pollution control and sustainable fisheries management in
Songkhla Lake. Report No 2010-RRS5, Dept. of Economics,
Prince of Songkla University, Songkhla

6. Pradit S, Wattayakorn G, Angsupanich S, Baeyens W, Leer-
makers M (2010) Distribution of trace elements in sediments and
biota of Songkhla Lake, Southern Thailand. Water Air Soil Poll
206:155-174

7. Pradit S, Pattarathomrong MS, Panutrakul S (2013) Arsenic
Cadmium and Lead concentrations in sediment and biota from
Songkhla Lake: a review. Procedia Soc Behav Sci 91:573-580

8. Sirinawin W, Turner DR, Westerlund S, Kanatharana P (1998)
Trace metals study in the Outer Songkla Lake, Thale Sap
Songkla, a southern Thai estuary. Mar Chem 62:175-183

9. Sirinawin W, Sompongchaiyakul P (2005) Nondetrital and total
metal distribution in core sediments from the U-Tapao canal,
Songkhla, Thailand. Mar Chem 94:5-16

10. Tanavud C, Yongchalermchai C, Bennui A, Densrisereekul O
(2001) The expansion of inland shrimp farming and its environ-
mental impacts in Songkla Lake Basin. Kasetsart J (Nat Sci.)
35:326-343

11. Angsupanich S, Kuwabara R (1999) Distribution of macrobenthic
fauna in Phawong and U-Taphao canals flowing into a lagoonal
lake, Songkhla, Thailand. Lakes Reserv Res Manage 4:1-13

12. Chevakidagarn P (2006) Operational problems of wastewater
treatment plants in Thailand and case study: wastewater pollution

@ Springer



44

J Radioanal Nucl Chem (2016) 310:33-44

13.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

problems in Songkhla Lake Basin. Songklanakarin J Sci Technol
28(3):633-639

Maneepong S (1996) Distribution of heavy metals in sediments
from outer part of Songkhla Lagoon, southern Thailand. Songk-
lanakarin J Sci Technol 18(1):87-97

. Maneepong S, Angsupanich S (1999) Concentrations of arsenic

and heavy metals in sediments and aquatic fauna from the outer
part of Songkhla Lagoon, Phawong and U-Taphao canals.
Songklanakarin J Sci Technol 21(1):111-121

. Environmental Protection Agency (2000) National Water Quality

Inventory. Report No EPA-841-R-02-001, EPA Office of Water,
Washington, DC

Donohue I, Molinos JG (2009) Impacts of increased sediment
loads on the ecology of lake. Biol Rev 84:517-531

Walling D E (2004) Using environmental radionuclides to trace
sediment mobilisation and delivery in river basins as an aid to
catchment management. Proceeding Ninth International Sympo-
sium on River Sediment. October 18-21, Yichang, China 121-135
Zapata F, Garcia-Agudo E, Ritchie JC, Appleby PG (2002)
Introduction. In: Zapata F (ed) Handbook for the assessment of
soil erosion and sedimentation using environmental radionu-
clides. Kluwer Acad, Dordrecht

Ugur A, Sa¢ MM, Yener G, Altmbag U, Kurucu Y, Bolca M,
Ozden B (2004) Vertical distribution of the natural and artificial
radionuclides in various soil profiles to investigation soil erosion.
J Radioanal Nucl Chem 259(2):265-270

Blake WH, Walling DE, He Q (1999) Fallout beryllium-7 as a
tracer in soil erosion investigations. Appl Radiat Isotopes
51:599-605

Blake WH, Walling DE, He Q (2002) Using cosmogenic beryl-
lium-7 as a tracer in sediment budget investigations. Geogr Ann
84A(2):89-102

Mabit L, Benmansour M, Walling DE (2008) Comparative
advantages and limitations of the fallout radionuclides 137Cs,
210pp_ and "Be for assessing soil erosion and sedimentation.
J Environ Radioact 99:1799-1807

Schuller P, Troumé A, Walling DE, Mancilla HB, Castillo A,
Trumper RE (2006) Use of beryllium-7 to document soil redis-
tribution following forest harvest operations. J Environ Qual
35:1756-1763

Schuller P, Walling DE, Iroumé A, Castillo A (2010) Use of "Be
to study the effectiveness of woody trash barriers in reducing
sediment delivery to streams after forest clearcutting. Soil Tillage
Res 110:143-153

Sepulveda A, Schuller P, Walling DE, Castillo A (2008) Use of
"Be to document soil erosion associated with a short period of
extreme rainfall. J Environ Radioact 99:35-49

Taylor A, Blake WH, Smith HG, Mabit L, Keith-Roach MJ
(2013) Assumptions and challenges in the use of fallout ‘Be as a
soil and sediment tracer in river basins. Earth Sci Rev 126:85-95
Bai ZG, Wan GJ, Huang RG, Liu TS (2002) A comparison on the
accumulation characteristics of 'Be and '*’Cs in lake sediments
and surface soils in western Yunnan and central Guizhou, China.
Catena 49:253-270

Belmaker R, Stein M, Beer J, Christl M, Fink D, Lazar B (2014)
Beryllium isotopes as tracers of Lake Lisan (last Glacial Dead
Sea) hydrology and the Laschamp geomagnetic excursion. Earth
Planet Sci Lett 400:233-242

Ciffroy P, Reyss J-L, Siclet F (2003) Determination of the resi-
dence time of suspended particles in the turbidity maximum of
the Loire estuary by ’Be analysis. Estuar Coast Shelf Sci
57:553-568

Feng H, Cochran JK, Hirschberg DJ (1999) 234Th and "Be as tracers
for the transport and dynamics of suspended particles in a partially
mixed estuary. Geochim Cosmochim Acta 63(17):2487-2505

@ Springer

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Matisoff G, Wilson CG, Whiting PJ (2005) The "Be/*'°Pb ratio
as an indicator of suspended sediment age or fraction new sedi-
ment in suspension. Earth Surf Process Landforms 30:1191-1201
Palinkas CM, Nittrouer CA, Wheatcroft RA, Langone L (2005)
The use of "Be to identify event and seasonal sedimentation near
the Po River delta, Adriatic Sea. Mar Geol 222-223:95-112
Schmidt S, Jouanneau J-M, Weber O, Lecroart P, Radakovitch O,
Gilbert F, Jézéquel D (2007) Sedimentary processes in the Thau
Lagoon (France): from seasonal to century time scales. Estuar
Coast Shelf Sci 72:534-542

Zhu J, Olsen CR (2009) Beryllium-7 atmospheric deposition and
sediment inventories in the Neponset River estuary, Mas-
sachusetts, USA. J Environ Radioact 100:192-197

Papastefanou C, Ioannidou A (1995) Aerodynamic size associa-
tion of "Be in ambient aerosols. J Environ Radioact 26:273-282
Appleby P G (2001) Chronostratigraphic techniques inrecent
sediments. In: Last W. M., Smol, J. P. (Eds.). Tracking envi-
ronmental change using lake sediments. Volume 1: Basin anal-
ysis, coring, and chronological techniques. Kluwer Academic
Publishers, Dordrecht

Jweda J, Baskaran M, Hees EV, Schweitzer L (2008) Short-lived
radionuclides ("Be and *'°Pb) as tracers of particle dynamics in a
river system in southeast Michigan. Limnol Oceanogr
53(5):1934-1944

Matsunaga T, Amano H, Ueno T, Yanase N, Kobayashi Y (1995)
The role of suspended particles in the discharge of 219pp and "Be
within the Kuji River watershed, Japan. J Environ Radioact
26:3-17

Steinmann P, Billen T, Loizeau J-L, Dominik J (1999) "Be as a
tracer to study mechanisms and rates of metal scavenging from
lake surface waters. Geochim Cosmochim Acta 63(11/
12):1621-1633

Ganasut J, Weesakul S, Vongvisessomjai S (2005) Hydrody-
namic modeling Thailand Lagoon, Thailand. ThammasatInt J Sci
Technol 10(1):32-46

Phasook S, Sojisuporn P (2005) Numerical model application on
water circulation and salt dispersion in the Songkhla Lake Basin.
J Sci Res (Sect T) 4(2):111-130

Pornpinatepong S (2005) Salt transport in Songkhla Lake.
Songklanakarin J Sci Technol 27(4):889-900

Pornpinatepong S, Tanaka H, Takasaki M (2006) Application of
2-D vertically averaged boundary-fitted coordinate model of tidal
circulation in Thale Sap Songkhla. Thailand. Walailak J Sci
Technol 3(1):105-118

Yi Y, Zhou P, Liu G (2007) Atmospheric deposition fluxes of
"Be, *'°Pb and *'°Po at Xiamen, Chaina. J Radioanal Nucl Chem
273(1):157-162

Narazaki Y, Fujitaka K, Igarashi S, Ishikawa Y, Fujinami N
(2003) Seasonal variation of "Be deposition in Japan. J Radioanal
Nucl Chem 256(3):489—496

Akata N, Kawabata H, Hasegawa H, Sato T, Chikuchi Y, Kondo
K, Hisamatsu S, Inaba J (2008) Total deposition velocities and
scavenging ratios of 'Be and 2'°Pb at Rokkasho, Japan. J Ra-
dioanal Nucl Chem 277(2):347-355

Krishnaswami S, Benninger LK, Aller RC, Von Damm KL
(1980) Atmospherically-derived radionuclides as tracers of sed-
iment mixing and accumulation in near-shore marine and lake
sediments:evidence from "Be, 2'°Pb and ***?*°Pu. Earth planet
Scilett 47:307-318

Primo de Siqueira B V (2011) Climate change impacts no mixing
and circulation at Songkhla Lagoon, Thailand. M.S. Thesis, Delft
University of Technology



Characteristics of Atmospheric "Be Deposition in the Songkhla Province,
Thailand

Santi Raksawong®, Miodrag Krmar?, Tripob Bhongsuwan®"

! Nuclear Physics Research Laboratory and Geophysics Research Center, Department of

Physics, Faculty of Science, Prince of Songkla University, Thailand

2 Department of Physics, Faculty of Science, University of Novi Sad, Trg D. Obradovica
4, Novi Sad, 21000, Serbia

* Corresponding author. Tel: +66-0-7428-8761; fax: +66-0-7455-8849.

E-mail address: tripop.b@psu.ac.th (T. Bhongsuwan).

Manuscript for submission

Abstract



The natural radionuclide ‘Be has been widely used as tracers of aerosols for the
study of pollution and atmospheric transport processes, and applied as a tracer to estimate
soil erosion and sedimentation, river or lake sediment dynamic, sediment transport
distance, etc. However, there are a few data of applications of 'Be in the South East Asia.
In this paper, we reported ‘Be concentrations and deposition fluxes of ‘Be observed from
three sites in the Songkhla province on the U-Tapao watershed during December 2012 —
January 2014, and discussed the factors controlling the deposition of this radionuclide.
The mean values of specific concentrations of 'Be in rain water were 0.24 + 0.17, 0.23 +
0.13 and 0.18 + 0.06 Bq I™ for sites S01, S02 and S03, respectively. The mean values of
depositional fluxes of ‘Be were 11.6, 18.5 and 27.1 Bq m™ for sites S01, S02 and S03,
respectively. The average annual depositional flux of ‘Be of 480.8 Bq m™ was lower than
those previously reported in other locations in the world. The monthly depositional flux of
"Be did not remain constant but varied between 0.6 and 103 Bq m™ depending on the
amount of monthly rainfall. Moreover, the depositional flux of ‘Be in northeast monsoon
months was higher than that in the southwest monsoon months indicating more
atmospheric 'Be carried by the same amount of rainwater from the middle latitude. There
are correlations between the annual depositional flux of 'Be from our data and the

previously reported in publications and horizontal, total geomagnetic field intensity.

Key words: 'Be, wet deposition, 7Be rainwater content, geomagnetic field, Songkhla

Highlights

e 'Be in precipitation was measured at the Songkhla province on the U-Tapao
watershed during December 2012 — January 2014.

e Wet depositional flux of ‘Be was linearly correlated with precipitation,
geomagnetic latitude, and horizontal and total geomagnetic field intensities.

e This relationship may be applied as a tool for assessing environmental processes.

1. Introduction



The natural radionuclide ‘Be has been widely used as tracers of aerosols for the
study of pollution and atmospheric transport processes (e.g. Ayub et al., 2009; Blake et
al., 1999; Kaste et al., 2002; Kim et al., 200; Krmar et al., 2009; Zhang et al., 2016). The
knowledge of the vertical distribution in the atmosphere is a key parameter for modeling
studies of dry and wet depositions, which are important processes to be taken into account
in the case of a nuclear accident. Furthermore, this fallout radionuclide has been applied
as a tracer to estimate soil erosion and sedimentation, river or lake sediment dynamic,
sediment transport distance, etc (e.g. Balke et al., 1999; Jweda et al., 2008; Schuller et al.,
2006; Sepulveda et al., 2008; Taylor et al., 2013; Zhu and Olsen. 2009;). Therefore,
studying the deposition and removal processes of ‘Be-bearing aerosols is also helpful in

understanding various atmospheric processes and influences of environmental variations.

"Be (haft-life of 53.3 days ) is continuously produced by interaction between the
secondary particles (protons and neutrons) produced by galactic cosmic rays and light
atmospheric nuclei such as carbon, nitrogen and oxygen (e.g. Conaway et al.,2013;
Doering and Akber, 2008; Gonzélez-Gomez et al., 2006; loannidou and Papastefanou,
2006; Krmar et al., 2007; Schuller et al., 2006; Yamamoto et al., 2006;). Its production
rate depends on the flux of galactic cosmic rays (GCR), but the GCR are modulated by
the solar activity and geomagnetic field (e.g. Akata et al., 2008; Krmar et al., 2013,;
Leppanen et al., 2010; Sakurai et al., 2005). The production of ‘Be occurs mainly in the
upper stratosphere, and it decrease from the upper stratosphere to the lower troposphere
(e.g. Caillet et al., 2001; Doering and Akber, 2008; Feely et al., 1989; Gonzalez-Gomez et
al., 2006; Renfro et al., 2013). Approximately, about 70 % of the production of 'Be in the
atmosphere, they are produced in the stratosphere, while the remaining part about 30% is
produced in the upper troposphere (Pifiero et al., 2012; Tositit et al., 2014; Usoskin and
Kovaltsov., 2008). The deposition of 'Be in the atmosphere depends not only on the
influence of different air exchange rates between the stratosphere and troposphere but also
on the rate of circulation and advection within the troposphere (Lecroart et al., 2005;
Caillet et al., 2001; Renfro et al., 2013; Ali et al., 2011; Feely et al., 1989; Hirose et al.,
2004). Moreover, the concentrations of ‘Be in the atmosphere near the ground level are
controlled by the latitude and the local meteorological conditions (Sakurai et al., 2004; Ali
etal., 2011).



Although, there are the large databases of deposition fluxes of 'Be reported by
expert researchers from various regions in the world, a few data from Asia, especially
from South East Asia are available compared with other regions. For Thailand, the 'Be
activity concentrations in mosses are reported by Krmar et al. (2013). They compared the
"Be activity concentrations in mosses samples collected at the south of Thailand and in
Serbia, the mean values of 'Be activity concentration in the south of Thailand was almost
40% lower than activity of those collected in the Serbia. In this paper, we report ‘Be
concentrations and deposition fluxes of 'Be observed from three sites in the Songkhla
province on the U-Tapao watershed, and discus the factors controlling the deposition of
this radionuclide. The obtained atmospheric fluxes of "Be are expected to the application
of understanding the sedimentary dynamics in the U-Tapao watershed and comparing

with sediment inventory of ‘Be in the Songkhla lagoon.
2. Methodology

Three stations (S01, S02, and S03) are located in the U-Tapao subcatchment
to collect the dry and wet depositions of ‘Be. The collectors were continuously deployed
since December 2012 through January 2014 for periods from 1 to 31 days depending on
the frequency of rain. The precipitations samples were collected after rainfall event. The
precipitation sample was filtered through the MnO,-fiber (5 g) in the cylinder of 15 cm
long and 1.8 cm inner diameter. After filtering, the MnO,-fiber was measured by a
gamma spectrometer installed with a HPGe detector (GC7020, Canberra Industries, USA)
in a low-background cylindrical shield (Model 747, Canberra, USA) and coupled on a
multichannel analyzer (DSA1000, Canberra, USA). The energy resolution is 0.88 keV
(FWHM) at 122 keV(*’Co) and 1.77 keV (FWHM) at 1332 keV(*°Co). The efficiency
calibration of detection system was made using of a certified Europium-152 solution
(Gammadata Instument AB, Sweden) to calculate the efficiency at gamma energy of
477.7 keV. The counting-time was set to 21600 s for each sample to provide the lowest
reasonable analytical error (less than 25% or 1 o). The prominent points of using MnO,-
fiber to absorb the “Be in rain water are (1) spending less time for preparing the samples

and (2) also less counting-time measured by gamma spectrometry than other methods.

The exposure time as period of sample collection (day), the amount of rainfall

(mm), 'Be specific activity in bulk deposition samples (Bq 1), 'Be atmospheric



deposition flux (Bq m™), the calculated running inventory of ‘Be atmospheric deposition
(Bg m?) and its corresponding uncertainty are shown in Table 1, 2 and 3 for sites S01,
S02 and S02, respectively. The activities of 'Be integrated over the sampling interval, and
it have been decay-corrected to the collecting time. For this study, we report a record of
event 'Be atmospheric deposition fluxes to the Songkhla province and discuss the

atmospheric process associated with its several variations.
3. Results and discussions

3.1 The "Be concentration in the rainfall sample

The activity concentration values of 'Be (Bq I™*) in rain samples are shown in
Table 1, 2 and 3 for S01, S02 and S03, respectively. The ‘Be concentrations which were
integrated over the exposure time ranged from 0.06 + 0.01 to 0.9 + 0.1 Bq I, 0.08 + 0.02
to 0.56 + 0.04 Bq I and 0.09 + 0.01 to 0.29 + 0.02 Bq I for S01, S02 and S03,
respectively. Their mean values (mean £ S.D.) were 0.24 + 0.17, 0.23 £ 0.13 and 0.18 £
0.06 Bq I"* for sites SO1, S02 and S03, respectively. The ranges of our values are within
that generally have been reported in other locations around the world for ‘Be in rainwater,
which is about 0.01 — 10 Bgl™* (Ayub et al., 2009). Our concentration values are similar to
those found in the Houay Xon, Luang Prabang, Lao PDR (about 17°N, 102°E) by Gourdin
et al. (2014) reporting that 'Be activity concentrations ranged from 0.174 to 0.640 + 0.008
Bq I}, but they are lower than those found in Murree city, Pakistan (33°54°N, 73°22°E)
where the "Be activity concentration varied from 0.08 to 1.68 Bq I and mean value of
0.570+ 0.201 Bq I™'(Ali et al., 2011).

As data from site SO01, there are high concentrations corresponding to low
rainfall. For example, the highest value (0.9 + 0.1 Bq I"*) corresponded to low rainfall
(26.9 mm) and exposure period of 8 days (1-7 days do not have rain). Besides, there is the
lower one (0.092 + 0.006 Bq I™") corresponding to high rainfall (158 mm) and exposure
period of one day. These results indicate that 'Be grows continuously in the atmosphere,
and is quickly removed by washout from rainfall, and when there heavy rainfall the 'Be is

diluted by more rain water sample as low concentration in this event.

When a linear regression analysis was applied, negative and weak Pearson’s
correlation coefficient (r = — 0.253, P-value < 0.05) and non-linear relationship (R? <

0.094, P-value < 0.05) was found between the 'Be content in rainwater and rainfall as



shown in Figure 1. There are high concentrations of 'Be in rainwater corresponding to the
low rainfall events. Moreover, the concentrations quickly decreased to ~0.2 Bq I with
increasing rainfalls. It shows a similar response to those reported by Caillet et al. (2001)
who studied the "Be concentration in rainfall during individual rainfall events. This result
indicated that the dry "Be-bearing aerosols in the below the cloud at lower atmosphere are
quickly washed by rainfall, called washout, in the early rain event. There are two
components in the rainwater which the washout part is more than the rainout part,
Therefore, the high concentrations of 'Be in rainwater show at the low rainfall events
(Ayub et al., 2012; Caillet et al., 2001; Conaway et al., 2013; Ishikawa et al., 1995). When
the rain event is long duration and high precipitation (>40 mm per event), the 'Be
concentrations in the rainwater are pretty constant which indicates that the ‘Be-bearing
aerosols in the cloud or rain drops are constants because the rainout part is more than the

washout part in the rainwater samples.



Table 1 Exposure time, event of total rainfall, 'Be atmospheric deposition flux, and the
calculated running inventory of 'Be atmospheric deposition during December 21,
2012 to December 31, 2013 at the top roof of Physics Building, Prince of
Songkla University (site S01)

(day/month/year) (day) (mm) (Bg I (Bgm 2 (Bqm 3
20/12/12 - 21/12/12 1 42.2 0.51+0.03 34+2 29+2
21/12/12 - 24/12/12 3 56.8 0.45+0.03 30+2 56+3
24/12/12 - 26/12/12 2 20.8 0.71£0.06 18+2 70+6
26/12/12 - 01/01/13 4 74.7 0.17 £ 0.02 17+2 82+9
01/01/13 - 04/01/13 3 48.8 0.22 £0.04 14+2 88+ 10
04/01/13 - 01/02/13 27 3.8 dry 71 69+9
01/02/13 - 24/02/13 23 51.2 0.30 £ 0.05 10+£2 61+6
24/02/13 - 25/02/13 1 110.6 0.14+0.01 151 74+4
25/02/13 - 26/02/13 1 47.6 0.43 £0.03 27+2 98+8
26/02/13 - 28/02/13 3 29.8 0.19£0.03 6.1+0.9 102 £ 12
28/02/13 - 31/03/13 31 2.8 dry 06+0.1 6917
31/03/13 - 17/04/13 17 104.6 0.14 £0.02 120+14 65+6
17/04/13 - 30/04/13 13 11.2 0.39 £ 0.05 109+1.4 66+7
30/04/13 - 07/05/13 7 59.8 0.22 £0.03 10.3+£1.6 677
07/05/13 - 08/05/13 1 29 0.16 £ 0.02 128+1.8 76+6
08/05/13 - 20/05/13 22 153.6 0.33+£0.02 29.8+15 90+5
01/06/13 - 17/06/13 17 104.1 0.26 £ 0.02 25.0+2.2 84+8
17/06/13 - 01/07/13 13 8.8 dry 6.1+1.1 76+ 12
01/07/13 - 05/07/13 4 23.6 0.15+0.04 34+09 74+18
05/07/13 - 08/07/13 1 14.6 0.21+0.08 2+1 73 +£17
08/07/13 - 09/07/13 1 134 0.17 £0.04 5+1 76 £12
09/07/13 - 01/08/13 24 174 dry 8+2 65+ 10
01/08/13 - 03/08/13 2 43.2 0.13+0.03 6+1 67+8
03/08/13 - 06/08/13 2 39.2 0.25+0.03 9+1 715
06/08/13 - 17/08/13 11 70 0.24 £0.02 201 81%5
17/08/13 - 01/09/13 13 101 0.30+0.03 29+3 9%6+7
01/09/13 - 07/09/13 6 10 0.33+0.04 11+1 96 + 27
07/09/13 - 08/09/13 1 24.6 0.11 + 0.06 15+0.8 96 + 27
08/09/13 - 17/09/13 11 29.9 09+0.1 15+2 97 +13
17/09/13 - 30/09/13 13 14.2 0.37£0.08 4+1 86+ 11
30/09/13 - 08/10/13 8 12 0.25+0.03 11+1 86+9
08/10/13 - 14/10/13 6 62.6 0.11+0.02 71 85+8
14/10/13 - 22/10/13 8 127.6 0.17+0.01 14+1 89+6
22/10/13 - 23/10/13 1 15.8 0.40 £ 0.05 8+1 95+7
23/10/13 - 26/10/13 3 70.8 0.16 +0.01 15+1 105+ 10
26/10/13 - 27/10/13 1 51.4 0.11£0.02 6+1 109 + 13
27/10/13 - 31/10/13 4 77.2 0.10 £ 0.02 5.8+0.9 109+ 10
31/10/13 - 20/11/13 20 123.6 0.15+0.01 19+2 100+£5
20/11/13 - 21/11/13 1 158 0.092 + 0.006 21+1 117 +8
21/11/13 - 22/11/13 1 107.4 0.11+0.01 1712 131+ 14
22/11/13 - 23/11/13 1 39 0.06 +0.01 35+0.6 132 +15
23/11/13 - 30/11/13 7 101.3 0.14 £ 0.02 14+2 135+ 18
30/11/13 - 02/12/13 2 57.8 0.06 +0.01 10+2 138 +18
02/12/13 - 04/12/13 2 67.7 0.09+£0.01 18+2 147 £ 10
04/12/13 - 12/12/13 8 101.8 0.19+0.01 29+2 155+9
12/12/13 - 19/12/13 5 76.6 0.24 +0.02 17+2 156 + 14
19/12/13 - 31/12/13 11 22.2 0.17 £0.03 14+2 147 £ 12




Table 2 Exposure time, event of total rainfall, ‘Be atmospheric deposition flux, and the
calculated running inventory of ‘Be atmospheric deposition during January 1,
2013 to December 16, 2013 in the open lawn at the site S02

Time interval Exposure Precipitation Be Deposited flux Running inventory
time concentration of 'Be of 7Be flux
(day/month/year) (day) (mm) (Bq I (Bqgm 3 (Bgm?
1/01/13 - 4/01/13 3 48.8 0.37 +0.03 17£2 17+2
4/01/13 - 31/01/13 27 34 dry 6+1 18+4
31/01/13 - 24/02/13 23 52.2 0.24 +0.03 17+3 31+8
24/02/13 - 25/02/13 1 110.4 0.11 £0.02 10+2 40+12
25/02/13 - 26/02/13 1 47.6 0.56 + 0.04 27+2 67+14
26/02/13 - 1/03/13 3 29.8 0.32+0.07 41+09 69 +12
1/03/13 - 31/03/13 30 38 dry 34+07 50+9
31/03/13 - 18/04/13 18 104.6 0.11+0.01 17£3 56 +6
18/04/13 - 30/04/13 12 11.2 dry 20+05 50 +12
30/04/13 - 7/05/13 7 59.8 0.16 + 0.04 6+2 52+ 17
7/05/13 - 9/05/13 2 29 0.15+0.02 6+1 56 + 10
9/05/13 - 30/05/13 21 153.6 0.24 +0.01 30+2 73+8
30/05/13 - 17/06/13 17 104.1 0.16 +0.01 16+2 74+9
17/06/13 - 30/06/13 13 8.8 dry 2005 65+ 10
30/06/13 - 7/07/13 7 23.6 dry 25+05 62+8
7/07/13 - 8/07/13 1 14.6 0.21+0.04 4+1 65+7
8/07/13 - 9/07/13 1 13.4 0.30 £0.03 16 +2 80+ 11
9/07/13 - 31/07/13 22 174 dry 9+2 7016
31/07/13 - 5/08/13 5 82.4 0.08 +0.02 7+3 72+25
5/08/13 - 31/08/13 26 171 0.29 £0.03 45+5 96 + 24
31/08/13 - 19/09/13 19 64.5 0.16 £ 0.02 22+4 98 +17
19/09/13 - 30/09/13 11 14.2 0.50 +0.07 16 £2 100 + 14
30/09/13 - 31/10/13 31 385.4 0.12£0.01 58 +6 125+12
31/10/13 - 23/11/13 23 529.3 0.12 £0.02 69 +12 162 +7

23/11/13 - 16/12/13 23 319.5 0.14+0.01 48 £5 1697




Table 3 Exposure time, event of total rainfall, ‘Be atmospheric deposition flux, and the
calculated running inventory of ‘Be atmospheric deposition during December 26,
2012 to December 31, 2013 in the open lawn at the site SO3

Time interval Exposure Precipitation Be Deposited flux Running inventory
time concentration of 'Be of 7Be flux
(day/month/year) (day) (mm) (Bq (Bqm ? (Bqm 3
26/12/2012 - 2/01/2013 6 74.6 0.27 £0.02 28+5 28 +5
2/01/2013 - 4/01/2013 3 48.8 0.16 £0.03 11+3 39 +4
4/01/2013 - 1/02/2013 27 34 dry 3.3+05 31+8
1/02/2013 - 25/02/2013 24 162.6 0.13+£0.02 24 +4 46 +12
25/02/2013 - 26/02/2013 1 47.6 0.23+£0.03 8 +2 53 +14
26/02/2013 - 1/03/2013 3 29.8 0.19+0.03 5+1 56 +12
1/03/2013 - 1/04/2013 31 3.8 dry 55 +05 43 £9
1/04/2013 - 17/04/2013 16 104.6 0.09£0.01 17 +£2 51 +6
17/04/2013 - 1/05/2013 15 11.2 0.16 £0.06 32 46 +12
1/05/2013 - 7/05/2013 7 59.8 0.09£0.01 10 1 52 +17
7/05/2013 - 1/06/2013 23 182.6 0.24 £0.02 48 +8 87+10
1/06/2013 - 17/06/2013 17 104.1 0.29+£0.2 38 +6 107 +£8
17/06/2013 - 1/07/2013 13 8.8 dry 6 £05 9619
1/07/2013 - 9/07/2013 8 56.2 0.15+0.02 5+1 91+10
9/07/2013 - 1/08/2013 23 12.8 dry 10.7 £0.7 79+8
1/08/2013 - 5/08/2013 4 82.4 0.16 £0.03 12 +3 86+7
5/08/2013 - 1/09/2013 26 171 0.23+£0.02 54 +13 115+11
1/09/2013 - 19/09/2013 18 78.7 0.13+£0.02 28 +5 118 £ 16
1/10/2013 - 1/11/2013 31 385.4 0.15+0.01 65 +8 133+ 25
1/11/2013 - 1/12/2013 30 529.3 0.16 £0.01 103 +15 193 £ 24
1/12/2013 - 31/12/2013 31 319.5 0.18 £0.02 86 +13 215+ 17
1.00
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Figure 1 'Be concentrations are plotted against the precipitation amount in period of

sampling time



3.2 'Be deposition flux

The deposited fluxes of each individual event, expressed in Bq m?, varied
widely from 0.6 +0.1t034+2Bqm? 2.0+ 0.5t0 69 + 12 Bgm?and 3+ 2 to 103 + 15
Bg m, as shown in Table 1, 2 and 3, respectively. Their mean values were 11.6, 18.5 and
27.1 Bq m? for sites SO1, SO2 and S03, respectively. The atmospheric deposition
activities of ‘Be and the event precipitation amount during the sampling period were
shown in Figure 2. The temporal pattern in ‘Be deposition closely matches the temporal

pattern in rainfall.
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Figure 2 Time series plots of the activity fluxes of atmospheric 'Be and rainfall amount

during each sampling period

The relationships between atmospheric deposited activity of ‘Be and the
amount of rainfall for sites S01, S02, and SO3 are shown in the Figure 3, and the
Pearson’s correlation and the linear regression test were used. The Pearson’s correlation
coefficients are 0.658 (p-value = 0.000), 0.921 (p-value = 0.000), and 0.944 (p-value =
0.000) for sites S01, S02, and S03 respectively. The linear regression results are shown in
the Figure 3 that they were significant at more than 95% confidence level. It may be

explained by the mechanism that the washout by rainfall is the most important process for
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"Be removal from the atmosphere (loannidou and Papastefanou, 2006; Pham et al., 2013;
Shietal., 2011).

The linear relationship between "Be depositional fluxes and rainfall amount
are reported as strong positive correlation (Duefias et al., 2002), and our study showed a
similar trend. Caillet et al. (2001) reported R? = 0.66 (p<0.001) for a site in Switzerland;
and Ayub et al. (2012) reported R? = 0.82 (p<0.0001) for a site in Argentina. These results
of the strong positive correlation indicated that the ‘Be —bearing aerosols contained in the

atmosphere at this location are constant.
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respectively
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3.3 Effect from season in 'Be removing process by precipitation

The climate of the Songkhla province, south of Thailand is controlled by tropical
monsoons that consist of the southwest (May — October) and northeast (October —
Febuary) monsoons. There are generally two seasons — the rainy season and dry season.
The rainy season is influenced by the southwest monsoon (May — September) that brought
the moist and warm air from the Indian Ocean whereas the northeast monsoon (October —
January), brought the moist air from the Gulf of Thailand. During the periods A.D. 2003 —
2013, the mean annual rainfall is 2,451 mm and frequently occurs in October to
December. Meteorological data were provided by the Thai Meteorological Department at
the Songkhla Meteorological station (WMO Index: 568501/48568, located 7°12°14” N
100°36°11” E). The monsoon system has affected the wind speed and direction in the
Songkhla lagoon. In A.D. 2013, the monthly mean wind speeds at the Songkhla
Especially, the wind speeds are strong during the period of April to October. The wind
direction is predominantly from ENE, WSW and ENE directions during the inter-
monsoon (Febuary — April), SW monsoon (April — October) and NE monsoon (October —

January), respectively (Figure.4).

Wind speed (m s')
B-o.1-2
[>151-3
E-3.01-5
Bl >5.01-8
B >8.01- 105
[ >10.51

S S S
Intermonsoon SW monsoon NE monsoon
Feb - Apr 2013 Apr - Oct 2013 Oct 2013 - Jan 2014
13:00 L.S.T 13:00 L.S.T 13:00L.S.T

Figure. 4 Wind diagram showing percentage of wind direction at the Songkhla meteorological
station (WMO Index: 568501/48568, located 7°12°14” N 100°36°11” E) during
January 2013 — January 2014. (data from Thai Meteorological Department)

The depositional fluxes of 'Be and precipitations selected from all sites (S01,
S02, and SO3) were classified into three groups: Northeast monsoon (Nov — Jan),
Southwest monsoon (May — Oct), and summer season (Feb — Apr). The Pearson’s

correlation test was used to measure the strength of the relationship between the event



depositional fluxes of "Be and amount rainfall. These correlation coefficients were 0.902
(p-value = 0.000), 0.873 (p-value = 0.007) and 0.798 (p-value = 0.000) for NE monsoon,
SW monsoon, and summer seasons, respectively. From these coefficients, the strength
levels of correlation between these values were strong correlation for NE monsoon and
SW monsoon season, and moderate correlation for summer seasons. The linear
relationships obtained by the regression test between the event depositional flux of 'Be
and amount rainfall are significant positive relationship all duration of monsoon as shown
in the Figure 5: The slopes of linear relationship between these are 0.158, 0.163 and 0.161
for the NE monsoon seasons (R* = 0.812, p < 0.001), the SW monsoon seasons (R* =
0.429, p < 0.001), and the summer season (R* = 0.864, p < 0.001) respectively. These
results can be considered that the removing of ‘Be-bearing aerosols to the ground surface

was dominantly regulated by precipitation.

When the depositional fluxes of ‘Be and amount rainfall are normalized by
duration of sampling time, and the Pearson’s correlation test was used to measure the
strength of the relationship between these. These correlation coefficients were 0.651 (p-
value = 0.000), 0.418 (p-value = 0.007) and 0.732 (p-value = 0.000) for NE monsoon, SW
monsoon, and summer seasons, respectively. From these coefficients, the strength levels
of correlation between these values were strong correlation for NE monsoon and summer
seasons, and moderate correlation for SW monsoon season. These results can be
considered that the daily depositional flux of 'Be was dominantly regulated by

precipitation.

In these data, there are some data that more scattered than others as shown in
the Figure 6 (blue star), which were cut off in the regression test. Only data which were
well grouped as shown in the Figure 6 (filled black circles) were used to investigate the
linear relationship by regression test. The linear relationships obtained by the regression
test between the daily deposition flux of "Be and daily rainfall are significant for the NE
monsoon seasons (R? = 0.514, p < 0.001), the SW monsoon seasons (R®> = 0.429, p <
0.001), and the summer season (R* = 0.864, p < 0.001) as shown in Figure 6. They can be
explained that the atmospheric deposition of ‘Be is tightly related to rainfall. Hence, the
precipitation was the dominant removal pathway of 'Be out of the atmosphere in
Songkhla province. This observation was similar to reports obtained in other regions (e.g.,
Kim et al., 2000; McNeary and Baskaran, 2003; Zhang et al., 2016)

13
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Figure 5 Relationships between the event depositional fluxes of "Be and amount rainfall
classified by duration of monsoon: a) November to January (NE monsoon), b)

May to October (SW monsoon) and c) February to April (summer season)

Although the daily deposition of ‘Be was dominantly controlled by
precipitation, there was an evident difference in the influence of precipitation magnitude
on 'Be deposition between the northeast, southwest monsoon and summer seasons. The
slope of the correlation line (0.165) for the northeast monsoon months was two times the
slope (0.096) obtained during the southwest monsoon months, indicating more
atmospheric 'Be carried by the same amount of rainwater during the northeast monsoon

season as shown in Figure 6,.
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Figure 6 Relationships between the daily depositional fluxes of "Be and daily rainfall

classified by duration of monsoon a) November to January (NE monsoon), b)

May to October (SW monsoon) and c) February to April (summer season)

Atmospheric depositional fluxes of ‘Be vary with seasonal monsoons as

shown in the Figure 6. High values show in the North-East monsoon and summer season

months, and low values show in South-West monsoon months. The significant linear

correlations between the daily deposition fluxes of ‘Be and precipitation suggested that

the atmospheric deposition of ‘Be was related to rainfall as shown in Figure 6.

Consequently, the precipitation was the dominant removal pathway of 'Be out of the

atmosphere in Songkhla. This observation was similar to reports obtained in other regions
(e.g. Kim et al., 2000; McNeary and Baskaran, 2003; Zhang et al. 2016; Su et al., 2003).



Such seasonal difference reflected the higher ‘Be contents in the atmosphere
during the northeast monsoon months. A similar phenomenon was also reported by Su et
al. (2003) and Zhang et al. (2016) based on a time-series observation of ‘Be deposition in
Taiwan and Xiamen, respectively. Since the troposphere usually becomes thinner in the
mid-latitude regions in late winter and early spring, the air mass exchange between the
troposphere and stratosphere is much active, leading more 'Be to enter into the
troposphere.

3.4 Monthly variations of 'Be deposition

Monthly depositional fluxes of 'Be for sites S01, S02 and S03 at Songkhla
province are plotted in Figure 3.5 and presented in Table 3.xx. These depositional fluxes
ranged 0.6 — 90 Bq m™, 3.4 — 69 Bq m?, and 5.5 — 103 Bq m™ for sites S01, S02, and
S03, respectively. The maximum and minimum fluxes of "Be for all sites occurred in NE
monsoon (Oct- Dec) which has the maximum rainfall amounts, and summer season (Feb

— Apr) which has the lack of rainfall.

Table 4 Monthly deposited fluxes of 'Be at sites S01, S02 and SO03

.. . 7 -2
Month Precipitation Monthly flux of '‘Be (Bq m™)
(mm) S01 S02 S03
Dec-12 384.8 90+4
Jan-13 52.2 17+£2 235 14+4
Feb-13 240.0 55+3 59+18 36+8
Mar-13 3.8 06+01 34+07 55+0.9
Apr-13 115.8 212 17+2 23+9
May-13 238.4 42+2 42 +13 58+8
Jun-13 113.0 272 16+1 44 + 7
Jul-13 69.0 16+2 29+8 16+4
Aug-13 253.4 59+3 52+ 15 65+ 13
Sep-13 78.7 262 38+8 284
Oct-13 385.4 58 +2 58 +6 65+5
Nov-13 509.5 67+3 69+ 10 103+9
Dec-13 320.7 56 +3 48+4 867
Annual 2379.9 444.6 454.4 543.5

Figure 7 shows that the monthly depositional fluxes of 'Be are changed in the
monthly rainfall amounts. The trend of our results is similar to many researchers reported
that the "Be depositional flux is controlled by precipitation (Du et al., 2008). The monthly
depositional fluxes of "Be plotted against monthly rainfall (Figure 8) show that there are

strong positive correlations all sampling sites, suggesting that the atmospheric’Be is

16



removed from atmosphere by washout and rainout processes ( Narazaki et al, 2003; Yi et

al, 2007). This information will be useful for evaluating human impacts on land

degradation phenomena as a whole (Ayub et al., 2012).
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Figure 7 Monthly deposition fluxes of ‘Be for sites S01, S02 and S03 contributions to the

whole year with precipitation amount
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Figure 8 Correlation between monthly precipitation and deposition flux of "Be for sites

S01, S02, S03 and total all sites as shown in a), b), ¢) and d) respectively.
3.5 Annual deposition fluxes of 'Be

From this data, annual deposition fluxes of 444.6, 454.4 and 543.5 Bq m™ for
sites S01, S02 and SO03, respectively, were calculated by summation of event deposition
fluxes during January, 2013 to December, 2013. The average of the annual deposition
flux of ‘Be in selected sites of the Songkhla province, Thailand is 480.8 Bq m™. Figure 9
and Table 5 show the annual deposition fluxes collected from around the world. Our
result is lower than the annual deposition fluxes reported by researchers in other locations.
Generally, high "Be flux occurs in the mid-latitude region, but this result shows the lower
"Be flux which may be influenced from the lower latitude of this study site and the topical
zone (e.g Baskaran, 1995; Ishikawa et al., 1995; Conaway et al., 2013).
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Table 5 The summarized annual 'Be deposition flux in the world

) ) ) Position g?g:;ll Depositional Ear;glzgnr?;%:etlc Earth's Magnetic field intensity
Locations Collection period fluxes of 'Be Refference
Lat.? Long.? (mm) ®Bam) De. In. Horizontal Vertical Total
Hatyai (HY), Thailand Dec 2012 - Dec 2013 7.12 100.54 2500 480.8 -0.38 -1.52 41479.0 -1102.1 41493.7 Present study
Murree (MR), Pakistan 2006 - 2010 33.90 73.38 14500 4832 2.19 51.94 30799.2 39337.3 49960.1 Ali et al.(2011)
Islamabad (ID), Pakistan 2009 2010 33.72 73.07 1140 3801 2.2 51.77 30859.3 39178.2 49872.1 Ali et al.(2011)
Stllpond (SP),USA Sep 1995 - Sep 1996 39.00 -76.00 126 2167 -11.13 67.7 20434.3 49827.0 53854.4 Kim etal. (2000)
Brisbane (BR), Australia 2004 - 2006 -27.48 153.03 718- 1056 1199 11.1 -57.54 28506.5 -44812.9 53111.3 Doering and Akber (2008)
Rokkasho (RK), Japan 2004 - 2006 40.95 141.35 1340- 1637 2626 -8.57 55.22 27852.1 40108.3 48830.5 Akata et al. (2008)
Fuhuoka (FK), Japan Aug 1995 - Oct 1998 33.58 130.40 1704 1733 -6.91 48.26 31780.3 35615.7 47733.3 Sugihara et al.(2000)
Shanghai (SG), China Nov 2005 - Oct 2006 31.23 121.40 1140 2070 -5.4 46.52 33419.1 35240.1 48566.5 Du et al. (2008)
Xiamen (XM), China Mar 2004 - Apr 2005 24.43 118.08 1135 599 -3.32 35.93 36748.5 26635.4 45386.0 Yiet al. (2007)
San Luis (SL), Argentina Nov 2006 - May 2008 -33.15 -66.30 600 - 800 1140 -1.28 33.96 19545.2 13163.6 23647.4 Juri Ayub et al. (2009)
Thessaloniki (TS), Greece Jan 1987 - Dec 1992 40.63 22.97 337- 652 736.1 3.85 57.52 25017.1 39304.5 46590.8 loannidou and Papastefanou (2006)
Thessaloniki (TS), Greece Jul 1987 - Jun 1994 40.63 22.97 337- 652 776.3 3.85 57.52 25017.1 39304.5 46590.8 Papastefanou et al. (1995)
Geneva (GV), Switzerland Nov 1997 - Nov 1998 46.27 6.17 1000 2087 0.76 62.12 22087.4 41758.1 47239.7 Cailletet al. (2001)
Monterey Bay (MB), USA Oct 2009 - Sep 2010 36.97 -122.04 763 1450 14.03 60.65 23804.7 42330.7 48564.9 Conaway et al. (2013)
IAEA-EL Buildind (IAEA),Monaco 1998-2010 43.83 7.5 1260 1.04 59.78 23396.3 40175.4 46493.4 Pham et al. (2013)
Tsukuba (TK), Japan Jan 2000 - Dec 2001 36.05 140.13 1362 1121 -7.0 49.52 30094.2 35265.4 46361.0 Hirose et al. (2004)
Tsukuba (TK), Japan 19861998 36.05 140.13 1362 1322 6.8 49.09 30075.2 34706.4 45924.4 Igarashi et al. (1998)
Nagasaki (NG), Japan Jan 2000 - Dec 2000 32.75 129.85 1561 1474 -6.35 47.01 32336.6 34687.8 474225 Hirose et al. (2004)
Massachusetts (MS1),USA Sep 2000 - Aug 2007 42.32 -71.03 2592 -15.44 68.31 19701.3 49536.1 53310.1 Zhu and Olsen. (2009)
Massachusetts (MS2),USA Mar 1996 - Feb 1998 41.53 -72.65 2133 -14.45 68.85 19467.9 50325.3 53959.6 Benitez-Nelson and Buesseler. (1999)
New Hampshire (NH),USA Mar 1997 - Feb 1998 43.07 -70.7 2767 -16.28 69.59 18917.5 50848.1 54253.1 Benitez-Nelson and Buesseler. (1999)
Tatsunokuchi (TS), Japan 19912002 36.47 136.55 5300 -7.48 50.55 30261.7 36774.1 47624.7 Yamamoto et al. (2006)
Ansai (AS), Chaina Apr 2010 - Dec 2012 36.86 109.32 510 1756 -3.38 55.61 30065.3 44024.9 53349.4 Zhang et al. (2013)
Granada (GD), Spain 1995 - 1998 37.18 -0.60 452 469 -2.26 51.47 26764.9 33613.9 42368.0 Gonzalez-Gomez et al. (2006)
Malaga (MG), Spain 1992 - 1999 36.73 -4.47 308 412 -3.76 50.8 26899.1 32980.7 42559.2 Duenas et al. (2002)
Huelva (HV), spain Jan 2010 - Dec 2011 37.27 -6.92 740 -2.49 51.1 26991.8 33450.6 42982.6 Lozano et al.(2013)
Cadiz (CD), spain Jan 2010 - Dec 2011 36.53 6.21 760 2.25 50.11 273774 32758.0 42692.0 Lozano et al.(2013)
St. Petersburg (SP), USA Oct 2003 - Jul 2004 27.76 -82.64 575 1832 -4.0 58.16 24758.7 39864.5 46927.3 Baskaran and Swarzenshi. (2007)
Nankang, Taiwan 1996 - 2001 25.0 121.6 1945 1833 -3.83 35.98 36248.7 26318.6 44795.5 Su et al., 2003
Peng-Chia Yu, Taiwan 1996 - 2001 25.7 121.1 1929 1117 -3.55 37.20 35905.0 27307.9 45164.8 Suetal., 2003
Xiamen, China 2001 - 2003 24.4 118.1 1618 694 -2.94 35.44 36690.6 26151.1 45096.1 Jiaetal. (2003)
Qingdao,China 2002 36.1 120.3 421 610 -6.08 53.11 30805.8 41047.7 51321.7 Yiet al. (2005)
Qingdao,China 2004 36.1 120.3 376 785 -6.16 53.14 30596 41039.6 51296.0 Yiet al. (2005)
Nanjing, China 2010.1-2011.12 32.1 129.8 1101 1622 -6.42 46.32 32151.1 33883.0 46849.0 Yang et al. (2012)
Three gorges reservoir 2009.5- 2010.5 30.4 108.2 1026 949 -2.60 46.50 34225.0 36068.0 49722.0 Shi et al, (2011)




3.6 The effect of 'Be from geomagnetic field

In fact, the 'Be’s production rate in the atmosphere depends on the flux of
galactic cosmic rays (GCRs) affected by the solar activity or solar magnetic field
(Leppanen et al., 2010; Akata et al., 2008; Sakurai et al., 2005), and the geomagnetic field
has been influenced the fluxes of the charged GCRs. Therefore, vertical, horizontal, and
total intensities of geomagnetic field and absolute geomagnetic latitude were plotted with
the annual atmospheric depositions of ‘Be reported in the several locations in the world
and our result as shown in Figure 9. The calculated geomagnetic fields by using the
International Geomagnetic Reference Field (IGRF) model from the National Centers for
Environmental Information (NOAA, 2016) were used in this study. The geomagnetic
latitude (1) was calculated from inclination angle (1) as follow tan(l) = 2 tan(A). The
charged GCRs cannot move through to the Earth’s atmosphere in area of low
geomagnetic latitude because the geomagnetic field can make the magnetic force exerting
the charged GCRs in perpendicular of particle motion. Its effect can turn out the charged
GCRs. Hence, the low geomagnetic latitude area has the low "Be’s production indicating
low annual atmospheric depositions of 'Be (see Figure 9a and b). There are three points of
high annual atmospheric depositions of 'Be at the middle latitude which indicate that they
may be strongly affected from the exchange between stratosphere and troposphere (Ali et
al., 2011; Yamamoto et al., 2006). For discussion of geomagnetic field, we cut out three
points of high annual atmospheric depositions of "Be. Figure 9b shows that geomagnetic
latitude have affected with the "Be depositional fluxes, and the 'Be depositional fluxes are
depended on the magnetic field intensities such as horizontal, vertical and total intensities
as shown in Figure 9c d and e, respectively. Figure 9c shows the negative correlation
between the horizontal magnetic field intensity and the 'Be depositional fluxes. Although,
it is poor correlation which may be influenced from other factors such as horizontal
movement of atmospheric aerosols carried the 'Be, and folding effect of exchange of
aerosols between stratosphere and troposphere. The related correlation of these is
negative, because the charged GCRs are turned out by high magnetic force from the
horizontal magnetic field intensity. The 'Be depositional fluxes as shown in Figure 9d
seem that it depends on the vertical magnetic field intensity, but the vertical magnetic
field intensity do not in fact affect to the movement of the GCRs. Therefore, the GCRs
can move through to the Earth’s atmosphere for interaction of the light particle producing



"Be. The effect of total magnetic field intensity to the ‘Be depositional fluxes shows in

Figure 9e. It seems that the magnetic field intensity influence the "Be depositional fluxes

because of the total magnetic field intensity including the factors such as geomagnetic

latitude, horizontal and vertical magnetic field intensities.
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4. Conclusions

The atmospheric concentration and deposition fluxes of ‘Be were measured at three sites
in the U-Tapao watershed, Songkhla province, South of Thailand during December 2012
— January 2014. This study provides the baseline information and will be helpful to apply
and investigate at this site in the future. Based on this study, mean values of specific
concentrations of ‘Be are influenced by seasonal variations. The average annual
depositional flux of "Be of 480.8 Bq m™ is lower than those reported in other locations in
the world. The monthly depositional flux of 'Be did not remain constant but varied
between 0.6 and 103 Bq m™ depending on the amount of monthly rainfall. The seasonal
variations have been observed that the depositional flux of ‘Be in northeast monsoon
months was higher than that in the southwest monsoon months indicating more
atmospheric 'Be carried by the same amount of rainwater from the middle latitude. From
our result and reported data in publications, there are correlations between the

depositional flux of 'Be and horizontal, total geomagnetic field intensity.
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Abstract

Studying the particle exchange processes at the sediment-water interface provides new
insights into benthic processes in the Outer Songkhla lagoon. In this contribution, we present
the sediment mixing rates derived from #°Pbe, and 'Be depth profiles in the lagoon sediment.
The long-term sediment mixing rates estimated from #°Pbe, profiles range from 8.7 to 41.9
cm? y™!. In addition, these ?°Phe, profiles indicate sedimentation rates between 0.37 and 0.81
cm y™. The "Be activity profiles show the maximum penetration depth or the thickness of
particle mixing layer ranging from 0.5 cm to 2.0 cm. The sediment mixing rate estimates
from "Be range from 0.04 to 37.7 cm? y™*, at the central part of lagoon and in the discharge
area, respectively. The sediment mixing rates near shrimp farming areas were significantly
elevated. Moreover, the average mixing rates in the discharge and non-discharge areas were
significantly different. As a preliminary observation, the activities of shrimp farms influenced

the redistribution of sediment at the water-sediment interface, as did the discharge flows.

* Corresponding author. Tel: +66-0-7428-8761; fax: +66-0-7455-8849.
E-mail address: tripop.b@psu.ac.th (T. Bhongsuwan).

Keywords: Songkhla lagoon, diffusion model, sediment mixing rates, bioturbation, 'Be,
210
Pb

1. Introduction

The Songkhla lagoon is the largest lagoon in South-East Asia, located in southern Thailand
on the east coast of the Malay Peninsula. It has three interconnected parts, namely the inner,
the middle and the outer part. The outer part, known as Thale Sap Songkhla, is the
southernmost part of the Songkhla lagoon. The outer Songkhla lagoon (Fig. 1b) is a shallow
coastal lagoon with an average depth of ca. 2.0 m (1.5 m) in the rainy (summer) season.
There is a narrow opening to the Gulf of Thailand allowing tides to propagate into the lagoon.
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The aquatic environment in the outer Songkhla lagoon is, therefore, a combination of
seawater and freshwater, and the hydrodynamic complexity of this system is mainly
controlled by tides, runoffs, winds and waves. The Songkhla lagoon is an important
ecosystem with abundant fishery resources representing freshwater, brackish and marine
animals. It also serves as an important nursery ground for many economically important
species of fish, crab, and shrimp (Pornpinatepong et al., 2010). Moreover, aquatic animal
husbandry is practiced both in and around this lagoon. Fish (sea bass) farming was introduced
in 1971 and is localized in the outer Songkla lagoon around Koh Yo island. Culturing the
black tiger shrimp (Penaeus monodon) was introduced by the government in the early 1980s
to improve household incomes and to enhance employment opportunities of the local
population. Shrimp farming dramatically insreased from 3,491 ha to 7,799 ha over the period
from 1982 to 2000 (Tanavud et al., 2001; Pornpinatepong et al., 2010). Since the Songkla
lagoon and its catchment are mostly within the Songkhla province, this provincial economy is
heavily influenced by the natural and aquacultural production of the lagoon. Since 2002, the
fishery production from wild and aquaculture populations has rapidly decreased, as seen in its
contributions to the gross provincial product (GPP) which were 14,902, 13,270, 8,001 and
6,533 million bath per year (at the current market prices) in 2002, 2005, 2009 and 2013,
respectively (NESDB, 2014). This despite the Department of Fisheries having restored
economic aquatic animals in this lagoon and implemented many techniques to prevent
diseases and to treat the shrimp in the farms. Shrimp farming has expanded to freshwater
areas replacing paddy fields, causing the soil to acquire high salinity level and low organic
content, while the wastewaters from shrimp farming are discharged into the lagoon (Tanavud
et al., 2001; Pornpinatepong et al., 2010). The Songkhla lagoon is impacted by a large
watershed area with agriculture mainly of rice, rubber trees, and oil palm trees, and also with
a large urban human population. The urban domestic wastewaters, fertilizers from
agriculture, and the high suspended sediment load from erosion in the watersheds enter the
lagoon through various canals and cause environmental degradation (e.g. Bhongsuwan and
Bhongsuwan, 2002; Chittrakarn et al., 1998; Gyawali et al., 2013; Ladachart et al., 2011;
Pornpinatepong et al., 2010; Pradit et al., 2013; Sirinawin et al., 1998; Sirinawin and
Sompongchaiyakul, 2005). Furthermore, the hydrodynamics in this lagoon is mainly driven
by winds and tidal responses. The wind-induced waves stir up the sediment easily and wind-
induced currents distribute the suspended sediments because of the shallowness and the soft
mud bottom. The water velocities are mostly low in the lagoon, but strong flows occur in the
canal connecting to the Gulf of Thailand, to north and south of Koh Yo island, and affected



58
59
60
61

62
63

64

65
66
67
68
69
70
71
72
73

74
75
76
77
78

by tidal chages (Ganasut et al., 2005; Pornpinatepong et al., 2006; Primo de Siqueira, 2011).
These processes influence the distributions of chemical species in the interfacial zone that can
deteriorate water quality and disturb the stratigraphic structure in the sediments (e.g.
Bradshaw et al., 2006; Crusius et al., 2004; Lecroart et al., 2010; Schmidt et al., 2007).
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study area.

These complications have been discussed in a large number of scientific studies aiming to
find and mitigate environmental impacts. Studying the particle exchange processes at the
sediment-water interface provides new insights into benthic processes. Therefore,
quantitative sediment mixing rates in terms of diffusion coefficient (Dy) and penetration
depth (L) are required for understanding the sedimentation processes and ecological activities
at the water-sediment interface in the lagoon. The Dy, represents the mixing intensity in the
sediment column, and is estimated by fitting a diffusion model to depth profiles of tracers
(e.g. Krishnaswami et al., 1980; Lecroart et al., 2007a; Lecroart et al., 2007b; Lecroart et al.,
2010; Schmidt et al., 2007; Palinkas et al., 2005).

In this paper, we present an investigation of sediment mixing at the water-sediment interface
on the outer Songkhla lagoon. Results are reported on detailed depth profiles of both short-
and long-lived radionuclides, namely 'Be and #°Pb, in the bottom sediment cores. These
radionuclides are assessed as tracers indicating short- and long-term sediment mixing rates

(Dp). Moreover, this work shows impacts of shrimp farming and river discharge.
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2. Methods
2.1 Sampling of the sediment cores

Totally 16 bottom sediment cores in the outer Songkhla lagoon were collected using a hand-
operated corer equipped with PVC core tubes (8.5 cm internal diameter, 30 cm length), on
December 25, 2013. Sediment core sampling locations in the lagoon are shown in Fig. 1b.
All the cores were kept vertical, transported to the laboratory, and then sliced at 0.5 cm
intervals in the depth direction, using the handheld extruder shown in Fig. 2. These
specimens were dried at 105 °C for 24 hours in an electric oven, ground in a ceramic mortar,
sieved to < 2 mm fraction, weighed, and stored in airtight sealed polyethylene bottles. The
particle sizes of sediments were determined by sieve analysis. The 'Be activities were
measured by a gamma spectrometer with a HPGe detector (GC7020, Canberra Industries,
USA) in a low-background cylindrical shield (Model 747, Canberra, USA) and coupled to a
multichannel analyzer (DSA1000, Canberra, USA). The energy resolution was 0.88 keV
(FWHM) at 122 keV (°’Co), and 1.77 keV (FWHM) at 1332 keV (*Co). The minimum
counting-time for each specimen was set at 40,000s. However, when a specimen had
analytical error exceeding 1o, we increased the counting-time up to 100,000s to reduce the
analytical error to below 25% or 1. Gamma ray energy at 477.7 keV was analysed for 'Be
determination. The IAEA TEL 2011-03 WWOPT soil-04 sample with certified radionuclide
activities was used to calculate the relative efficiency of ‘Be detection at 477.7 keV. The 'Be
activities were corrected for decay from the sampling time on December 25, 2013. The
selected sediment samples were sent to a laboratory at the Faculty of Sciences, University of
Novi Sad, Serbia, to measure the total 2!°Pb activity by such gamma spectrometry systems
that have good efficiency at the gamma energy 46.6 keV. The average **°Ra activity, known
to support %°Pb, was determined via gamma rays emitted by the daughter isotopes, %*Pb at
energy levels 295 and 352 keV and “*Bi at energy level 609 keV. All sediment samples were
stored for at least 4 weeks in sealed polyethylene bottles to allow radioactive equilibration of
22°Ra with its daughter isotopes. The excess or unsupported °Pb (*°Ph,,) activity was then

calculated as the difference between total and supported %°Pb.
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Fig. 2 Photographs showing (a) scenery of the study lagoon during sediment core sampling,
and (b) slicing of an 0.5 cm thick layer from extruded sediment core, using a metal blade in

the laboratory.
2.2 Radionuclide Tracers and Diffusion Model Equation

Naturally occurring radionulides, such as “*°Pb and 'Be that are good radionuclide tracers, are
widely used to determine the mixing rates in estuarine, marine and lake sediments, in
combination with a vertical diffusion model based on analogous eddy diffusion (e.g.
Krishnaswami et al., 1980; Lecroart et al., 2007; Schmidt et al., 2007; Palinkas et al., 2005).
The mixing rates are estimated by identifying a steady-state vertical diffusion model from the

depth profiles of these radionuclides adsorbed in the fine sediments.

The naturally occurring radionuclide *°Pb originates from the *®U decay series, and has a
half-life of 22.3 years. There are two components contributing to %°Pb in aquatic sediments.
First, supported #°Pb is produced by the in situ decay of the parent radionuclides in the soil
or sediment. Its activity is in equilibrium with its long-lived parent °Ra. The second
component is contributed by natural fallout, and this is called ‘unsupported’ or ‘excess’ °Pb.
This component is produced by the decay of the gaseous radionuclide radon-222 (*?Rn) in
the atmosphere, which in turn is released by the U decay series in rocks and soils. The
2% js easily attached to airborne particulates and removed from the atmosphere by both wet
and dry deposition onto catchment surfaces and into water bodies (lake, lagoon, estuary and
ocean). The #°Pb falling onto catchment surfaces will be eroded and transported to the water
bodies through waterways, and the ?°Pb falling directly into the water bodies is readily

adsorbed by suspended particulate matter in the water column, and may be deposited to the
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bottom sediments (e.g. Appleby, 2001; Krishnaswamy et al., 1971; Sommerfield et al., 1999;
Schmidt et al., 2007).

The "Be, with a half-life of 53 days, is naturally produced by the spallation reactions of the
cosmic particle rays (protons and neutrons) with the nuclei of light elements (carbon, oxygen
and nitrogen), in stratosphere and troposphere (e.g. Papastefanou and loannidou, 1995). The
produced cosmogenic 'Be atoms are readily attached to airborne particulates and migrate to
the ground level by precipitation and dry deposition (e.g. Feely et al., 1989; Papastefanou and
loannidou, 1995; Schuller et al., 2010; Zhu and Olsen., 2009). Therefore, the 'Be in a lake or
a lagoon comprises two components. First, what is directly deposited from the atmosphere
into the water column and the lagoon bottom, and second, what is transported from the
watershed by streams and overland flow (e.g. Appleby, 2001; Jweda et al., 2008; Matsunaga
etal., 1995; Walling, 2004).

These radionuclides have been used in prior studies to examine particle dynamics, sediment
deposition/erosion, and sediment mixing by biological and physical activities (e.g. Feng et
al., 1999; Palinkas et al., 2005; Schmidt et al., 2014; Zhu and Olsen., 2009). To understand
the sediment mixing in a water body, one-dimensional eddy diffusion is the most widely used
model of the vertical mixing rates at the water-sediment interface, and is shown in Eq. (1)
(e.g. Aller and DeMaster, 1984; DeMaster et al., 1985; Krishnaswami et al., 1980; Lecroart et
al., 2007a; Lecroart et al., 2007b; Lecroart et al., 2010; Meysman et al., 2003; Osaki et al.,
1997; Pope et al., 1996; Reed et al., 2006; Schmidt et al., 2007; Smith and Schafer, 1999;
Wheatcroft, 2006).
Zt—AszZZ—?—S%—ﬂA (1)

where A refers to the activity (Bq cm™) of the selected radionuclide tracer in the sediment, at
depth z corrected for sediment compaction. A is calculated by multiplying the in situ wet
density of the sediment (mass of dry solids per unit volume of wet sediment, p in kg cm™)
and activity concentration of radionuclide tracer at depth z in the sediment (C, in Bq kg™). Dy
is the particle mixing coefficient (cm?y™), S is the sediment accumulation rate (cm y™), and 1

is the radioactive decay constant (y™).

The assumptions made on using Eq. (1) to estimate Dy from the radionuclide tracer profiles

include: i) the diffusion process is assumed to occur at constant intensity within a surface
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mixed layer under steady state (6A/ ot =0), and ii) the activity of radionuclide tracer is equal
to A(0) at the sediment-water interface and approaches 0 as the depth approaches infinity (e.g.
Aller and DeMaster, 1984; Appleby, 2001; DeMaster et al., 1985; Krishnaswami et al., 1980;
Lecroart et al., 2010; Pope et al., 1996; Schmidt et al., 2007). The steady-state solution with

these assumptions is

j 2
- 42D,
A(z) = A(0)exp S5 +44D, z

2D,

)

Now the observed depth profiles can be fit with this model by using least squares regression,

to identify the mixing coefficient (Dy) when the sedimentation rate is known.
2.3 Estimating the sediment accumulation rate from #°Pb observations

The excess or unsupported “°Pb (*°Pbey) profile and the radioactive decay law can be
applied to establish sediment accumulation rates (e.g. Bonotto and Garcia-Tenorio, 2014;
Simsek and Cagatay, 2014). The simplest model, the Constant Initial Concentration (CIC)
model, is also known as the constant specific activity model. An increased flux of sediment
particles from the water column will proportionally increase the transfer of “°Pbey from the
water to the sediment. In addition, the #*°Pbe, activity profile is exponentially decreasing with

depth the z (cm), as observed in equation (3).
A
C(z)=C(0) exp(—z gj (3)

where C(z) and C(0) are the #°Ph, activity at depth z and at the top layer, respectively. The
mean sedimentation rate S (cm y™) can be determined from the slope of 2°Phe, activity vs.
depth, estimated from a least-squares fit (e.g. Bonotto and Garcia-Tenorio, 2014; Simsek and
Cagatay, 2014).

3. Results
3.1 Sediment characteristics

Grain-size data at the sediment surface ( 0 — 1.5 cm) revealed that the outer Songkhla lagoon
sediments are composed of mostly fine to very fine sand with some sandy sediments found
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near the canal mouth. The clay content in cores increases with distance from the river or
canal mouth. For instance, the clay content at site SKO3 located adjacent the Ro.1 canal
mouth is low (34.9%), and comparatively much higher at the site SKO05 located far from the
Ro.1 canal mouth (71.1%) or at the site SK04 far from the Ro.3 canal mouth (65.4%). This
effect is caused by the high water flow rate at the mouth, which decreases with distance from
the mouth. Two sites near the canal mouth (SK03 and SK13) have sandy sediments with low

clay content, instead they have high medium to fine sand contents as shown in Table 1.
3.2 2% profiles

The #°Pbey depth profiles in the outer Songkhla lagoon are shown in Fig.3. The #°Pbey
profiles at sites SK02, SK08 and SK17 were well fit by linear regression of the logarithm of
2, activity (Bq cm™) to the depth (cm), corroborating use of the vertical diffusion model
described in Section 2.2. The ?°Pbe, profile at site SK15 was not well fit by the vertical
diffusion model. The sediment mixing rates, Dy, estimated from Eq. (2), are 41.9, 38.2 and
8.7 cm y™ at the sites SK02, SK08 and SK17, respectively. Moreover, the *°Pb, profiles can
be used to establish sediment accumulation rates. The simplest Constant Initial Concentration
(CIC) model was applied to the #°Ph., profiles and the sedimentation rates estimates are
0.81, 0.77 and 0.37 cm y™ at the sites SK02, SK08 and SK17, respectively. The previously
reported 0.57 cm y™* sedimentation rate near the site SK08 was obtained by Chittrakarn et al.
(1998) using the *¥’Cs method. Moreover, the total sediment discharged into the outer
Songkhla lagoon system in 2002 was estimated by the Universal Soil Loss Equation (USLE)
model in GIS environment to be 6.89 x 10° kg, or on an average 8.14 x 10° kg km™ across
the basin. The prior 0.44 cm y* sedimentation rate estimate (Tanavud et al., 2006) is lower
than our rates at SK02 and SK08, but a little higher than our rate at SK17.

210ppg, activity (<103 Bg cm3)  2'%Pbg, activity (<103 Bg cm™)  210Pbg, activity (103 Bg cm®)  210pb__ activity (10-3 Bq cm3)

100 10 100 10 100 10 100
20 50 200 20 50 200 0 50 200 0 50 200
0 L lllIIlI 1 0 Ll lIllIlI 1 0 | lllIJlIl 1 0 1 lIlllIl] L1
E — E G E '2.' 3 )
5 - —e—4 5 =4 5 ; 5 H
E [ g e E - E .
10 3 e 10 3 v 10 3 % 10 3 o
— = ! — = — -1 e — = ;
3 3 —=4 3 =, 3
5153 7 5153 7 514 5153 e
£,d £ 03 Ins £,3 / = €04 "
g 20—: y; 8 20—: / & 20—: 2 20—: =
3 y—e—i 3 ot 3 3
— i/ — — -
25 3 / SK02 25 3 ’J" SKO08 25 = SK17 2 3
3 ! RE=0752 3 R?=0.793 3 R?=0.727 =
30 3 ! Db = 41.9 cm?y”! 30 3 Db = 38.2 cm?y! 30 3 Db = 8.7 cm?y”! 30 SK15
3 Rs=0.81cmy" 3 Rs=0.77 cm y = Rs =0.37 cmy” =
35 35 35 35




210
211

212

213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

234
235

Fig. 3 #°Phey activity profiles from the Outer Songkhla lagoon. The straight line fits shown
are used with Eq. (2) to estimate mixing coefficients.

3.3 'Be profiles

The depth profiles of "Be activity [Bq cm™] in each sediment core are presented in Table 1
and Fig. 4. The maximum penetration depth at which 'Be activity (or the thickness of mixed
layer) was measurable in the cores ranged from 0.5 cm (sites SK06, SK14 and SK16) to 2.0
cm (sites SK02 and SK15). This result is comparable to that reported from a lake studied in
western Yunnan and central Guizhou (Bai et al., 2002). In their study 'Be was mainly
distributed within a 2 cm top layer on the lake bottom. The maximum "Be depth penetration
in another fresh water lake was between 1 cm and 3 cm (Krishnaswami et al., 1980).
However, some studies have reported measurable 'Be activities in sediment samples at depths
up to 10 cm in river estuaries (Zhu and Olsen, 2009) and at 8 cm in a lagoon near shellfish
farms in the summer (Schmidt et al., 2007). These prior studies of several areas show several
penetration depths depending on the environment, on the atmospheric depositional flux of
radionuclides, and on anthropogenic and biological activities (Palinkas et al., 2005; Zhu and
Olsen, 2009). In the topmost sediment layer at 0 - 0.5 cm depth in the current study, the
minimum and maximum activities of ‘Be were 10 + 4 and 78 + 10 mBq m™, found at sites
SKO03 and SK09. The fourteen "Be activity profiles in Fig. 4 show decreasing activity with
depth, and are well fit by linear regression of logarithmic activity to depth (cm). The
sediment mixing coefficients estimated from the vertical diffusion model described in
Section 2.2 as Eq. (2), and using the sedimentation rate estimates from #°Pbe,, range from
0.04 cm? y™* at site SK06 to 37.7 cm? y™* at site SKO1, as shown in Table 1. However, the
profiles from sites SK12, SK14 and SK16 are not well fit by linear regression of logarithmic

activity to depth.

Table 1. The "Be activity, 'Be inventory, clay-normalized 'Be activity, ‘Be mixing

coefficient, and constituent fractions in the sediment cores.

Percentage of classified

7 .
"Be activity (mBg cm™®) : Bte . noﬂ;}’i'ze ' "Be-Dy, sediment
(el Locations : very fine

Cores Depth (cm) Be Eq.(2) ”f‘fni";;ao el

00-05 05-10 10-15 15-20 (Bqgm? (Bg kg™ (cm? y) ©1-0amm? andclay

(<0.1 mm)

SK01 44+16 48+14 3114 615 + 135 81.9 37.7 DC  NSH 411 58.9
SK02  43+13 2112 20+12 11+12  420+141 90.1 6.6 DC  NSH 421 57.9
SK03 104 8+3 5+3 114 + 34 16.6 11.4 DC  FSH 65.1 34.9
SKo4 45+14 1714 308 + 137 66.4 1.2 NDC  FSH 34.6 65.4

SKO05 339 18+9 209 358 + 86 84.8 3.3 NDC  FSH 28.9 71.1
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SK06
SKo07
SKO08
SK09
SK10
SK11
SK13
SK15
SK12
SK14
SK16

35+ 11
35+6
22+5
78+10
48 £10
40+6
45+15
44 +6
16 +11
37+16
35+14

3+1
22+6
14+6
35+10
27+10
21+6
28+14
25+4
46 £ 10

11+5
31+10
21+11
7+6
21+12
336

174 +57
284 +30
23776
718 + 105
482 + 105
340+ 98
470 £ 132
587 +51
307 £ 116
184 + 81
175 + 69

91.6
45.4
30.6
130.2
127.5
123.1
61.7
223.7
254
30.9
28.8

0.04
6.0
9.7
5.7
7.1
15
8.2

13.1
NA
NA
NA

NDC
DC
DC
DC
DC

NDC

NDC
DC

NDC

NDC
DC

FSH
FSH
NSH
NSH
NSH
FSH
NSH
NSH
FSH
FSH
NSH

16.9
18.5
29.3
34.9
25.8
49.2
66.3
48.4
46.2
24.9
28.8

83.1
81.5
70.7
65.1
74.2
50.8
33.7
51.6
53.8
75.1
71.2

# The sediment inventories of "Be which were calculated by Raksawong et al.(2016)

® Particle size of sediment classified by sieve analysis
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Fig. 4 'Be activity profiles from the Outer Songkhla lagoon. The linear fits according to Eq.

(2) were used to estimate mixing rates.

4. Discussion

Generally, the diffusion model (Eqg.1) can explain sediment mixing caused by ecological
processes, called bioturbation rates, at the water-sediment interfaces in estuarine, continental
shelves, and deep-sea floor zones (e.g. Aller and DeMaster, 1984; Crusius et al., 2004; Feng

et al., 1999; Lecroart et al., 2007; Osaki et al., 1997). There is less information on use of this
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model to approximate the sediment reworking processes in tropical monsoonal environments.
The current results are an attempt to quantify the sediment reworking in the outer Songkhla

lagoon by this particular approach.

The mixing depths obtainted from the penetration depths of 'Be activity are high at the sites
SKO01, SK02, SKO05, SK09, SK13 and SK15 (Fig. 4), and the sediment mixing coefficients
are high at the sites SK01, SK03, SK08 and SK15 (Table 1), likely indicating a high vertical
and spatial heterogeneity at the sediment-water interfaces of these sites. This is probably

because high sediment mixing depth and rate are caused by bioturbation.

The sediment mixing coefficients by sediment type are plotted on the shaded color maps of
the clay-normalized 'Be activities (Fig. 5a), which removes any effects related to the particle
size on the vertical activity and on the sediment inventory of 'Be (Fig. 5b). The contour maps
of the clay-normalized "Be activity (Fig. 5a) and sediment inventory of 'Be (Fig. 5b) indicate
the same two high activity zones, adjacent to the Pak Ro and Ro.3 canal mouths. These two
zones probably indicate both high recent sediment deposition rate and high bioturbation,
because the clay-normalized 'Be activities affect via two pathways: 1) rapid transport and
deposition during floods resulting in low activities, and 2) slow transport and deposition such
that bioturbation rates exceed the burial rates resulting in high activities (e.g. Addington et
al., 2007; Kniskern et al., 2010; Sommerfield et al., 1999). In the same way, the 'Be
inventories in the sediment are indicative of both the sediment deposition/erosion (e.g. Aller
and DeMaster, 1984; Crusius et al., 2004; Fitzgerald et al., 2001; Krishnaswami et al., 1980;
Neubauer et al., 2002; Palinkas et al., 2005; Sommerfield et al., 1999) and of the bioturbation
(Osaki et al., 1997; Aller and DeMaster, 1984). Moreover, there is a high content of particle-
reactive radionuclides in the sediment column, also indicating high sedimentation rate and
strong bioturbation in these zones (Palinkas et al., 2005; Schmidt et al., 2007). The high
sediment mixing coefficients (8.5 — 37.7 cm? y™*) estimate for the sites SK01, SK02, SK08,
SK09, SK10 and SK15, using the sedimentation rates calculated from *°Pb profiles, confirm

strong bioturbation at the Pak Ro and Ro.3 canal mouths.

High sediment mixing coefficients are observed near the shoreline of the lagoon and by the
canal mouths, as demonstrated by the sites SK01, SK03, SK08, SK09, SK10 and SK15,
whereas low mixing coefficients (0.04 — 5.5 cm? y™) prevail in the central lagoon area (sites
SK04, SK05, SK06, and SK11). This indicates that bioturbation processes are strong near the

shoreline of the lagoon and mouths of canals but weaker in the central lagoon area.
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Based on the above discussion, rapid sediment mixing combined with slow sedimentation
occurs near the mouth of Pak Ro canal zone (SK15) and near the mouth of Ro.3 canal
(SKO01). This is suggested by the mixing coefficients (13.1 and 37.7 cm? y* for sites SK15
and SKO1, respectively) and the clay-normalized 'Be activities that are high (223.7 and 81.9
Bq kg™ for sites SK15 and SKO01, respectively); however, both these zones had high sediment
inventories of 'Be. At the mouth of Ro.1 canal zone (SK03), both rapid sediment mixing and
sedimentation are observed, since the sediment mixing coefficients are high (11.4 cm? y™),
and the clay-normalized "Be activity (16.6 Bq kg™) and sediment inventory of 'Be (114 Bq
m?) are low. The sediment mixing in this zone was probably affected by the high flow rates
and turbulence. High sedimentation rate and less sediment mixing are observed at the site
SKO07 from the low clay-normalized ‘Be activity and low mixing coefficient (6.0 cm? y™). We
could not estimate the sediment mixing coefficients at north tip of Koh Yo island (sites SK12,
SK14 and SK16), while low clay-normalized "Be activity and low sediment inventort of 'Be
were found in this area. These are caused by the large water flows with tidal currents that
invade from the Gulf of Thailand (Raksawong et al., 2016; Pornpinatepong et al., 2006).
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Fig. 5 Shaded color maps of a) clay-normalized 'Be activity, and b) the inventory of 'Be

activity, including the sediment mixing coefficients in the outer Songkhla lagoon.

To assess the effects of bioturbation, we partitioned the sampled sediment cores to those from
near shrimp farming (NSH) within 2.5 km from shrimp farms, and those far from shrimp
farming (FSH), as well as discharge (DC) and non-discharge (NDC) groups (Table 1). The
average sediment mixing rates by group were compared using the Wilcoxon signed-rank test,
which is a non-parametric statistical hypothesis test for non-normal distributions. The
sediment cores of NSH and FSH areas had average sediment mixing coefficients 13.6 cm? y™*
and 4.4 cm? y, respectively, (Fig. 6a) that are significantly different at p < 0.05. Therefore,
the sediment mixing rates of NSH cases are higher than those of FSH cases. The excess feed

and other effluents from shrimp farms are drained into the lagoon, where the benthic animals
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consume them. This current study indicates that high benthic activity in the NSH cases can
greatly influence sediment mixing and sedimentation in the outer Songkhla lagoon.
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Fig. 6 Box plots of 'Be activity grouped by a) near shrimp farming (NSH) and far from
shrimp farming (FSH), and b) discharge (DC) and non-discharge (NDC) cases.

A comparison of the results between the discharge and the non-discharge areas shows that
their average sediment mixing rates were 13.1 cm? y™* and 2.8 cm? v, respectively, as shown
in Fig. 6b, this difference being significant at p < 0.05. This clearly indicates that discharge
affects sediment mixing. In particular fine-sediments, fertilizers from agriculture, and a high
load of suspended sediments from erosion are carried along by the runoff and flood waters

from watersheds.

Particularly, the results for core SK01 show the highest 37.7 cm? y™* sediment mixing rate
(estimated from ‘Be) and 1.5 cm mixing depth. At site SK2, the sediment mixing rates
estimated from ?°Pb and "Be are 41.9 and 7.4 cm? y'!, respectively. The different Dy, values
with estimated by long- and short-lived radionuclides for the same sites in coastal or estuarine
environments was influenced from transient physical remobilization of the sediment-water
interface by currents or intense sedimentation events (Lecroart et al., 2010). Thus, these two
sites are must differ either in the physical or in the biological processes. Both are located near
the mouth of Ro.3 cannel, with potential discharges and with fine sediments carried by runoff

and flood waters from U-Tapao subcatchment. There are shrimp farms near the shoreline, and
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nutrient emissions enter the lagoon with drainage through the Ro-3. Hence, this zone
possesses high benthic activity associated with high level of sediment reworking.

However, none of the 'Be profiles in this study (Fig. 4) displayed a distinct subsurface
activity peak, which could indicate physical mixing by winds and tides. Particularly, the 'Be
activity of the top layer at SK12 shows lower activity than the deeper layers, and SK14
profile shows effectively only one layer. These patterns probably reflect nonuniform
deposition of sediment on the lagoon bottom due to resuspension of early deposited sediment,
excess sediment deposited on the opposite sense, the horizontal dynamic movements such as
the tidal variations and strong winds. While the winds are strong daily around 10.00 a.m. —
19.00 p.m. and induce strong waves and currents, the tidal stages (flood and ebb) can remove

suspended sediments to the Gulf of Thailand.
5. Conclusions and Suggestions

In this preliminary study, the spatial distribution in the Outer Songkhla lagoon of sediment
mixing coefficients estimated from ‘Be activity was investigated. The sediment mixing
processes near shrimp farms and near discharge areas were stronger than far from shrimp
farms or from discharge areas. Clearly, shrimp farms and discharge activities can
significantly influence the redistribution of sediment at the water-sediment interface. For
further work in this topical monsoonal environment, we suggest investigating the seasonal
variations in short-term sediment mixing and deposition, in order to better understand the
sedimentation processes and the impacts of anthropogenic activities. This sedimentological
analysis of mixing precesses can facilitate the sustainable management of lagoon

environments.
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