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NREUEaIlacIY Nan1sANwINUIY dnsinsanagneulunseavaatggn 3 duduusn
WU INAaesgasUREIuAn fA1 1.543 ¢ e’y Unaenilimsfunnveanizee 3
A1 0.949 ¢ cm” y wazUInaUInAaesUInge fiAn 0.84 ¢ cm Y Lﬁaﬁmimﬁ%mm@mﬁ
Anvnagduiniavesmzneufimuliin  Bvwatiddniandesnsnsnnaznoulungiaay
H9UANNDUUBNADARBIPALLAT LLazmzﬂ@uﬂ‘%mmmmmaﬁmmmjuﬁmaaqajmsLﬂw Bvsnad
diysesaanhndunssaiiuaies Alnadutunseereuiinmieuasiield  wazdoi
TWensnsmnazneufiunliiuanadlumefenanmeaay wazluniainge

samnsanpgnoulunziaavasameulumanieveansingfidmanyindu 028 ¢
am” Yy asUinasEinmaNTssauukasnglvaiel 0354 ¢ cm” y d@wmdldveanig
Tnglunziaanvawaimounansdidn 0304 ¢ cm- vy Inddestushsinsanaznewadsly
NZLOAUANTAINDULDN

Abstract

This study aims at determining the sedimentation rate in the Songkhla Lake using
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 cm’ yf1 at the west coast of Koh Yo and 0.84 g cm’” yf1 near 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 g cm’” yf1 at north
of Koh Yai, 0.354 g cm ™y found between Lam Jong Tanon and Koh Yai and 0.304 g cm”
yfl is found south of Koh Yai in the Middle Songkhla Lake.
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9. MA1IATINDNET
9.1 nuf auyAFIU ((13) LazNTaULNIAMUANYEILATINTITY

FBmz-210 (Lead-210 Method of Dating) ifumaiiansmengideslilunismsasinig
anngneulunzia waznzamulutanaiindtliaty 100 - 150 U azm-210 dulelelny
MRS ERARTUANLSSTUTRTATIR 22.3 T F3nzfa-210 Antulae Goldberg (1963) uaw
Suiuldiunvneunzaaiulag Krishnaswarmy et al. (1971) wazseufuiluldfunznaulunzia
Sudulag Koide et al. (1972) wagldfusgnesniens deun Alperin et al., 2002; Oguri et al,,
2003; Owen and Lee, 2004) Tuvauzifiondiu Jaaiden-137 saduisnsmsnsinisnazneu
neaaudnsvisiiivdnnisiiugiuuanseiuiinem210  dnasthurldiitenisnsisaeududy
NATeTITR1-210  wdnMsuguwesiEtden-137  ewnnunadiden-137  uans
fusup¥earnudasnedu Se3edin 30 T Hunandnanufisendandesuand (nuclear fission
reaction)  aslsiirefieglusssumimneu  waiileiinisairssuileiandesuaznaasssuiln
fuedesluvssoma  nlRGuiinisnszaeves@iden-137  luviinaiiunnwediay inldeeiadl
Soddnluitudisneg  hlan  Tudws® aa1950  Huduan wazilengaantul  a./.1963
(Matsumoto, 1987; Ritchie and McHenry, 1990) Lﬁaﬂgﬁ’mﬁmmamsmﬁmﬁamﬁaﬂu
ussenaldUszmAld uazBnafmildul am1986 WeiAngtRvmiuedsiiwesiula vesdin
annmlaIen

nauf uazvann1sfiddey

Furiifinndnuenyii-210 dniu wie Excess Pb-210 (#30 Pb-210%) Tumgnouweils
Taevhluanain fallout 99nusse1na (Oldfield and Appleby, 1984) Fausinusunamand Po-
210 vzuUsusruduseiuiazmugania uiAnadevesdndsoaglseanaasil (Sheets and
Lawrence, 1999) mududuzes Pb-210* lumsneufiunavesmznouadsay wie  13onin

massdepth a5uelangauns (1)

C — Lefﬂ

"os()

do ¢, Wuefusunnmues Pb-210% Tumiie dpm ¢ A1 mass-depth m lnedl f

(1

Jundndues Pb-210* Tumine dpm cm” y - wae SO Wudnsmnagnou lumie g cm” y ' o
DA t wazen A wihiu 003114 v Jusiasfinsaanesiues Pb-210 (46.5 keV) A1 mass-
depth Tunuaanudn Wemdanavesn1sdasa compaction effect (Robbins, 1978) Fuan
Afusfunnmues Pb-210* Taewnausfudiunninves Ra-226 (Wufe supported Pb-210) &4
Amnalagldifusunnmedegaimin (Weighted average) o1 Pb-214 (295.2 keV), Pb-
214 (351.9 keV) wa Bi-214 (609.3 keV) Insdiananit lelalnuiudunedluaynsugiaiieu-238
lupznausglunizaunan1is (Alperin et al., 2002)
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lnefieyvaennaufiAl mass-depth m AUINAINALNNT (2)

(2)

S(t)=——F—— (3)

NITNUNIUITIUNTIN/ETEUINA (information) MiAeadas

SRS SRmansfiferiunansgnusodanndonanfansaivesywd  Uhay
agludraanluednuszana 150 U fslatu wansevuluvaies) duaiunsansiaaeudaunas
Nnegneuiifivaniuiinetmaa MRtesiunszuinnimenisnmuasdaninludannden
wazHansEUTAeTy  miawdsuwaswesdunndeslusinazgniuiinlfegneilungnoudinn
avauluanmeaeuinane 1wy azneulunsiaiuaman fadunsAnwezneuluiufineilson
frnuddannlusuigilidlasunsizenssrinianssuvesywduagssuuvomeiavie
ygaay  uonmionniunimiuiveandeaiigniesesergnisnnagneuniemsfiny1ng,
nsanaznaulzyinlvidilanalnuessruuvemzanse eeaulaegegndesdneie

Chittrakarn et al. (1996) Anwdnsinisanazneulunzaaivaallaeiiuiisnznouriog
a1 50 90 Tl w.A.2539 asetauina@iden-137 anuimeney uazasUliindnins
ANAZNaUilA1SENINe 0 - 10 1.4./4 Teefldede 5.0 mm/A esnanmnslifiau
Waguwdasluan fnssedns vanemeilidngelunaneiiuil aaihdnsnisiuduluiagiu
taggiduinn  msindehametideimudumanees  saiimsneaadeuluiiuiiu
p9dNaroN LIS NI YRIRENaUINIAIIE A (Xuegiang and Matsumoto, 2005) R
Tuiignasgnziaany
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10.2 NsSeuLvisnznaunziaauduBUA1981 N BN AT

Tdaunsal Sediment Extruder sumznouluviaduin wasldlulindnalannenaudiogig

)
[

WWUFUAIDEIATAMUKUT 1 . 9NANUAN 0 — 50 9. YaILyRZNaUNZlaaIuLAazLva 1o

[
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10.4 N15INANULUANINVITAAANUTUNSIF MITUAIDENS

i’mmﬁ’mﬂummwmaaﬁ’ﬂﬂaﬁﬁ’uﬁum%’ﬁﬁﬁaqﬁu%uﬁaaEJ'NG%&Jiwuawﬂimﬁma%ﬁ
WANLY  (High efficiency low background gamma spectrometer) lnglussuuinusznausie
ﬁﬁmﬁﬂmsﬁ!aﬁaﬁmamLﬁamu%qm'éqq HPGe (Canberra, Model GC7020, USA) Usenauwin
fuLAs s llATIEiL U8 (Multichannel analyzer, Canberra, model DSP1000, USA) lag
inssdogneluimeiliuaiiumn 10 vy, fudhousiuneauns (Canberra, Model 747)
Wieanfusiunnmisdnindsndaneaden seuviemeida FWHM wiidu 0.882 way 1.767
keV 7INE391 122 uaz 1332 keV auddiu wasfianuszanSnmduivs 83.7 % findsnu 1332

keV 5U7 5 wansszuuinanlasiwessadunuunildluamuide

Megimgnouuaiagnasluindl Department of Physics , Novi Sad University,

Serbia mgszuvaUNlnTlmaTSduNNI NlAUTEANS A WENIMSas 100 %
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UM 5 szuviiengvanlnsiwesTadunuunildluauide

10.5 Haulvuazinaeinuua lun15IAsIZRNIdNTINITANAZNBUYDINZNDUNLAETUEITAN

wadianFengindnmmnnaznoulunsiauasvziaauilddumseeuiuiulusedu
udin WumedeiSuesgn dadumeinidiammsiigniuils wanduinermansunn
flanisvilefifio myiauuihleadiusiunsadngm-210 (Pb-210) drufiu vio Pb-210ex 7iil
Anannmsaaeiiveniasneu-222 Tuussennie lesauufgiuiinismnasauvesazens
yioouna Pb-210ex MiAnINMsaaefvesufasneu-222 asgiumziaaunaoninan laed
Amdnguea Pb-210ex Asil e Constant flux model (CF model) uaglnedi Pb-210ex inn
avauiluofinazogiinnudnsedundddiuionenoy  uazaedanfusunamanasiesainns
aaemindesnusseAves Pb-210 Merdsdin 22.23 ¥ msaaneduduilsidunuuiens
Tnwudisa fumnudnvidenan t vesmsanaznouluedn duiliaunsolinsziminaiueanis

ANAYNOUTIAIINENAI LazaLNTaMIonTINITANAZNaUla

lelelnufuiiunsed Tou-137 o Cs-137 ulelalnufusiunisdiifnanufasen
wauendandea vi3e nuclear fission fia3s¥in 30 U lesniduiileadiudunssdiiatulae
weluladvesywd Jdbilffndunioudiiolon uifleglusssumAmendinnnimmaaesszidn
fndesluussenmasasuninszneegludanndon uazenuinangtfmnlsdlihdundesede
dfny 1y gUiRmniandesiweslulalud a.a 1986 :nmsAnwinisuninszanevestiden-137
Tupgnounziavhlan wuiiinsusinguestifen-137 Tungnouiinnazaulull A 1952 10Ul
usn uazwufieudiduBifen-137 gegalunznounziaanulud a.e 1963 deuflaziinginsim
yaaosssdadundosluusseina waenuianuidududifen-137 guaelungnounsiaaiudneds

U a s

wilslud f.61.1986 FadulMAngURmeduadesiesiula

9
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wallansnTaiausuia Pb-210 Tuszneunseauanudnaneg asdunafinnieuldiiie
nwseimetgvainisanasnaulunsiaany Tunuidigg lan wiinluusswelngazdal
AEUIINGTIBNUNTUIBATINTANALNDUNLS/MELREU  9I8A0ATIATA Pb-210  $auAUnIs

#9727A Cs-137 agnaduszuu asiunuidediandunuidefuwsniazyinnisdneluisesd
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11. WANTSIYWALIV5A HANISIAIITINIAZNBU

el 1 wansiidngieansuarvazidungaiivimegauwrismznaulungiaauasal

NINUA NINSLAEUABULDN MDUNAS Laznaulu

A13199 1 A UMRIAUDIgAAUAZNEUNZIAATUAIA ISR

e Win UTM E Wip UTM N seazduaganulunziaaiuasuan
SKL_Ol 666760 790342 ADUUBDN Lmaaﬂ,‘wé - 1NTY
SKL_02 663870 791275 peuuen arfueenveuvatlng
SKL_03 661697 793129 evuen wiounalng
SKL_04 657759 793150 AIUUBN
SKL_05 660465 795807 AIUUDN
SKL_06 658218 797630 AoUUDN
SKL_07 654591 797368 MIUUDN
SKL_08 656337 800011 moauuen U1nse
SKL_09 659967 800050 mauuen Unse
SKL_10 663438 801373 AoUUDN
SKL_11 662108 797489 MIUUDN
SKL_12 664997 797489 AoUUDN
SKL_13 666077 799566 AoUUDN
SKL_14 668147 795454 MIUUBN
SKL_15 659975 791835 nauueN ArIunNYeIUINARDIGALLN
SKL_16 659085 801530 mauuean Unse
SKL_17 668552 797860 mouUDN afnile
SKL_18 657090 795208 nouuen Unmaenil
SKL_T5 669143 791925 MIUUDN ALIUANINIZED
TH_01 648671 834776 AOUNAN
TH_02 645413 830021 MOUNATN
TH_03 638965 825867 MOUNATN
TH_04 638715 831198 nauna-noulu 1nzlng
TH_05 636362 830246 mauamq—maﬂu LAANIDINUY
TH_07 634333 837111 moulu
TH_08 634482 840952 nouly
TH_09 638784 840725 nouly
TH_10 639884 845176 moulu

VNBLAR LOULILNN LAAILYNAENOUNRNANTIATILAENTINITANALNDY
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11.1 NANITIATIZALVISAZNDUTHE SKL_18

wimznausia SKL 18 uanuinauenyieiliuineasigil nsavauvemznauuiiin
Rsonlasuransenuanidwesilasanglugaumainvewnt  fonvseiiinatimingnay

USunaunannguinmaegil vaasgveiaau
11.1.1 nan15ATIEVBFen-137

HaNTlATIImANUduduiuiunnmues Cs-137 luguiegeiiseauanudn (39
138) #1199 Tuuvismgnousia SKL_18 uanslumsnedl 2 uazguil 6a HANITIATIEALAAIAIY

v v A i = A Y] = a -2

Wudu Cs-137 geannimadnazidunsanazneulul 1963 wufisssiuarudndeana 20 g-cm
= ° @ a a [ ) 2 -1
LHDNAABIATUIUATIDNTINTIINNHASNBDULUINIALRANY ‘lﬂLV]']ﬂU 20/49 = 0.408 g-cm Yy

A1519% 2 AITNTUANTURAINYDY Cs-137 Tuliianznousa SKL 18

Uncertainty of Cs-137 Cs-137 Cs-137
Mass depth Mass depth Activity Concentration Error
(g.cm™) (g.cm”) (Bg) (Bq ke ) (Bq ke )
1.053 0.005 0 0 -
1.893 0.010 0 0 -
2.679 0.014 0 0 -
3.347 0.017 0 0 -
4.108 0.021 0 0 -
5.020 0.025 0 0 -
5.904 0.030 0.017 0.43 0.42
8.371 0.042 0.059 1.69 0.53
11.355 0.057 0.055 1.37 0.53
12.329 0.062 0.062 1.56 0.48
14.595 0.074 0.008 0.21 0.41
17.602 0.089 0.049 1.24 0.51
19.971 0.101 0.076 1.90 0.42
22.343 0.113 0.061 1.53 0.47
27.138 0.137 0.029 0.73 0.29
29.767 0.150 0 0.00 -
32.590 0.164 0 0.00 -
38.674 0.195 0 0.00 -
44.913 0.227 0 0.00 -
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Cs-137 act. conc. (Bq kg™ 1) Pb-210ex concentration (Bq kg'l)
0 0.5 1 1.5 2 2.5 0 20 40 60 80 100
IIlIIlIIIIl]IIIIIlIllIIII| 0 ||||||||||||||I||||I||||I

(&)]

10

-

-
=
o

=
(&)]

Mass depth (g cm?)

mass depth (g cm‘2)
n
o

30 =F

N
o

35

N
(¢)]

(b)

5UN 6 N3 19NaNITMARLY (a) ANHDNTU Cs-137 wag (b) ANududy Pb-210 NseaUAINANIT

178619 VOILINRZNDUTHE SKL_18
11.1.2 WaN5AATITRAZN2-210

U 6(b) Uaninsmaadudy Pb-210ex NsgAUAINANITINIAATGY YBIUTnznoU
3Wa SKL_18 Nan15aATIZinIsnsIN1snnaznaunieis Pb-210ex Tugudiegiszaunuan

(@ena) /199 lagldlumandndmsfiuie Constant flux model wanslun1s199 3

M131991 3 KANTTIATIINIBNTINTANAZNOUTBIUVINRYNBUTTA SKL_18 91nYayanyAI-210

97 A R A

R ANFAZNOU  WANAAYDY  ANAZNBU NANAA

ALan z()  enezneu Leaa r() r(i) WDy s() 299 s(i)

(cm) ( cm” y_l) (¢ cm” y—1) (cm y'l) (cm y_l)
0-1 2012 0.36 0.01 0.40 0.02
1-2 2009 0.35 0.02 0.37 0.02
2-3 2007 0.37 0.02 0.45 0.03
3-4 2005 0.38 0.02 0.52 0.04
4-5 2003 0.38 0.03 0.54 0.05
5-6 2001 0.38 0.03 0.45 0.04
6-7 1999 0.37 0.02 0.41 0.03
7-8 1996 0.37 0.02 0.44 0.03
8-9 1994 0.37 0.02 0.44 0.03
9-10 1992 0.47 0.02 0.56 0.03

10-11 1991 0.50 0.03 0.55 0.05
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11-12 1988 0.38 0.02 0.36 0.02
12-13 1985 0.48 0.02 0.49 0.03
13-14 1984 0.51 0.03 0.55 0.04
14-15 1981 0.38 0.01 0.36 0.02
15-16 1978 0.41 0.01 0.36 0.02
16-17 1976 0.41 0.02 0.37 0.02
17-18 1973 0.36 0.01 0.34 0.02
18-19 1970 0.32 0.02 0.32 0.02
19-20 1967 0.55 0.05 0.54 0.05
20-21 1963 0.63 0.03 0.53 0.04
A1 FNER — gaen 0.32- 0.63 0.32-0.56
0.41 0.45
?i’lLﬁEJQLUNSJ’]GIigWu 0.08 0.08
Linear sedimentation rate (cm yr'l)
0.3 0.4 0.7
2010 —f
2005 —f
= 2000 —f
R 3
S 1995
o 3
£ 1990 5
& E
%5 1985 -
& E
< 1980 -
& E
$ 1975 =
1970 —f
1965 —f
1960 =

JUN 7 n9uEnednIINTSANAENaUTaTAZNaUsTa SKL_18 (Wenyeiauinaasgil)

11.1.3 BATISANANITANYILIIAZNDUTHE SKL_18

NATIATIER Pb210ex Tuuvispznau SKL 18 lasldluwmandndmsn wuimznou

iliisnsnsnnnznausgsesing 032 - 0.56 cm y gl a.e. 1963 — 2012 Taedl

MInnmznawRds 0.45 cmy  (SD=0.08 cm y )

I @

ATBMNIN

waraunsaUseiiulainluwsasUiionsn

nsanAgNauMils (UN 7) W drsinsanaznausus U .A.2003 - 2012 fiA1anadain 0.54
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ey Tl A..2003 w037 cm y - Tl @.m.2009 wag Windudnteadu 0.40 cm y Tul
A.A.2012

NNMTIAsEideyamsnain@don-137 (Cs-137) luusisnznousifa SKL_18 4
ansolfifumadaiiensnyaaeumiugniomesdanmnnazneuiiinsizsiandeya
Pb210ex ipsannnansinudunznaunziaanuludisneg  lansnasnuenududy Cs-137
geanlunznoufinnazanl  a.a1962-63  dududifnsmeasssulnusunaluusseniagsgn
fouflazfinginsunsmaassssdausingluussennme wagazwumnutudu Cs-137 gegalu
nznoudnedslull a.a. 1986 MludAngtRvaiuadesivesiula vesefnanamlnden nans
pIvaBUNUANNITLTY Cs-137 Tuuvisnznausiia SKL 18 nuegeanfissiu mass depth = 20
g cm” (93U 6) Fanrmindunsnnazneulud a.a. 1963 wagnudl mass depth =10 g cm
yofianudn 11-12 cm dediewindumsanaznoulul am. 1986 denndesiunansiiaszs
dammannmzneuandeya Pb-210ex AnuiUnnaznoudl am. 1986 egilnrwan 11-12 cm

WULREINU
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11.2 HANNSAATIZAUVIIRZNDUSTHE SKL_16

wiingnousa SKL 16 1Avanuinauesnmeilslinaasslinge nsdzanveinznou

¥
a S

Uinaiidenalatunansenuanmaweshiilvainnnmamieanveiaauneunaiiasnouly
waglasudnSnavestiainaaedgasnn  Mlimauhgegavessaziinaanizlugauvainvesn

U LagdnsnaannuITuLIaweIngLa
11.2.1 HANISIATIZNUTOU-13T

NANTSHATIEIMNANILVNTUNUTURAINYDS  Cs-137  TuTusieg1anseauanuan (139
@) 9197 Tuuvisngnousiia SKL_16 uanslumsen 4 uazsuil 8a wan1siAsTIeiiantniy

Y v ] i i o a -2
ity Cs-137 gaaaiimainazsilunmsanaznaulul 1986 wuilssiumnudniewea 7.29 g¢-cm

MunASRINISINAznewdunaLRas (1986-2012) 18wy 7.29/26 = 0.275 g-cm

-1
Y

A1919% 4 ANTUANTURNINYDY Cs-137 Tuliianznousia SKL 16

ANUANTY AR Cs-137 AAY U INTNAANATNOY  ORTIFTAUNZNDY
wa (M) deanain NANAIN  ANAZNDU Fanaiade Baduiade
(gcm?) (mi) Bgkg)  (Cs-137) (AD.) gcm’y’ cmy’

0 0 2012.5
0.41 0.00 ND - 2011.0
1.10 0.01 0.56 0.45 2008.5
1.74 0.01 1.16 0.98 2006.2
2.28 0.01 - - 2004.2 24290 229U
2.92 0.01 1.02 0.43 2001.9 1986 - 2012 1986 - 2012
3.52 0.02 1.47 0.69 1999.7 0.275 0.45
4.11 0.02 - - 1997.5
4.77 0.02 1.54 0.46 1995.2
5.38 0.03 2.26 0.91 1992.9
5.97 0.03 1.28 0.44 1990.8
7.29 0.04 2.81 1.04 1986.0
7.94 0.04 - - 1984.6
9.30 0.05 2.08 1.08 1981.6
9.94 0.05 1.52 0.50 1980.2
10.64 0.05 - - 1978.6
11.19 0.06 1.88 0.51 1977.4 223U 29U
11.79 0.06 1.27 0.88 1976.1 1963 -1986 1963 -1986
12.43 0.06 1.20 0.44 1974.7 0.454 0.70
13.81 0.07 0.95 0.37 1971.6
14.52 0.07 0.87 0.33 1970.1
15.24 0.08 0.84 0.45 1968.5

15.90 0.08 0.95 0.53 1967.0
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16.50 0.08 0.78 0.42 1965.7
17.12 0.09 - - 1964.4
17.74 0.09 1.59 0.48 1963.0
18.49 0.09 ND - 1961.3
24.2 0.1 0.81 0.32 1948.7
26.4 0.1 0.65 0.45 1944.0
27.8 0.1 0.75 0.38 1940.8
29.1 0.1 0.82 0.38 1937.9
31.2 0.2 ND - 1933.3
Cs-137 activity concentration (Bg/kg) Pb-210ex concentration (Bq/kg)
0 05 1 15 2 25 3 35 4 0 40 80 120 160
0 0 IlllIllllIllJJ]IIIIl
2
5 5 ] --":I_‘—.'-E—I
A.D. 1986 ] el
_ !.9:1'
10 10 — .
= B_-
Ng NE : =y
@ 15 ‘@ 15 —
£ £ A
a A.D. 1963 ? & ]
g 20
(v} © .
= = .
25 25
30 30
(@) 35

(b)

5UN 8 N3 WlnanT1ATI8I (@) ANUTNTY Cs-137 wag (b) Aududu Pb-210ex Miseuady

ANTIIAAIIY VBIYIRENBUITA SKL 16
11.2.2 NANITIATIZHNZND-210

JUT 8(b) wanINTMANULTNTY Pb-210ex NTeAUAMUENITINIAAIN VoUTinZNOY
59a SKL_16 Nan153ATISHNIgATINIIANAZNOUAIETD Pb-210ex TugufiagaiszaunIuan

(@ena) 619 Taelalunandndasniuse Constant flux model wanslun151991 5



A1919% 5 NANITILATIZIDRNTINITINAZNOUVDILVISNZNDUTIE SKL_ 16 62875 Pb-210ex

23

ANANLT AL U SnT1avaNnzNOU AN SnIIdvaNnznoU Y
178 Mi Nanalm  ANAENau e r(i) NANAA WDl s(i) NaANan
(gcm”) m() AD)  Gcm y) 10 (emy™) 5()

0.00 0.00 2012.5 0.25 0.01 0.43 0.02
0.41 0.01 2010.9 0.25 0.02 0.45 0.03
1.10 0.02 2008.1 0.31 0.03 0.46 0.05
1.74 0.04 2006.5 0.32 0.04 0.54 0.06
2.29 0.05 2004.4 0.25 0.02 0.43 0.04
2.92 0.06 2001.9 0.35 0.05 0.58 0.08
3.52 0.08 2000.9 0.38 0.06 0.64 0.10
4.11 0.09 1998.7 0.26 0.02 0.42 0.04
a.77 0.11 1996.2 0.20 0.02 0.31 0.04
5.38 0.12 1992.2 0.19 0.02 0.31 0.04
5.98 0.13 1989.9 0.25 0.03 0.41 0.05
6.61 0.15 1987.4 0.24 0.04 0.36 0.06
7.29 0.16 1984.3 0.23 0.04 0.34 0.06
7.95 0.18 1981.6 0.24 0.04 0.37 0.06
8.60 0.19 1978.9 0.26 0.05 0.38 0.08
9.31 0.21 1976.3 0.26 0.06 0.37 0.08
10.02 0.22 1973.4 0.24 0.04 0.36 0.07
10.66 0.24 1970.8 0.30 0.07 0.46 0.11
11.35 0.25 1969.2 0.32 0.09 0.51 0.14
11.90 0.26 1967.0 0.25 0.06 0.43 0.10
12.51 0.28 1964.6 0.20 0.05 0.32 0.08
13.14 0.29 1960.5 0.19 0.05 0.28 0.08
13.85 0.31 1957.5 0.23 0.07 0.34 0.09
14.53 0.32 1954.6 0.23 0.07 0.34 0.10
15.24 0.34 1951.6 0.23 0.07 0.34 0.11
15.89 0.35 1948.7 0.23 0.08 0.36 0.13

ﬂ'w‘i’wqﬂ 0.19 0.28

ANE9ER 0.38 0.64

Aadey 0.26 0.41

S.D. 0.05 0.09
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Massic accumulation rate (g /em? /y) Linear accumulation rate (cm/y)
0.0 02 04 06 0.8 1.0 0.0 0.2 04 0.6 08 1.0
IIIIIIIIIIIIIIIIIIIIIIIII IIIII|IIII|IIII|IIII|IIII|
2010 3 2010
2005 2005
2000 2000
1995 1995
a 1990 — a 1990
< 3 <
g 1985 3 3 1985
> 3 >
1980 — 1980
1975 - 1975
1970 3 1970
1965 — 1965
(a) 1960 — (b) 1960

JUN 9 nTluansdnIIMIRNazaNngNaUYRILIaRENBUTE SKL_16
(a) IMS1ATAUNTNOUTINIB (b) DNTIALAUNTNDULTILEY

11.2.3 AATIZRNANISANEILVIIAZNUIE SKL_16

\Weandoyargegaues Cs-137 Aidenndeaiul A.A.1963 danulidaau ddugen
Cs-137 vod¥ A.A.1986 NANuTARULAzUNYeTaNINNT1 Feladnn1saiuAdnsinisanazneu

JUIINYIU A.A.1986 YUL

NNTUATIEN Pb210ex luurisnzney SKL_16 lnglilumandndasdl wuitazneu o
aaqm’fﬁé’mmﬁmﬂmﬂauaaui'iz‘mfw 031 — 0.64 cn vy (0.19 - 038 g ey ) Tudad ae.
1986 - 2012 TaedAdnsnsanazneuads 0.445:0.10 cm y ¥ 0.27+0.06 ¢ cm”

wazannsaUsediulditlunsiasIinsmsanaznounitls  GUA - 9) Wy Swsinns
pnAEnouRILe T A.F.1992-1996 SAmuszana 0.31 cm y ' wdnfindugegalud A 2000-

2001 Ju 0.64 cm v wazanaudntiossdu 0.43 cm y | Tl A.A.2012
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11.3 HANNSIATIZAUVIINZNBUSAE SKL_17

wiingnouswa SKL 17 iiuainuinaueneileinuitamile  udnauinaassafimile

(%
=3

duaaiisde o.dmuas 2.a40a1 (FUN 1) MIazauvemenauuinierlaiunansenuan

Mdweshilisunsaineaeafiondie  wisgludvanavenhduiias  leginvzlvaluiiamig

pyupan-nyiunn Judunnizdiu-tas wilesuninavesiainaaegnznies
11.3.1 HANSTIATISHRGBIU-137
NANTSHATIEIMNANILVNTUNUTURAINYDS  Cs-137  TuTusieg1anseauanuan (139

1a) 6199 Tuuvisngnousia SKL_17 uanslupsnaf 6 uaggufl 10a Nan1sinsIeniantniy

1Y ] ' i a 2
udu Cs-137 gaaniieainazilunmsanagnaulul 1986 wuilmnudni@euna 16.64 g-cm

MuASRTINISINAnewdunaLRas (1986-2012) 18wy 16.64/26 = 0.64 g-cm

-l A a2 o a v o -1
% MNI9AALUUDNIINITINAZNBULYAEUNINY 0.54 cm Yy

3 L% ¥ ¥ d' % = a ‘2 d!
uaﬂﬁnﬂuummmmLﬁuaammmLeumuzjaqmmmummaﬂLﬁmma 30.2 g cm T9AN
1 < A a é’ | o 4 o v a a
Mdunmsanaznouiiudulul A 1963 IlREILITAAIUIAAIERTINIANAZNDULTIIALRAE
1 | % | o _2 _1 Gl a o
Tuga9d A, 1963-1986 kv (30.2-16.64)/(1986-1963) = 0.589 g-cm vy w3oAALTUINT

a v o -1
ANTANALNDULYWEULNIAY 0.52 cm y

A13°99 6 ANULTNTUANTURAINYDY Cs-137 Tuuvisnznousia SKL 17

ANNANEY A1 Cs-137  Aneny Rl] IRTNETAUNENOU  ONINFTANATNDU
wa (M) deawain NAWAIN  ANAENDU Fanawie Baduiade
(gcm?) (mi) (Bakg)  (Cs-137) (AD.) gem’y’ camny’

0.77 0.00 - - 2011.3

2.19 0.01 2.51 0.51 2009.1

3.57 0.02 1.09 0.28 2006.9

4.54 0.02 1.18 0.49 2005.4

5.55 0.03 - - 2003.8

6.74 0.03 1.85 0.70 2002.0

7.79 0.04 - - 2000.3 %291 24290
8.93 0.04 - - 1998.5 1986 - 2013 1986 - 2013
9.97 0.05 0.81 0.59 1996.9 0.640 0.54
11.16 0.06 1.33 0.87 1995.1

12.25 0.06 - - 1993.4

13.45 0.07 1.84 0.42 1991.5

14.64 0.07 2.37 0.71 1989.6

15.61 0.08 - - 1988.1

16.64 0.08 3.17 0.84 1986.0

17.81 0.09 - - 1984.0
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80

19.0 0.1 - - 1982.1
20.1 0.1 2.19 0.77 1980.2
21.2 0.1 - - 1978.3
22.3 0.1 1.27 0.83 1976.3 e 4290
23.6 0.1 - - 1974.2 1963 -1986 1963 -1986
24.7 0.1 1.27 0.59 19724 0.589 0.52
25.7 0.1 0.83 0.55 1970.6
26.8 0.1 1.43 0.71 1968.8
29.1 0.1 1964.8
30.2 0.2 1.62 0.87 1963.0
31.3 0.2 - - 1961.0
335 0.2 0.86 0.47 1957.4
34.6 0.2 ND - 19555
Cs-137 activity concentration (Ba/kg) Pb-210ex concentration (Ba/kg)
0 05 1 15 2 25 3 35 4 -20 0 20 40 60
0|lIIlIIIIlIIIIl]IIIl]IIJll
0 : H
5 L.
5 (S
10 | --
10 15 | R
~ 15 < 20 I e
E A.D.1986 E o
© 20 2 )
£ 'dg- 30 [}
& g l
o B 2 35 |
8 o .
= = 40 '
30 AD.1963 !
45 I
35 .
50 I
40 55 i
@ 4 (b) 60 !

JUN 10 N3 MHANTIATIEN (a) ANdudu Cs-137 uag (b) mnadiuty Pb-210ex AiszAiuaIy

11.3.2 HANTITIATIZUALN2-210

ANITINIBFINN°) VDILIIIRZNOUTIE SKL 17

SUN 10(b) waAINTINAMUTUTY Pb-210ex NTZAUAINANITINIANIC VOIWYNAZNOU

97 SKL_17 21n3Unsmuansdn Pb-210ex niinmsidsuivatwuududou amniinisanagauves

Pb-210ex MW1NFUUTIIINA 8199NTUNIUIINATEUENNNIINBNTNAVRINTU-11ae Ui

TAnsanagauves Pb-210ex dAududau wu nszuauvihlieuniauilaud s9uvanssuan

g1aviivieunAuIaNdkdInauTuTIWaeslnl  (re-suspension) s lunvisiiogng
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SKL 17 Fsbimsigidnsinisanagnounisds  Pb-210ex  eg1elsimiunsiasizilaenis

#A150W8Y re-suspension Way erosion analdayaALTiLALlA
11.3.3 AiAsvinan1sAneLviansnausie SKL_17

NansIATETmALdd UL A wes Cs-137 lufudhethsissiumudn (3
178) 699 luuriangneusia SKL 17 awnsamuinmdasnsanaznewdenamis é 2 939
fovae vl A.A.1986-2012 ldAdasnisanazneudaiawinfu 0.64 ecm” vy viseAndu
Sasmsanazneudaduads Wity 0.54 cm y 9efl 2 4298 A.A.1963 — 1986 @131SARIUI
AdmsImsanaznawdanads Tiidu 0589 ecm” y ' wiedmdudasnisanaznewdadu

Q‘I > -1 ' a 6 o = v 1%
WAy WINY 0.52 cm y LLﬁ%lllﬁ']ll’]ﬁﬂ'JLﬂ3’]8‘1/16](515?ﬂ?i@ﬂ(§]3ﬂ€]ﬂi?8ﬂ'ﬂqﬂ%aﬂﬂa Pb-210ex 161
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11.4 HANNSAATIZAUVIINZNBUSHE SKL_T5

;7 (%)

wismeneusia SKL_T5 ivannuinnueniellsinuasfunnveunizee (SUA 1) a3

1% 1%
= o

AYALVDINENAUUININTII1ATUDNTNAINAFIVe I TU-1aY Alvalufan1nz T usan-

) ) Y A 2 P a v ' = A o o o )
Ariuan Mamngaufiavie war auiield 90 SKL_T5 aguseanunnans Wamaednnnin
ingnsiiemiowasnefialaanida FIWIMAIINAaegasAIAzanfdsauyuiy

Usnuildadnasunsiuueme neuninann st NuRaInige f9nan
11.4.1 NANITIATIZATEU-137

NansIATETmAudd UL A e Cs-137 lufudhetheisssumudn (3
178) #1499 Tulvianznousa SKL T5 wandlumngedt 7 LLazgﬂﬁ 11a HANTUAATIZALANIAIIY
Wt Cs-137 geapimaitazidumsanazneulul 1986 wuilszdunrwandana 25.1 g-cm
MuaumSnsnsanaznewdwIamads (1986-2012) lwinfu 0.949 g-cm” vy wiSeAndusng
nsnnagneudadusinty 098 cm y' uenmntudansaugenmmdudugeaaiisya
mmaAndana 381 ¢ cm’ dsmeddunsanazneuiiiniulul ad. 1963 vilenunsa
MunaAsnsINsInazneudunamds Tutid ad. 1963-1986 1diiu (38.1-25.1)/(1986-

1963) = 0.565 g-cm_ y - WiseAMTUSRIINIANAZNBUTREUWINAY 0.65 cm y

M99 7 A duduANTunnINYY Cs-137 Tuliianznousia SKL T5

AMINANTY  A1AW Cs-137 AR U7 INTNAANATNOY  ORTIFTAUAZNOY
a (M) Renain NaWaIn  Aneznau Jaunawie Faduade
(gecm?) (mi) (Bakg)  (Cs-137) (AD.) gcm’y’ cmy’

0.0 0.0 - - 2012.5
1.37 0.01 1.47 0.57 2011.1
2.15 0.01 2010.2
3.70 0.02 1.62 0.65 2008.6 ipNlY upNlY
4.53 0.02 1.63 0.53 2007.7 1986 - 2012 1986 - 2012
5.43 0.03 2006.8 0.949 0.98
6.38 0.03 1.73 0.78 2005.8
1.27 0.04 1.02 0.42 2004.8
12.16 0.06 1999.7
13.16 0.07 0.64 0.42 1998.6
14.09 0.07 1.33 0.43 1997.6
17.96 0.09 1.60 0.42 1993.6
18.9 0.1 1992.5
233 0.1 1.31 0.47 1987.9

24.3 0.1 1986.9
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25.1 0.1 1.50 0.47 1986.0
27.0 0.1 1982.7
28.0 0.1 0.67 0.41 1981.0
28.8 0.1 1979.5 LN N
29.7 0.1 0.98 0.39 1977.9 1963 -1986 1963 -1986
31.5 0.2 1974.8 0.565 0.65
34.1 0.2 0.00 0.00 1970.2
37.4 0.2 1964.3
38.1 0.2 0.86 0.39 1963.0
42.5 0.2 0.26 0.35 1955.3
45.8 0.2 0.00 0.00 1949.4
Cs-137 activity concentration (Bg/kg) Pb-210ex concentration (Bg/kg)
0 05 1 15 2 25 3 -20 0 20 40 60 8
0|llllllllllllllIIIIlIIIJll
0 I L1111 l 1111 I L1111 | 1111 l L1111 I L1l | :
5 E .
° | 4
] 10 I R
0 : ot
15 . 5
15 < : i
—_ E 1 1
q § 20 . :
§ 2 5 - sl
o)) = 1 .
— o) 25 1 .
% 25 A.D.1986 g I e
o o beeeTT
2 30 § » '9'
= 35 I
35 :
A.D.1963 40 |
40 !
45 '
45 !
50 |
@ %0 (b)

JUN 11 n9HANTIATIEN (a) Andudu Cs-137 uag (b) Anudiudy Pb-210ex AissAuaIy

ANITINIBFN°) VOILIIIRZNOUTIE SKL T5

11.4.2 NANISIATIZUALN2-210

JUT 11(b) uanansmMANuudy Pb-210ex NSEAUANUANITINIAAINT Yoduvienzneu
9 SKL_T5 9nunsuansen Pb-210ex MllALNaTY (M3eUseanuai) Lilannnuaniiy
Aeunlunnfinsasdu  wansnisanezneuveteuAkvINaesNdnududey  AndIn1IRn

dyauved Pb-210ex MANNFUUTIIINA ©19YNTUNIUANNSEUATIARINBVENAvR 1 TU-
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Was ilinsanazanves Pb-210ex ldasiiane Tuuvisdnegns SKL T5 Jeaglifmsizsisns

ANSANALNBUAIEIT Pb-210ex
11.4.3 AATITRNANSANEBILIIAZNDUTAE SKL_T5

NansIATETmALdd UL A wes Cs-137 lufudhethsissiumudn (3
178) 699 luuriangnausia SKL T5 awnsarmuiaasasinisanagnewdunaade 16 2 929
fovae n&sT A./.1986-2012 lFAdmsinisanagnaudaawiiiu 0.949 ecm” y  wiefAndu
Sasmsanaznaudaduads Wity 0.98 cm y " il 2 29T A.A.1963 — 1986 A@13SARIUIN
Adnsmsanaznawdanamds Taitu 0565 ecm” y ' wiedndudasnisanaznowdadu

Q‘I > -1 o 1 a ¢ o = v 1%
1R8N 0.65 cm y LLﬁ%"dQlllﬁ']ﬂﬂiﬂ']Lﬂi?%ﬁﬁ]@]i?ﬂ?3(§lﬂ(§18ﬂ8u5’181.]ﬁ]'1ﬂ511€]3~l“a Pb-210ex 161
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11.5 HAN1SILATIZAUVIINZNBUSAE SKL_15

[ [y

wimznausia SKL_15 fiuainuinauenyeilsinungiunnveslineasignzinl diui

¥
a a

a ! = a Net M Yo a o v o A A
138121 Unaaes s.1 (E‘U‘Vl 1) ﬂqiagausﬂaﬂm%ﬂ@uUiL'ﬂmu"ﬂﬂlﬂiU@Vlﬁwaﬂ']ﬂﬂqa\‘iu’Wﬁ‘ULLiQVﬂWﬁ

9

113NAaRIgRzN Inatanizluanivann
11.5.1 NANTSIATISRRTBIU-137

Nan1sATETmAdd UL A wes Cs-137 lufushetheisssumnudn (3
1a) #1199 Tuurisngnousiia SKL 15 wandlupsnedl 8 uazguil 12a Hansiiasesiuansainy
Wt Cs-137 geanimainazfunsnnaznevlul 1986 wuilssfumnudnidana 40.9 g-cm”
MuaumSnsInsanaznewdwIamads (1986-2012) lwinfu 1.543 g-cm” y visefndusng
MamnmzneUdaduIAY 140 cm y'  wazaadnsawugeannaduiugegaiiiuns
anmznauiiiatulul ad. 1963 Tnewudissdupnudndana 57.6 ¢ cm ThlwaErnsafwa

d‘ 1 = 14 ! U '2 '1 Gl a
ABRTINTANAENOWTawaY Turiel A.r. 1963-1986 lainiu 0.727 g-cm Yy ‘VliE]ﬂ(ﬂL‘fJu

v a 1% [ -1
BRTINTANALNDULYUFUNINY 0.83 cm y

A19197 8 AILTNTUANTURNINYDY Cs-137 Tulvianznoausia SKL 15

AMINANTY Ay Cs-137  Aneny U SRTNATAUNZNOU ORI IFTANAZNOU
wa (M) Heawaim NANa1A  ANAENaU Banaiade Baduiade
(gcm?) (mi) (Bakg)  (Cs-137) (AD.) gcm y’ cmy’

0.0 0.0 - - 2012.5
5.55 0.03 2008.9 24290 229U
6.61 0.03 2008.2 1986 - 2012 1986 - 2012
7.98 0.04 2007.3 1.543 1.40
12.88 0.06 0.61 0.43 2004.2
17.96 0.09 2000.9
19.3 0.1 0.46 0.44 2000.0
28.1 0.1 1994.3
29.0 0.1 0.94 0.46 1993.7
31.9 0.2 1991.8
32.8 0.2 1.43 0.45 1991.2
33.7 0.2 0.94 0.41 1990.7
34.6 0.2 0.81 0.45 1990.1
35.6 0.2 0.95 0.63 1989.4
37.5 0.2 1988.2
38.5 0.2 0.82 0.49 1987.5
40.1 0.2 1986.5
40.9 0.2 1.27 0.57 1986.0
42.6 0.2 1983.7

43.4 0.2 1.01 0.64 1982.5
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45.9 0.2 1979.1 4290 4290
46.8 0.2 0.62 0.31 1977.8 1963 -1986 1963 -1986
47.6 0.2 1976.7 0.727 0.83
57.6 0.3 1.18 0.58 1963.0
58.4 0.3 1961.9
Cs-137 activity concentration (Bg/kg) (b)
0 05 1 15 2 25 3 Pb-210ex concentration (Bg/kg)
10 Povoo b by b b benad -40 -20 0 20 40
0 | 11 1 1 I 1 1 1 1 ! 11 1 1 I 1 1 1 1 |
15 -
H--__ '
5 Tl
20 L
10 ot
25 ﬂ' |
1 !
< 5 .
30 1 <
E < D e
g E) !
© - I
& 40 AD.1986 5 % l
= ° |
w 35 '
45 © :
Z 4 .
50 |
45 !
55 50 ;
A.D.1963 !
(@) 90 55 ;
60 !

JUN 12 n9HANTIATIEN (a) ANdudu Cs-137 wag (b) Aty Pb-210ex AissAuaIy

ANLTINIBFN9°) VOILVIIMZNOUTIE SKL 15

11.5.2 HANTITIATIZUALN2-210

JUN 12(b) uanansmlanududy Pb-210ex NszAuANUANTRIAA1Y Yodurinznoy

S9a SKL_15 9n5Unsvluansm Pb-210ex

oy

NUAL

Uasuwlas llaenadesiusuuuuuniinaise

Ju uansnsanazneuveisunIAwtIuaeeiinududou amndinsanazauved Pb-210ex M

NFUUTTEINA E]']ﬁ]gﬂ'i‘Uﬂ'J‘Hﬁ]']ﬂﬂﬁ%LLﬁﬁ?EULLN‘\]’Wﬂﬂﬁ@Q'@jW%Lﬂ’] LAz NANIINDNENAVDIUN

Ju-has  ilinisenazauees Pb-210ex  daubinuueu Tuuvissiedgns SKL 15 Fsazll

a ¢ o 1 ad 1 [ a a
WATITUDFRIINTANNLNDUAIYIS  Pb-210ex amﬂsﬂmmmsam'ﬁ'wﬁimamswmiwmau re-

suspension uag erosion L luMeealviveyaLiaLAy
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11.5.3 FAT1ZANANITANYIMTIIRZNBUIAE SKL_15

namsiaTimanudiduttuna e Cs-137 luiudiedeiisysuanuan (3
1a) 6199 luwrianzneusia SKL 15 amnsamuinmsasnsanazneudanamis 6 2 939
fovae naeT 7.6.1986-2012 TdAdmsinsanasnaudanawiiiu 1.583 ecm” y  niseAndu
Sasmsanazneudaduade Wiy 1.40 cm y 99fl 2 9298 A.A.1963 — 1986 @1315aRIUI
Adasnsanaznewdanawas Wiy 0.727 ecm” vy Wieaadudhsnisanaznowdady

i | -1 oV o a ¢ & v Y
LQﬁEJ b1AU 0.83 cm y LLﬁzENllJa']ll'ﬁﬂ']Lﬂﬁqgﬂami’]ﬂqimﬂmgﬂ@‘UﬁqEJ?JQWﬂGU@lIUa Pb-210ex VL@

a dy ! IS ! a d‘ A -1 = 1
USLIBRA SKL_15 WU AN1SANAENDUTULIINTIIVUILINGUY AB > 1 cm y  LUBN9INBY
Usnadlnduinaaesgazinnimanhunnlagiamedisdivain  ilvdimaninenauuuingige
PUIUININALTGULTARRIgRTNTILA  InenznauIIAlANIIaTANINEENTIAE e
InatuuineaesgveiaaIu  azneuvuIndnnIINIzanIufissezlnasnninaasseenlunuaisiv
dmsunznouavidganuviuasslueINIALazl Pb-210ex INEAANIAIEY HTBRHIUILALINAY U
I =% v I ?:’ v d' go’ a o v ! Vo1
wliauisiungiaany  Ievazuviuasseglunliuuluanemhidmdann  dwalvdr  Pb-

210ex Tuuvisnznau SKL 15 fanuRaun@ly auliauisadinamsnsinisanaznauieisd

a
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11.6 NANTTIATIZALIIAZNDUTHE SKL_02

] Y] < a y a 1 a [y
wiangnausia SKL_02 NUINUIauenieiausnlInAastgne usiauneiueen
Youvadlng (53U 1) vinilanegludvinaveaininAaegasinilazanedssugunas ety
Wetesiudwim 0. welvglunends msazauvsmznouusnaliisenalasunansenuain

Mawesilagamzlugauvainvemnt  fiensazdiaiimingnaudsunauinainguinassg

AL aaIZAEY
11.6.1 HANITIATIZNUTEU-13T

HaNMTlATvimeNUduduiuiunnmees Cs-137 luguiegeiiseauanudn (39
1a) 197 Tuuvismgneausia SKL_02 uandlum131ei 9 wagguil 13(a) Nan1sinseiiantnIy

Y v .:4' ! = PN = a -2
WUYY Cs-137 qqummwzLﬁ“fluﬂ'1561ﬂmﬂau1uﬂ 1963 WUNAMUANLYINIA 29.18 g-cm
Y o 1 U a i 1% ! U ‘2 '1
HoNAaDIAIUINAIINTINIIANAZNBULTIaLRAYLAYINAY 29.18/49 = 0.595 g-cm Yy

A1519% 9 AITNTUANTURNINYDY Cs-137 Tuliianznousa SKL 02

Mi ANNANAN Cs-137 ANNANAIN
(g cm™) (m) (Bq kg™ (Cs-137)

1.53 0.05 0.0 0.0

3.02 0.10 0.0 0.0

4.49 0.15 0.0 0.0

6.03 0.21 1.8 0.9

7.66 0.26 1.9 0.9
11.19 0.38 0.0 0.0
15.00 0.51 0.0 0.0
15.98 0.55 1.0 0.5
17.99 0.62 1.9 0.4
20.06 0.69 1.5 0.3
21.16 0.73 1.0 0.7
22.30 0.76 1.7 0.5
25.58 0.88 2.0 0.4
27.84 0.95 0.2 0.2
29.18 0.71 1.9 0.4
30.24 0.73 1.1 0.4
31.16 0.76 1.5 0.4
33.27 0.81 0.9 0.4
41.88 1.02 0.0 0.0
43.00 1.04 0.0 0.0
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Cs-137 Activity Concentration (Bqg/kg) Pb-210ex concentration (Bqg/kg)
0 0.5 1 1.5 2 25 3 40 60 80 100 120 140
0 IllllIllllIllllIllllllllllllllI 0 lIllIlIlIlIIIIIIIIlIIIIII
] )
5 - o
5 — S
- :x)
10 - i
o o
g15 §10 ] p”
S A.D.1986 o 7] ’
220 2 ] ’
£ £ 15 — ]
(] [} - '
25 % - '
17 7] - Q
© ] - \
= |A.D.1963 = 50 - N
i b
- ”
35 . 7
25 — T
40  E— =20
- o~
30 —

(@) 45

(b)

JUT 13 n9HANNTIATIEN (a) AT Cs-137 uag (b) ANty Pb-210ex AiszdiuaIy

ANTINIAAINY VDILYNRZNBUINE SKL 02
11.6.2 HANTAATITRALN2-210

JUN 13(b) UARINTINAUTUTY Pb-210ex NTEAUAINUGNTIWIAAILY VaurianznoU
SWa SKL_02 Nan15aAT1ZinIsnsInIsnnaznaunieis Pb-210ex Tugudieguiszauniuan

(@ena) /199 laglalumandndasfivse Constant flux model wanslun151991 10
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AN9199 10 HANTIATIEHERIINITANAYNOUVDILTIRENDUTHA SKL 02
dNIETEN
dRTEEHY AZNDULTY
ﬂ'?']%]gﬂlﬁlﬂ AU mznawﬁﬁa AU Lélu A1
78 Aawann | Uiienaznou | woa () NAWaA s(i) NAWAA
Mi (g cm ™) (m) (AD) gecm”y") (r(») (cmy’) (i)

1.53 0.05 2011.4 0.74 0.11 0.91 0.15
3.02 0.10 2009.3 0.76 0.12 1.07 0.18
4.49 0.15 2007.4 0.78 0.13 1.04 0.19
6.03 0.21 2005.5 0.62 0.09 0.78 0.12
7.66 0.26 2002.7 0.66 0.11 0.84 0.15
11.19 0.38 1997.5 0.68 0.12 0.74 0.14
15.00 0.51 1991.7 0.63 0.13 0.60 0.12
15.98 0.55 1990.0 0.64 0.14 0.65 0.15
17.99 0.62 1986.8 0.53 0.11 0.51 0.11
20.06 0.69 1983.0 0.56 0.13 0.54 0.13
21.16 0.73 1981.0 0.54 0.13 0.49 0.12
22.30 0.76 1978.2 0.45 0.10 0.39 0.09
24.51 0.84 1973.4 0.46 0.12 0.42 0.11
25.58 0.88 1970.9 0.83 0.30 0.78 0.28
26.69 0.92 1968.3 0.79 0.29 0.71 0.26
27.84 0.95 1963.4 0.43 0.12 0.37 0.10

Aean 0.38 0.33

ANEER 0.83 1.07

Anade 0.64 0.72

S.D. 0.11 0.21




37

Linear Accumulation Rate (cmy-") Mass accumulation rate (g cm=2y-")
0 0.5 1 1.5 0.0 1.5
I 11 11 I I 11 11 1 I
2010 2010
2005 2005
2000 2000
1995 1995
g 1990 g 1990
< <
© 1985 & 1985
o o
> >
1980 1980
1975 1975
1970 1970
1965 1965
(a) 1960 (b) 1960

5UN 14 n31llanidnsINsanagaunznauveIwvisnznausia SKL_02 (wenmeilslinanedg
L") (a) dnTazaunznouug (b) Snazaunznoubdy

11.6.3 AATITHHANTSANEBILVIAZNDUTAE SKL_02

MM Pb210ex Tuwrimenau SKL 02 lagldlanandndasdl wuimgnau o
TTEATINANPENaUaYsENig 0.33 — 1.07 cm v Tugaed ae. 1963 - 2012 Tnedidndns
MsanmznawRds 0.72 cmy (SD=0.21 cm y ) waraNTnUTEunIINIIRNAENOUY
vosustazdle (3UAl 14) 1Wu Sasnsmnazneuluseningd a.a.1995-2005 dAnade 0.76 cmy
(SD=0.04 cm v ) dwlutiel A.A.2006 - 2011 fanads 1.00 cm y  (SD=0.07 cm y ) lng
Sasravaunzneuiinen 0.39+0.09 cm y' Ul Ae1978 ez uduethseidondy
1.07+0.18 cm vy WU A.A.2009 way 1l A.A.2011 T8nsazaunzneuanandntiosusdenaiien
9087 0.910.15 cm y ' MsidanavaumzneuYeIuvisznousia SKL 02 Jseguaneilinis
nyfuoenuestnanosgasa Suulinfugedunnluefin daginanmsyrasnaaedgnzin
uarmsaseannssrien)  dldnssua vaduasusannluggven  wingneuUium

WNAAINGUUIARBIRALLNTAFNLAFURIYAN

IINMIUATIENVBYANITNTIVIATGEU-137 (Cs-137) Tuwrianznausia SKL_02 a1unse
”L%mnaa‘ummgﬂéfawmé’mwmimmzﬂauﬁ%meﬁmﬂsﬁa;ﬂa Pb210ex WaN1SMTIFA8UAINY
Wt Cs-137 Tuwviangneusia SKL 02 wuegeandl mass depth = 29.18 g cm” (Ui 13)
Arnuindunisazaunzneulul af. 1963 uwaxdi mass depth =17.99 ¢ cm” wiefimudn 20
- 21 cm Aauiungnoulul A 1986 d@anAdeIfUNANITIATIENIATINITANALNBUINN

U038 Pb-210ex inuinUnnazneui A.A. 1986 agfiAauadn 20-21 cm Wuldgliy
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11.7 WAN1SIATIZAUVIIAZNBUSAE SKL_05
WriRzNausIHa SKL_05 Wiuainuinafnaimsiaau (Uil 1) agiaings SKL 18 U

N19REIUDNUTELNN 3 Alawng
11.7.1 HANITIATIZNUTOU-13T

NamsAsEa i utuTunn e Cs-137 TuBushednaitsyduaudn (@
108) 99 Tuusisnznousvia SKL 05 uaaslupmsnedl 11 wagguil 15 nansinszvinaninin
Wt Cs-137 gaaniaainazidumsmnmeznevlull 1986 wufiszfumudnidana 8.5 g¢-cm”
MunaASATINISANAznewdunaLRaY (1986-2012) Thwifu 0311 ecm” y wieRmdusn
mMsmnaznouBaduviniy 033 cm y' uazaTIInUBeAAULtuggaidumsanazneud
Aetulud e 1963 Tnewudisssunnudndana 183 ¢ cm yhilvasnsaduammsnsInis
anpznewdanaeds Tlutied ad. 1963-1986 liwindu 0418 g-cm” y viedmdusnsinis

a 14 (-2 -1
ANFEZNDULYILFUNINY 0.43 cm y

A1519%7 11 AnudnduiusiunnImees Cs-137 Tuuvisngnausia SKL 05

AMINANTN  A1AY Cs-137 AR U INTNAANATNOY  ORTIFTAUNZNOY
wa (M) danain NANaIn  ANAENaU Faunanie Baduiade
(gecm?) (mi) (Bakg)  (Cs-137) (AD) gcm’y’ cmy’

1.1 0.1 0.715 0.262 2009.8

3.1 0.1 0.723 0.232 2003.6 %291 429U

4.8 0.2 0.910 0.269 1997.9 1986 - 2012 1986 - 2012

6.7 0.2 1.064 0.232 1991.9 0.311 0.33

8.5 0.3 1.088 0.248 1986.0

10.4 0.4 0.877 0.259 1981.5

123 0.4 0.698 0.238 1976.8 LN 439U

14.3 0.5 0.503 0.231 1972.1 1963 -1986 1963 -1986

16.2 0.6 0.715 0.259 1967.5 0.418 0.43

18.1 0.6 1.039 0.248 1963.0

20.0 0.7 0.585 0.217 1958.5

22.0 0.8 ND - 1953.8

23.8 0.8 ND - 1949.3

25.7 0.9 ND - 1944.9
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Cs-137 activity concentration (Bg/kg)
0 05 1 15 2 25

0 IllllIlJIIIlIIIIlIIlIIIIlI

A.D.1986

10

15

A.D.1963
20

Mass depth (g/cmz)

25

30

35

5UN 15 N9 miAnandudy Cs-137 IseAuanuandeuianie) veduianenausia SKL_05

11.7.2 HANITIATIZUALN2-210

NTIATIZR Pb210ex Tunvianznau SKL 05 Liausevitle liesainadusiunninues
Pb-210 Tnseilananasusidunuanvessiegnsusazduiaesndia Pb-210 Mlugd

%84 (Pb-210 background) wifi1agyhnsinssdidunaiuuannudinana

11.7.3 AATTRRANISANEILIAZNBUIAE SKL_05

INMTIATIEN Cs-137 Tuuvismeneu SKL_05 wudl o edddnsimsnnaznaueg
] -1 I A a1 v =
58N 0.33 - 043 cm y Mgl A, 1963 — 2012 lnadA19ns1n1sanAznauaaeanasan
’1 1 = ’1 1 | Gl U P2
043 cmy g9l A.A.1963-1986 U1 0.33 cm y  Tutsl 1986-2012 wsenanlaan
[ a Aa o ° A N a aa I a a
Wuusnanionsnnsanaenausn  Lagsiiouainaaanaled@ulniiugn  wanesnansnasin
NIZUAUININAADIANNY AINIATINITABBITTUIBUT AADAIUAIINLIINTEHAUIINYTINGNITRIN

Jutnas lledwmananisanaznauluusiiasinaliuinin
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11.8 HANTAATIZAUYIINZNBUTHE THO1

uwisngnousia THO1 uanuinainny fusenuenweiveanizlng dsui 2 Ui
iidusmliifirnessruneimdn Wunmsssusuuulneadumeil nsavausveinsneuyind
o19ldsuBvsnanneznauiiluanionfuiduasgnnaaniaons  wavenaldudviwaan
PN OULYILABET VAN NN TL WAL DNMEAAIURDUUY

11.8.1 NANTSIATICRRTBIN-137

Nan1TIATETmAA LUt unn e Cs-137 lufushetneiisysunnudnsneg
Tuuvisnzneusiia THO1 wanslumsnedl 12 uagguil 16(a) namslATIzsikansAadidiy Cs-
137 gegaiaainazdumsnanaznoulud a.a. 1986 fiszfuaudn 8.63 g cm” uaz A.A. 1963
wufiseuANEn 14.5 ¢ cm defmumasnnnsnaznewdunawnasiees liwiiu 0.304 g
em” y" uay 0240 g cm” y luvaed ag. 1986 - tagliu (e 2014) way 1963 — 1986
AINEIY

AN5199 12 ANULVNTUAULTURATINYDS Cs-137 TUVanEnNausHa THO1

ANaN AP Cs-137 ARy U FUG PG FUG PG
A8 HAwan NAWAIR  ANATNDY  AZNDUTINIE  MZNoULTLEY
(my) e DR
(g/cm’) (mi) (Ba/kg)  (Cs-137) (AD.) g/cm’ly cm/y
0 2014.4
0.69 0.03 1.30 0.26 2012.1
2.16 0.08 0.98 0.17 2007.3 eNiY ety
3.73 0.13 0.52 0.22 2002.1 1986 - 2014 1986 - 2014
5.32 0.18 0.60 0.22 1996.9 0.304 0.39
6.93 0.24 0.67 0.24 1991.6
8.63 0.30 1.02 0.28 1986.0
10.43 0.36 0.47 0.22 19785 9191 YU
12.29 0.42 0.22 0.23 1970.7 1963 -1986 1963 -1986
14.15 0.49 0.57 0.24 1963.0 0.240 0.26
15.96 0.55 0 0

17.78 0.61




{ [ VY] 210 226 ] o
A15719% 13 AuNTuUALsuRA WYes © Pb way * Ra lulvisngnausig THO1
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ALY AR ALY AR ALY AR

nuTUANIN nawan ANLUANIN nawan ANLUANIN HaWan

SVl Pb-210 Pb-210 Ra-226 Ra-226 Pb,,-210 Pb,,-210

(Bq kg') (Bq kg') (Bq kg (Bq kg (Bq kg (Bq kg")
THO1 0-2 122.4 15.6 74.8 5.8 47.6 7.1
THO1 2-4 103.1 10.2 70.4 3.5 32.7 3.6
THO1 4-6 114.8 14.7 74.5 6.3 40.3 6.2
THO1 6-8 99.2 13.5 74.6 55 24.6 3.8
THO1 8-10 99.1 13.7 66.3 4.4 32.8 5.0
THO1 10-12 93.6 13.6 67.3 4.9 26.3 4.3
THO1 12-14 93.4 13.1 64.6 5.0 28.9 4.6
THO1 14-16 22.8 3.7
THO1 16-18 79.9 12.5 63.1 4.1 16.7 2.8
THO1 18-20 71.4 12.1 61.5 2.7 9.9 1.7

11.8.2 HANISAATIZHAZN-210

JUT 16(b) wagn15199 13 UEAINANITIATIENAMUTNTUYRIIUIUAN N Pb,,-210 7

Y = 1 1 (% a L3 Y b ad
FTAUAIUANFANE VBILVINASNBDUTNE THO1 HNaN1INITAATIERNIDATINITANNSNDUAIYIT Py

-210 Tuduiiegsnszauaudneee) lngldlumandndasivie Constant flux model wanslu

AN 14

(@

Mass depth (kg/m?2)

137Cs activity concentration (Bg/kg)
0 05 1 15 2 25

A.D.1986
10

15 A.D.1963

20

el
a

(b)

Mass depth (g/cm?)

210Pbgy concentration (Bg/kg)
20 40 60 80

e

i a v v 137 v o 210 i 9 =
5UN 16 N5MRANTTIATIEN (@) ANUDUTU T Cs wag (b) Anadudy ~ Pb,, NiseAuauan

LTIIARIG) VOILVIRENOUIHE THOL
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i a 'Y 1 o v aa 210
A157197 14 NaNITIATIERONTINITANALNDUVDILYIIRZNBUTHE THOL f83D Pbey

AMNANLTS AU A INTNATAUNTNDU AU InTAZENNZNDU AU
78 Mi Nawan ANAZNDY Lau9a r(i) NAWaA s s(i) NAWATA
(g cm?) mi) (AD.) @em’y?) 10) (cmy?) s(i)

0.00 0.00 2014.3 0.33 0.02 0.44 0.03
1.38 0.03 2009.4 0.31 0.03 0.42 0.05
2.93 0.07 2005.0 0.30 0.03 0.38 0.05
4.52 0.11 1998.5 0.27 0.04 0.34 0.05
6.1 0.1 1993.7 0.27 0.03 0.33 0.04
7.8 0.2 1985.8 0.20 0.03 0.24 0.03
9.5 0.2 1976.9 0.16 0.02 0.18 0.03
11.4 0.3 1962.1 0.11 0.02 0.12 0.02
13.2 0.3 1941.8 0.08 0.01 0.08 0.01
15.1 0.4 1909.4 0.04 0.01 0.05 0.01

Arean 0.04 0.05

ANGER 0.33 0.44

Aade 0.21 0.26

S.D. 0.10 0.14

11.8.3 AAIITUNANITANWIWNIAZNDUIHE TH-01

[

MNMTATIEN Pb,,-210 Tuwviswgneu THO1 Tneldluinandndasil wuiiaznou u il
19ns1NIANAENaUBYTENING 0.04 - 0.33 ¢ e’y v 0.16 - 0.44 cm vy Tutad 1910 -
2014 Tneildnsinsanaznawade 0.21 g cm’” y’1 %39 0.26 cm y’1 LaraIuNTaUTEUINIINTG
pnnznauvesiazdld duanslusuil 17 Wy Snsimsnnazneuluszningd ae. 1976 - 1993
Awade 021 g cm” y Tnesnsnsazaufvesmznouiiniuegeeliesain 0.27 g’y
WU ae 1993 1800 033 g em” y ' Wl aa. 2014 dauwandlifiuinnsazaufivemenouves
wasofa THOL 4 ﬁLLuﬂﬁmﬁuqaéﬁumﬂiuaam duninazananMsNuRhuLnT
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Year A.D.

43

Linear accumulation rate (cm/y)

0.2 0.3 04 05

Massic accumulation rate (g/ cm2 / y)
0.1 02 03 04 05 0.1
2015 - 11 1 1 I 1 1 1 | I 1 1 1 1 I 1 1 1 1 I 2015 -
2010 - 2010
2005 | 2005
2000 | 2000 -
] a ]
1995 < 1995
1990 1990
1985 — 1985
1980 - 1980
1975 — (b) 1975 —
.=.' o
JUN 17 NIMLARIDRTINITANALAUNZNDUVDIL

(a) dns1@zaunTNaUNLIa (b) BnsIdy

YNNZNOUSHE THO1
AUNLNDULTILAU
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11.9 HANTTAATIIUVIINZNBUTHE THOA

Wwisngneusia THOA uanuinadians Sunnvesmeilamelng duvisuandugui 2
vinuillifiransssuieimdn Gunmsseuneuuulneadumeil nsasauivemgnouuiami
o1aldsuBvEwannazneuiluanwoutuimainasgnsiatlasns  uazengldsudvinaan
PENOULIILABETVANI LN TEUAT I NMZaAUABLUUT Uy

11.9.1 NANTSIATICRRTBIU-137

Nan1TIATETmAA LUt unn e Cs-137 lufushetneiisysunnudnsneg
Tuuvisnzneusiia THO4 wanslumsnedl 15 uagguil 18(a) namslATIzsikansAadidiy Cs-
137 gegnfimninazidunsnnaznenlud a.m. 1986 fiszAunaEn 10.05 g cm” Wwag A.A. 1963
wufiseuAudn 17.26 g cm” defmumasannsnnaznewdunawnasivass iy 0.354
gcm’y uay 0313 g cm” y lutel . 1986 - Uaqiiu (A 2014) way 1963 — 1986
auaIy wiemuassINsanaznewdaduldvinty 0.46 way 0.35 cmy " lugasl A, 1986
- U290 (p.A1. 2014) Uag 1963 - 1986 AUAIAY

AN5199 15 AL TUAUITURNINUDY Cs-137 TUvianenausyia THOG

ANANTY AP Cs-137  A1Anu U7 SRNATAUNZNOU  DRTIAZAUAZNDY
8 (M) Banain Hanwain  Aneznau Junawie Faduade
(gcm?) (mi) Bgkg) (Cs-137)  (AD) Gem’y' Cmy"

0 2014.4
0.78 0.04 0.60 0.19 2012.2
2.30 0.08 1.40 0.24 2007.9 %294 223U
3.79 0.13 0.90 0.24 2003.7 1986 - 2014 1986 - 2014
5.35 0.19 0.90 0.27 1999.3 0.354 0.46
6.89 0.24 0.97 0.28 1994.9
8.42 0.29 1.55 0.24 1990.6
10.05 0.35 2.17 0.26 1986.0
11.73 0.40 1.24 0.27 1980.6 %294 %429Y
13.53 0.46 0.82 0.24 1974.9 1963 -1986 1963 -1986
15.48 0.53 0.00 0.00 1968.7 0.313 0.35
17.26 0.59 0.57 0.23 1963.0
18.87 0.65 ND
20.44 0.70 ND
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{ [ VRY) 210 226 1 o
A157197 16 ANUTNTUANTUANINTBY ~ Pb ey~ Ra lulvisngnausia THO4

AU AR ALY AR AU AR

ANLUANIN Nawan NULUANIN Nawa ANLUANIW HaWan

Sal Pb-210 Pb-210 Ra-226 Ra-226 Pb..-210 Pb..-210

(Bq kg") (Bq ke (Bq kg") (Bq kg") (Bq k") (Bq kg")
THO4 0-2 108.2 13.0 72.5 3.4 35.7 9.5
THO4 2-4 121.1 15.2 67.9 3.5 53.2 11.1
THO4 4-6 109.1 14.5 70.4 3.6 38.8 10.5
THO4 6-8 115.9 14.6 70.1 54 45.7 11.0
THO4 8-10 127.5 16.3 T1.7 5.0 55.8 12.0
THO4 10-12 109.5 13.7 71.1 5.8 38.4 10.5
THO4 12-14 120.6 16.4 71.2 6.8 49.4 12.5
THO4 14-16 91.2 21.1 65.6 53 25.6 15.4
THO4 16-18 88.6 17.6 68.3 6.1 20.3 13.2
THO4 18-20 73.7 12.6 66.1 4.6 1.6 9.5
THO4 20-22 89.7 17.7 68.7 5.6 21.0 13.2
THO4 22-24 70.7 17.7 67.7 6.2 3.0 13.3
THO4 24-26 79.3 14.3 70.0 3.7 9.2 10.5

11.9.2 HANITIATIZUALN2-210

'
a

gﬂﬁ 5(b) wazANTNT 16 wanWanIFIezdanuduturestutunaw Pb,, 210 7
STAUANUANAE) VDIUTNNENDUTIHE THOA HAN1SAITIATIERINENTINISANAZNOUAIETS Pb,,
210 TuBushegeiissiunudnaneg Tngldlunandndnsiivie Constant flux model wanslu
A5 17
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137Cs activity concentration (Bag/kg) 210Pbhgy concentration (Bg/kg)
0 05 1 15 2 25 0 20 40 60 80
|lll]]|llllll|ll|]] 0 IIIIIIIlIIIIlIIIIlIIIIl
0 - 5
. e
] —
5 5 —_
i e
= S 0 — e
= S 40 .
D 10 A.D.1986 5 0]
~ - . l—":)_C
= =R ;
o o) —
[} o -1 e
o w 15 —|
@ 15 — -~ 2 ] s
@ 1>~ = -
s
= T D193 ]
] S E—
20 — 20 ] —_—y
(@ 2 -~ 5=
(b)

i a v w137 v v 210 { Y
JUN 18 N3 KANTIATIEN (a) ANduduy  Cs wag (b) ANMTNTY * Pbe, M5AUAIILAN
LTINIARING) VOILVINRENOUTHA THOL

11.9.3 AATITINANISANEILVIIAZNBUSIE TH-04

[

MNMTATIEN Pb,,-210 Tuwviswgneu THOA Tngldluinandndasil wuiiaznou u il
19ns1NIANAENaUBYTENING 0.05 - 0.41 g e’y v 0.06 - 0.54 cm y " Tutad 1891 -
2014 Tnefidnsnsanaznawads 0.21 g ey 190 0.25 cm y - wazansaUssfiusnsINIg
pnnznauvesiazdld duanslusul 19 Wy Snsimsnnazneuluszningd ae. 1891 - 1991
Al 0.126 g cm”y ' ¥38 0.15 cm y ' lnesasimsarausivsmeneuiintusgeseiien
M 0.19 g cm y Tud A 1989 8w 041 g cm”y Tl aa. 2011 douuandliidiuinnis
draufveInENOUTBIYSTE THOS & ﬁLLuﬂﬁmﬁmqasﬁumﬂ’Luaﬁm druniletazanannisidia
Hufvinanntu

i a o ] o v aa 210
A15719% 17 NaNITIATIERINTINITANALNDUVDILTIIRZNBUTHE THOL f83D Pbey

AMNANLTS AU Un InsndzaunznNau AU INTNATAUNZNDOU AU
78 Mi Nawan ANAZNDY Laua r(i) NAWan sy s() NAWATA
(gcm?) m() (AD.) (gem”y’) (i) (cmy’) s(i)

0.00 0.00 2014.3 0.27 0.03 0.35 0.04
1.55 0.04 20114 0.41 0.08 0.54 0.11
3.04 0.07 2006.8 0.34 0.07 0.46 0.10
4.55 0.11 2002.8 0.33 0.08 0.43 0.10
6.1 0.1 1997.1 0.23 0.05 0.30 0.07
7.6 0.2 1989.1 0.19 0.05 0.25 0.07
9.2 0.2 1981.7 0.17 0.05 0.20 0.06

10.9 0.3 1967.4 0.12 0.05 0.15 0.07
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12.6 0.3 1956.6 0.14 0.09 0.16 0.10
14.5 0.4 1941.9 0.15 0.12 0.15 0.13
16.5 0.4 1933.7 0.11 0.10 0.13 0.11
18.1 0.4 1900.9 0.05 0.08 0.06 0.10
19.7 0.5 1891.2 0.07 0.13 0.09 0.16
Anena 0.05 0.06
ANEaER 0.41 0.54
Aade 0.20 0.25
S.D. 0.11 0.15
Massic accumulation rate (g/ cm? / y) Linear accumulation rate (cm/y)
0.1 02 0.3 04 0.5 01 02 03 04 05 06 07
2015 Illllll\llll\llll\ll 2015 IIII‘III\IIIIIlIIIIIIIIIIIIIIl
2010 —f 2010 —f
2005 —f 2005 —:
2000 —f 2000 —:
[m] | a ]
f 1995 — < 4995 4
g ] g ]
> ] > ]
1990 — 1990 -]
1985 —f 1985 —f
1980 —f 1980 —f
(@) 1915 3 (b) 19rs =

JUN 19 N9MLEnIdnTINIANELALALNBUTBILIAYNBUTTE THO4 (a) dRTNATALALNBILTY

wa (b) IRTETAUNTNDULTILEU
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11.10 Han15ATIEVUYIIAENAUSYE TH10

wiangnausia TH10 Wiuanusnaimmiouenvietlweunglve Indfnarmeianay
faguit 2 Vinadlifieaesssnistimdn Wunsssuiswuulneadumetls msavausvoinenou
vinndenaldsudviwannaenouiinaundeutuinduasgnziaaulnenss uazo1alasusvana
MNAENBULTIUABLT VAN SELAN NN U DU LYY

11.10.1 NANSIATITARDBIN-137

Nan1sIATETmAA LU unn e Cs-137 lufushetneiisysuanadndneg
Tuuvisnznousiia TH10 wanslumsedl 18 wazguil 20(a) namFIATIzsikansAITY Cs-
137 gegafinininazdunisnnpzneulud a.a. 1986 fiszfuaudn 7.97 ¢ cm” Wednadnm
nsmnazneuwdanaieiivass THviifu 0280 ¢ cm” y" Tutel A, 1986 - taqtu (e
2014) vidednasansanaznoudaduldvindy 032 cm y ' Tutel A 1986 - agliu
(A.A. 2014)

{ Y Y o o 137 ] )
quq\iﬁ 18 AMUVUVUNNUUAN TNV DY Cs 1ULLWQW3ﬂ@u3ﬁﬂ TH10

ANANITY AR Cs-137 ANAIN Ui INTIATAUNSNOU  DRIIATAUATNOU
18 (M) Hawaie Nanaln  AnRgNau Faunanie Bauduiade
(¢/cm2) (mi) (Ba/kg)  (Cs-137) (AD.) ke/m’/y cm/y

0 2014.4
0.82 0.04 1.14 0.27 2011.46
2.36 0.08 1.89 0.20 2005.98 429U 429U
32.99 0.14 1.64 0.17 2000.16 1986 - 2013 1986 - 2013
5.92 0.21 1.38 0.18 1993.25 0.280 0.32
7.95 0.27 1.97 0.26 1986.00
9.98 0.34 1.03 0.30
12.15 0.42 ND

14.35 0.49 ND
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{ [ VY] 210 226 ] o
A157197 19 ANUTNTUANITURATNUDY Pbe, b8 Ra Tuwvisnzneusia TH10

W Pb-210ex u(°Pb)  Ra-226  u(*°Ra) G u(C)
(Bq kg") (Bq kg") (Bq kg")

TH10 0-2 147.3 15.6 84.7 5.8 62.6 56
TH10 2-4 148.3 11.5 84.6 a5 63.7 43
TH10 4-6 118.5 13.1 80.8 3.5 37.7 3.2
TH10 6-8 97.0 10.5 72.4 5.1 24.6 2.2
TH10 8-10 120.1 14.1 80.7 6.4 39.4 4.0
TH10 10-12 94.8 13.2 79.1 3.7 15.6 1.6
TH10 12-14 92.0 17.6 73.8 5.2 18.1 2.6
TH10 14-16 82.1 14.0 72.2 5.5 9.8 13
TH10 16-18 76.9 16.6 69.0 a1 7.9 13
TH10 18-20 73.4 13.0 70.4 5.5 3.1 0.4
TH10 20-22 773 11.9 68.6 5.4 8.8 1.1
TH10 22-24 69.5 13.2 66.9 6.2 2.6 0.4
TH10 24-26 68.5 11.8 68.5 a6 0.01 0.0

11.10.2 NANNTIATIERALA2-210

JUN 20(b) WAEMISNN 19 waRIHANTIATIZAINTUYeiuTuRN N Pb,,-210 1

FTAUANNANFNE) VBILIRZNBOUTIE TH10 NANIIAITIATIZANISATINITANAZNDUAILTD Phe,
-210 Tuduiiegsnszauaudneee) lngldlumandndasivie Constant flux model wanslu

AN5199 20

137Cs activity concentration (Ba/kg)
0

=
o

Mass depth (kg/m?)
>

n
o

)
(%)}

€))

05 1

1.5 2 25

A.D.1986

(b)

Mass depth (g/cm?)

8

III1'||.IIIIIIIIIIIIIIIIIIIIIII

210ppgy concentration (Bg/kg)

0

o

20

40

60 80

3]

-
o

-
)]

N
4]

8
|

i a & v w137 v v 210 { Y] =
gﬂﬁ 20 NSINNANITIATIZH (@) ANUTNTY ~ Cs Uag (b) AMITNIY ~ Pbe, NSEAUANNEN

LTIIARIN) VDILYIIRENDUTIA TH10
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11.10.3 AASISHNANITANWILVIIRZNOUSIIE TH-10

[

MNMTUATIEN Pb,,-210 Tuwvisnzneu TH10 Tngldluimandndasi wuiiaznou u il
1gnT1NIANAENaUBYTENING 0.035 - 0.28 ¢ e’y W38 0.03 - 0.29 cm y ' Tuted 1872 -
2014 Tpefidhsnsanaznowade 0.19 g cm”y W30 0.19 cm vy wazausaUssiusnsnig
pnnznauvessazdld duanslugud 21 WU Smsinsnnpznewlusesingd a.e. 2000 - 2014
Awade 021 g cm -y ¥i0 0.28 cmy  sasimsanmazneuluszningd a.d. 1925 - 2000 §
ANadE 020 g cm”y ' 198 020 cmy deunansiiiuinnisavausivemenouvewiea
TH10 4 fwwiltunsiivieeradfivanlueialdinin

{ a Y} ' Y v  aa 210
A15199 20 HANITIATIENDRTINITANALNDUYBILIALNBUSIE TH10 $83T Pbey

ANANLTS AU Un ansIAzANRZNDU AU ansIazAURZNDUY A
wa Mi NANWAA ANAZNDU Lau9a r(i) NAWAA B sG) NAWAA
(g cm™) m(i) (AD.) @em’y?) (i) (cmy’) s(i)

0.00 0.00 2014.3 0.23 0.01 0.28 0.02
1.65 0.04 2007.5 0.22 0.01 0.28 0.02
3.07 0.07 2000.0 0.21 0.01 0.26 0.02
491 0.12 1992.9 0.28 0.02 0.29 0.03
6.9 0.2 1986.4 0.22 0.02 0.22 0.02
9.0 0.2 1972.5 0.17 0.02 0.16 0.02
11.0 0.3 1964.6 0.21 0.02 0.20 0.02
13.3 0.3 1950.1 0.16 0.02 0.15 0.02
15.4 0.4 1939.2 0.18 0.02 0.16 0.02
17.7 0.4 1925.3 0.19 0.03 0.16 0.02
20.1 0.5 1917.6 0.14 0.02 0.12 0.02
22.4 0.5 1872.0 0.03 0.01 0.03 0.01

Adgn 0.03 0.03

ANGER 0.28 0.29

Aade 0.19 0.19

S.D. 0.06 0.08




2015

2005

1995

1985

1975

1965

Year A.D.

1955
1945
1935

1925

(@) 1915

Massic accumulation rate (g/ cm? / y)
0.0 0.1 02 03 0.4

(b)

Year A.D.

51

Linear accumulation rate (cm/y)

0.0 0.1 0.2 0.3 04

2015

2005

1995

1985

1975

7

1955

44
g &
(7]
(62
IIII I

1925

1915

JUN 21 N9 19ULanIdnsINSANAYaNNZNBUVRILYIINZNBUTE TH10

(a) OnsNazEUAzNOUTNNIE (b) DRIACANNLNDULTILEY



12. dsunan1sinen

12.1 dasmmsanaznauaieludisinadagiu

snsnsanezneuadsluyiddndtagiuiinsanaindnsinsanaznaulul
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A.A.2012

dmsuiunianideyasnsinisanaznoudssiiuends  agn-210  diuludumisildaninse
AATILIOATINTANALNBUAILITNLN-210 A ITONTINITHNALNBURAYTENINGY #./.1986-2012

PAMIUIINTIUTL-137 Wnu nan1sAnwkandlun1san 21 uazguin 22

M13197 21 waRIdnIIN1SANALNOUYTNUIRTU a 9asinee Tunsiaauasua

Snsanpzneuedsanisneii210 | samanazneuedandifeu-137

sWauvisazneu | Banagom  y); Waducm y ) 2012-1986 1986-1963
(%4297 ﬂ_ﬂ_ﬁmﬁg) Bana gemy ) | WA (gemy ),
Fadu (cmy ) Badu (cmy )

SKL 01 0.53; - 0.54; -
SKL 02 0.64; 0.72 (1963-2011) 0.595; - 0.595; -
SKL 03 0.64; - 0.75; -
SKL 04 0.30; - 0.50; -
SKL 05 0.311, 0.33 0.418; 0.43
SKL-08 0.62; - 0.46; -
SKL-09 0.84; - 0.55; -
SKL-12 0.26; - 0.39; -
SKL-13 0.42; - 0.50; -
SKL-14 0.70; - 0.59; -
SKL 15 - 1.543; 1.40 0.727; 0.83
SKL 16 0.26; 0.41 (1949-2012) 0.275; 0.45 0.454; 0.70
SKL 17 - 0.64; 0.54 0.59; 0.52
SKL 18 0.36; 0.40 (1963-2012) 0.408; - -
SKL T5 - 0.949; 0.98 0.565; 0.65
TH-01 0.21; 0.26 (1909-2014) 0.304 0.39
TH-04 0.20; 0.25 (1891-2014) 0.354 0.46
TH-10 0.19; 0.19 (1872-2014) 0.280; 0.32 -

JUT 22 wanednsnisanaznew s gainulrisnzneulunziaauamal lnegaididnsinig

U U U v 2 U _2 _1

ANALNDUEIAR 3 SuAULIN Ao 9n SKL_15 Unmassgneinisunziunn e 1.543 g cm” y
a 1 y Y] a 2 -1 a

0 SKL_TS IUU'ﬁL']maq']ﬁﬂmgjumﬂﬂlaﬂLfﬂgﬂa A1 0949 ¢cm vy LAY 0 SKL_09 yauIn

a1 -1 o o A a ° 1 PP Y o a = N

38 4A1 0.84 cm y  AUAIAY LllE]W"{I']ﬁﬁJ']@lflLLWUQQ@WﬁﬂUWLLagmUﬂf]Lu@sﬂaﬂmgﬂaumﬂqflﬂ‘lﬂjfl

avswandAgnaarednsnsanaznaulunziaaUaIvaIneuLBNADAABIgAZINN

Lagnenau

UStnawmnaaiinnainguiinaedgezinn - dvswanididysosauninzlunssuainiudias 7
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nasuinnesersuiinuiewasfeldiliinmannagneunnlugn SKL TS uasdwhlisam
nsanegneufiuuliuanasiulufienengSunnideaniie (NW) Tumsianatmeiaany (SKL_05)
wazlunnauinge (SKL_09 uay SKL 16)

susuumMInnagneukandliiiud mdnianaaesgd 0. fngfl waranasine llédua
somannaznavlunsiaauamanouuenuinin  Wedndumszidanhseunssimingney
Uhinaudos sannagneuUiinaummaluguiinassgasa
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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
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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
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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.
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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
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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,-
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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

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Areal activity of Be (Bq m'z)
0 100 200 300 400

SK01
Sediment inventory of Be
615+135 Bqm"

Areal activity of Be (Bq m'z)
0 100 200 300 400

SK 04
Sediment inventory of 7Be
3084137 Bqm™

Areal activity of Be (Bq m~)
0 100 200 300 400

SK 07
Sediment inventory of 7Be
28430 Bqm*

Areal activity of Be (Bq m'z)
0 100 200 300 400

SK10

Sediment inventory of Be
4824105 Bqm>

Areal activity of 'Be (Bq m'z)
0 100 200 300 400

SK13
Sediment inventory of 7Be
470132 Bqm2

Areal activity of Be (Bq m'z)
0 100 200 300 400

SK 16
Sediment inventory of 7Be
175469 Bqm’

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Areal activity of Be (Bq m'z)
0 100 200 300 400

SK 02
Sediment inventory of 7Be
420141 Bqm2

Areal activity of 'Be (Bq m?)
0 100 200 300 400

SK 05

Sediment inventory of Be
358486 Bqm

Areal activity of 'Be (Bq m~)
0 100 200 300 400

SK 08
Sediment inventory of 7Be
237476 Bqm

Areal activity of "Be (Bq m'z)
0 100 200 300 400

SK11
Sediment inventory of 7Be
340498 Bqm>

Areal activity of 'Be (Bq m'z)
0 100 200 300 400

SK 14
Sediment inventory of 7Be
18481 Bqm

Areal activity of Be (Bq m'z)
0 100 200 300 400

3

(G

E=3

g, ko3

a Sediment inventory of 'Be
3 114+34 Bqm™

Areal activity of "Be (Bq m‘z)
0 100 200 300 400

3

(G

£

8— 2 SK 06 ;

[s] Sediment inventory of ‘Be
3 174 £57 Bqm >

Areal activity of "Be (Bq m?)
0 100 200 300 400

2 SK 09
Sediment inventory of Be
7184105 Bqm"

Depth (cm)

Areal activity of Be (Bq m'z)
0 100 200 300 400

£

A

£

% 2 SK 12 ;

a Sediment inventory of 'Be
3 307+116 Bqm™

Areal activity of 'Be (Bq m'z)
0 100 200 300 400

0
5
£
a SK 15
@ 2 . . 7
a Sediment inventory of 'Be

51351 Bqm >

@ Springer



40

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

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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Fig. 7 Shaded color map of a percentage of very fine sand to silt and clay content in sediment, b "Be inventory, ¢ maximum penetration depth of

"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.
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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.
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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.



International Nuclear Science and Technology Conference 2016 IOP Publishing

IOP Conlf. Series: Journal of Physics: Conf. Series 860 (2017) 012009 doi:10.1088/1742-6596/860/1/012009

M)

1M

100

"Be activity (Bgw)

INETE FRRTE FRRTS FRRRE PR

S02 S0l

Legend
B Sedenens imveneory B Areed sctiviey i grasses

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 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
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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)
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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
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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 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
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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.
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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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