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Abstract

The Office of the Fine Arts Department 13" Songkhla has surveyed and
excavated archaeological sites, in the lower south of Thailand which found evidence
of both antiquities and many ecological objects such as human skeletons, pottery,
fossil shells, and animal bones, one of the archaeological sites is Pa Toh Roh Shelter
Archaeological site, Khao Han Cave, Satun Province, Southern Thailand. In this study,
the electron spin resonance (ESR) technique was utilized to determine the age of six
freshwater fossil shells collected from the Pa Toh Roh Shelter Archaeological site at
three distinct depths. Freshwater fossil shells clams with the codes SH1-010, SH2-123,
SH3-248 (level 2, 70-80 cm), SH3-028, SH5-253 (level 3, 80-90 cm), and SH6-140 (level
4, 90-100 cm). X-ray diffraction (XRD) examination of samples revealed the crystal
structures of aragonite and calcite. The characteristics of ESR signals from freshwater
shells crystal powder, size 90-150 um, were studied. The ESR signal before irradiation
was found two characteristics, that is, six-line signal and double line signal. The six line
signal indicated to be manganese ions (Mn?*) and double line signal, caused by the
reaction between limestone of calcium carbonate in freshwater shells and humidity.
After irradiation with 120 Gy of dose, it was discovered that the signal generated by
manganese ions (Mn?*) did not increase when various radiation doses. However,
increasing the area under the magnetic field between 349-352 mT can reveal the type
of signal produced. It consists of signals generated by molecular ions SO, and SO
with values ¢ = 2.0057 and g = 2.0031, respectively, and molecular ions CO, with
g = 20016 and g = 1.9973. Analysis of these results revealed that the signal at
g = 2.0016 caused by the molecular ion CO, was also suitable for the accumulated dose

analysis utilized in age determination by the ESR technique. By studying the correlation



(8)

curve of ESR signal intensity increasing from gamma ray irradiation from 0-120 Gy by
additive dose method, it was found that there was a linear relationship. and the
accumulated dose was 11.32+0.39 Gy to 22.84+0.76 Gy. Later, an analysis was
performed to determine the annual dose of radiation. By measuring the concentration
of radioactive elements in nature (U-238, Th-232, and K-40) in the freshwater shells
samples and the soil surrounding the samples, as well as the cosmic ray exposure, the
range was determined to be between 2.88+0.07 and 6.90+0.06 mGy/y. As a result of
the accumulated dose and annual doses. Analyzing the ages of freshwater shells
showed a range of ages between 3,310+115 and 4,655+210 years. The age of the
samples discovered here shows that it dates back to the prehistoric era. Similar to
adjacent archaeological sites, it dates to the Neolithic period. In addition, the age
determined was consistent with the results of the report on the relative age
determination of the Office of the Fine Arts Department 13" Songkhla, which included
the examination of freshwater shells remains. Prior research into thermoluminescence

techniques.
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(Sample, Sam) Uagan59198911955U (Standard, Std) Mussglunivuy
(b) nsussYFIegenoudnd AT ot vilInseuluasnauilingeu

ua (o) isesuFnsaiusinaide-1 (TRR-1/M1)

2.11 TUswnsu Bruker Xenon AlUSUAMNS1TMBIUBIRI0E 199 NNB8UNIA

3.12

3.13
4.1

4.2

4.3

M3AseiUS i @ avan () dayayias ESR AUSwasadang 9 (o) naml
USuieuseis Additive dose
wuistunaumssiueuildlunmsanuvadsd
Tassadrendnesinlud-uwaaleslusaogsmnuosindn (Aragonite, A
Calcite, Q)

Snuairdyaial ESR naw (0 Gy) wasndnne$eda 120 Gy veeiia8nd
gveeaasa SH1-010 melfaunuudmanlugag 313-383 mT
Snwazdayaal ESR naw (0 Gy) wazndane$eda 120 Gy v09f10874

YINNBEUIINTIA SH2-123 neldauuusiindnlugig 313-383 mT
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a4
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a.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

s1gn15NINUsZNaU (519)

anwazdnyad ESR nau (0 Gy) Lasnd839d 120 Gy vesdegns
gnvoetnInsta SH3-248 aeldaunuuindnlutag 313-383 mT
Snwaidaynial ESR naw (0 Gy) wazndanne$eda 120 Gy v0ef19814
gnvostnInsa SHA-028 aeldaunuulmanlugag 313-383 mT
dnwairdyanal ESR nau (0 Gy) wasndanne$eda 120 Gy veeiaa8nd
gnneetansa SH5-253 meldaunuudmanlutag 313-383 mT
dnwairdyanal ESR nau (0 Gy) wasndanne$eda 120 Gy veeiaa8nd
gnveeaaswa SH6-140 meldaunuudmanlugag 313-383 mT
Wisusudey1al ESR 5811114 0 Gy uag 120 Gy U9961981991n%08
¥3nswa SH2-010 aeldaunuusindnlugag 389-352 mT

WU udnyey1ad ESR 5811979 0 Gy tay 120 Gy 9936298199110
¥3nsia SH2-123 aneldaunuusivdnlugae 389-352 mT
Wisuisudnyey1ad ESR 5811979 0 Gy ay 120 Gy U9362981991n%0y
¥3nsva SH3-248 anelaunuusindnlugag 389-352 mT
Wibuisudayeyrad ESR 5311974 0 Gy hay 120 Gy 994@29871991n%oy
¥3nsva SHA-028 aneldaunuudindnlugae 389-352 mT
Wisusudayey1ad ESR 5811979 0 Gy ay 120 Gy 9936298199110y
¥3nsia SH5-253 aneldaunuusivdnlugae 389-352 mT
Wisuisudnyey1ad ESR 5811979 0 Gy ay 120 Gy U9362981991n%0y
¥3nsva SHE-140 aneldaunuusindnlugag 389-352 mT

frynad ESR Y08 19TVt ASITE SH1-010 Tikunsane$ed
Faust 0-120 Gy melfaunuundnlutag 313-383 mT

fryeyau ESR YI0g YIRS ASITE SH2-123 Tikunnsane$ed
Faust 0-120 Gy meldaunuusmdnlutg 313-383 mT

Fryeyau ESR Y0 9TINVRTNIASITE SH3-248 Tikunsane$ed
Faust 0-120 Gy melfaunuundnlutag 313-383 mT

frynad ESR Y908 19NN ASITE SHA-028 Tirunsane$ed

Aala 0-120 Gy meldaunuudvianiusag 313-383 mT
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2NN
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a.27
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4.30

4.31

s1gn15NINUsZNaU (519)

[

Feyu1d ESR U99A198 991N R0UNAnTIa SH5-253 IN1UN15an39a

(%
Y

Aaud 0-120 Gy neldaunuusiwdnlugie 313-383 mT

[

eyl ESR 10961981991 n0uin3nTia SHE-140 AN1UN15aIe59a

(%
Y

Aaud 0-120 Gy neldaunuuswanlugig 313-383 mT
fryeyau ESR Y0g 9IRS ASITE SH1-010 fikunsane$ed
Faus 0-120 Gy meldaumusimdnlugag 369-352 mT
fryeyau ESR Y09V ATIE SH2-123 Tikunsane$ed
Faust 0-120 Gy neldaunuusmanlutag 349-352 mT
Fryeyau ESR Y908 19NV ASIE SH3-248 Tirunsane$ed

(%
Y

flaus 0-120 Gy aeldaunuudimaniugag 349-352 mT
fryeyau ESR Y009V ATIE SHE-028 Tirunsane$ed
flaus 0-120 Gy neldaunuudinaniugig 349-352 mT

[

Feyy 1w ESR 10961981991 n08UNnTa SH5-253 NN1Un15a1839a

(%
Y

flaus 0-120 Gy Aeldaunuudimaniugag 349-352 mT
Feyey1ad ESR U096198199nelnanTia SH6-140 NNuN192185a
flaus 0-120 Gy Aeldaunuudimaniugag 349-352 mT
~ a o o A v A a ¢ a U
N51LUS SU BUANUA LN UG bUULT LA UL DIWATIEUS LN US98 dranad
fegnNvestnInTHa SH1-010 1A ¢ = 2.0016 Way 1.9973
~ a o o A v A a ¢ a U
N51LUS SU BUANUA LN UG bUULT LA UL DIWATIEUS LN US98 dranad
Fog rnetnINTE SH2-123 91A1 g = 2.0016 Wag 1.9973
N51LUS SUT 8 UAMUA LN US LUULT LA UL DILATIEAUS LN US98 Az anuag
Fog wrnvetnInTia SH3-248 91A1 g = 2.0016 Wag 1.9973
NSNS U BUANUA LW UG bUULT AU D LATIEUS LN US98 deanuad
Fiog WNeeUNANTE SHA-028 71A1 g = 2.0016 Wag 1.9973
NSNS BUT BUANUA LW UG bUULT AU D LATIEUS LN US98 deanuag
fog netnInIid SH5-253 A1 g = 2.0016 Wag 1.9973
N51LUS U BUAMUA LN US LUULT LA UL DILATIEAUS LN US98 Az anuag

Fregwnvestindnsiia SHE-140 firn ¢ = 2.0016 waz 1.9973
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2NN
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NIINAUFUNUS SE1319 ESR Intensity v Additive dose U84/ 210814
snnegtansa SH1-010 tiedasziany3unasdasan
NIINANFUNUG T2 ESR Intensity iU Additive dose 10482190874
gnnegtansa SH2-123 Wiedasziany3unasdasan
NIINAMUFUNUS SE1319 ESR Intensity iU Additive dose U84/ 30814
BNMEETNINSIE SH3-248 LitediassviaUSunasdase
NIINAMUFUNUS SE1319 ESR Intensity iU Additive dose U84 30814
FNMBETNINSITE SHA-028 LitediAssriaUSunasdaye
NIINANFUNUG T84 ESR Intensity iU Additive dose U03@210814
FNTNBETNINSIE SH5-253 LiteniassriaUSunasdaye
NIINAMUFUNUS S¥1319 ESR Intensity iU Additive dose U84/ 30814
BNMBETNINSITE SHE-140 LleAassaUSunasdase
LERIALUNAS YDA LNULYBIR 188199 DU T ASHE SH1-010
(a) U-238 uay Th-232 (b) K-40

LansaLUnA S 09398 LNULYBIFIOE 19T NME U T ASWE SH2-123
(a) U-238 uay Th-232 (b) K-40

LERIALUNAS LY ITIE LNULYBIR 10819 DU T ASHE SH3-248
(a) U-238 wag Th-232 (b) K-40

LEAIALUNAS YDA LNULYDIR 1081991 NNDEUNTASHE SHA-028
(a) U-238 uay Th-232 (b) K-40

LERsaLUN AT 09398 LNUNVBIFIOE 1B NMEE U T ASWE SH5-253
(a) U-238 wag Th-232 (b) K-40

LEnIALUNAS YDA LNULYBIR 108199 DU T ASHE SHE-140
(a) U-238 uag Th-232 (b) K-40
LanaLUNATUYITIE LNNNNY BRI IR UTEUTINNDBUNS A 59T
SD1-010 (a) U-238 uay Th-232 (b) K-40

LR e UnnuY0ITed LNNLNYB IR 9E 19R UTOUTINMEEUN S ASHa
SD2-123 (a) U-238 uay Th-232 (b) K-40
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LEReaUnATUY8 I Id LNUNNTB IR 1A UTOUTINNBE YN S 5T
SD3-248 (a) U-238 wag Th-232 (b) K-40
LansaARSLYDeSId unuLnveIfi0g 19R uTBUTINNDE U1 T ATHE
SD4-028 (a) U-238 wag Th-232 (b) K-40
LR A UnAST U 0ISIE LNNLNYB IR0 IR UTOUTINVEEUNS AT
SD5-253 (a) U-238 way Th-232 (b) K-40
LAnEUNASTUTDITIE LNNLNYB IR0 19R UTOUTINVEEUNS AT
SD6-140 (a) U-238 wag Th-232 (b) K-40
wHUN AU auansUIaeNIIIdNYes (@) U-238 Th-232 uay (b) K-40
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1.1 uniuizag
nsAunUrangIunIluTaedauuradunaaing 9 liezsdulusnatngiie

v a 3

1Adng UnIngrmansiasinlusaAf sl uNUIMEAYAENIINTIVERUNENFIUNS
Tusauasng 9 delid lauagnsuiaguuuuiamnsmadugiuineuas Tanusssuves
Ly AnTunTIIaTY 4 (Gaur, 2020) TuusemAlnewuinfinisdunuuvasdusuad
Wuszey 9 audandnmng 9 InInevansLATT e rislutuffe “uvadusiund
iU TAglse” [ uunaslusundivi linsuianguauaioneulsyimansluyuwy
aeldtangiaduaniiu Tullagtudeegiingd 7 druyifneny duaniulau suneniulay
Favinaga Gelud we. 2553 drindatingd 13 aswan Tlasamsdnwidonmsdietugiuuas
mMsmsTinvesurualivneulssiimansuazusnisuusyimans Iddmauazyaduma
Tummad wuimdngumeidulunainguasinaiag Wy 1ASeNTEQNUYYE ANYULAULKN

(3

Waanuey nszands tasesilenu Alaiiu waznilavesdails 1Wudu 21nn15d15190a8LAY

Y
(%

wnuvangumadduivguiregluiisgansulseifmansuszana 6000 - 3000 Uneu
(Finfatinsd 13 asvan nsudaung, 2553)
mmademdngufigndunuldvesadamuunadusiuni duile Wisnes (Shells)
laasdudenvesinin (Freshwater shells) tWaanvoemzia (Marine shells) uazidon
voguuun (Terrestrial shells) fonduvdngrumslunandussinmuilifauddglaisng
Nnudng1udu o Taelusglovidensnuszuuineiver anminnden waznsilegues
wemuaELSINg 1 esnmsmstinvesdniutazeiadanmuindeuiivand seaniy
Tngasidonanmundeuiuaneaniuguidouasmadissinvasiies (RRung, 2554) F1uma
wandliiiufanmamsseguesuywsluanuiidy 4 venandannsdlitoyaddyieatums
Aefauvesmzneuldsnaiy (Kinoshita et al, 2017) é’m%’uﬁuﬁagﬂimﬁaﬁﬂﬂmawaa13’1?191
wagmesuuungdnifuuinadlifideuguiugmiownfulu fuduuvdussnuaaden
viofuyuiisnludeves nszdosodeiiuyulunisaiauden (35dnd uay audnd, 2551)
Fefusnvesindnignéunuanunadusanfidisnulfelsy Haesnifviuazasnnd
newfunduuaznizaeegluiuiinguyadu fnnuasnadasiunmsisegluanimuandon

'
v aa

Uagduniiguuniiuyu auwazdnhenaulnadiiu @nindauinsy 13 awan nsudaling, 2553)



Tunsudumuuidedowaslulsgleniludusng 9 emdngumdunauniignAuny
d‘ ¥ 1 4 v 1 Ql g = 1 a a 24
mudlana1liteiu lnganizegidwinvegindnainunatlusiaaatiianunlielseaggn
1119399aUMEIBN13MmMUADTY (Dating Method) #saunsavilaaetdnvuslng 4 e
o o v 6 . . < o w ca a 49{ J [

N13AMUABIYWUUANNS (Relative Dating) Wun1suanansuingn1saliiinuneumnds lag
hinsuaregfiiludavvosvnnmsaliiu o I (Oakley, 1964) uazn1sinuaegwuUdLY 0l
(Absolute Dating) ausansuaonedusuaiiuiven FuinTuegivnmuaudfinisnienin

2 = Y] o & ° Y] ¢ vy Ao '
visemaAtivesing (Gaur, 2020) AauUMIIMUADIERUUENYSHaINsaliTeyaNTaund
MIAMUAIWUUFUNS wasiid1Andaiineld SUnInTIdeUst 19asd enUINA NGNS
Tusuaiannuvadlusaai i msmuueeywuuduysaiiivatemedailvinieig e 1audugun

o 1 a 1 I 2 2 ¢ o & = &
fegnslunued Winsdusnnilionves vnadeUiuresyuduasdnd uaviawmaIaaty
Auwn 1Wudu (Sekkina et al.,, 2002; Engin et al., 2006, Vichaidid et al., 2007; Khasswneh
et al,, 2011; Kinoshita et al., 2016; Cana et al,, 2019; Gomes et al., 2020; Olieveira et al., 2020)
dwsumaiamaiiu wu waladidnnseuatuslawuud (Electron Spin Resonance, ESR)
maﬁuqﬁmamu% (Thermoluminescence, TL) LLazmiL‘da'ﬁLmeﬂmiﬂizﬁ:uﬁ’wLLad
(Optically Stimulated Luminescence, OSL) tlu@u sienumnaiinfidnindumedafildvannis
AnuUszqBLannseu (Trapped-charge Dating) (Feathers, 2020) sauvisdindnnisineaiu
fio nsaianisavauvesdidnaseulialuninuunnses (Defects) n3oayyadass (Radicals)
yasianmegiidundn nszuiunmsilifatuaindunsisenseminmandiegeiusdnvanlaes

U U U L 1 v 1 1 a =

wnswiudunnnssdluiiegraazanmuindeu lngdnlrgiinansmeisilen (U-238)
velsey (Th-232) waglnuvaidey (K-40) zlanuassaunianeari Jon wazSadunuunoanun
s sdeeaiin IuilididnaseunielundndeglasundsnuuazgnnssiudnlUayauu
PUANse JsUssngRdadu “vaudniiudidnaseu” (Electron Trap) (Aitken, 1992; lkeya, 1993)
MInTIvinveisanumallaiivownns1aiu Ae walla TL uag OSL nseAuneAuTauLas e
muany WelvanUaeedidnaseulunguiniiudidnnseu neanslassssnunanIsnauaues

A a a i = = 1Y o o
sefaEnAuLUawNNgamall uarUSinaimsidaasiianaasee o ANNaINISNTEAU AU
(Aitken, 1992) Tunmandufiumedia ESR aglifinsuaniaesBidnaseuninquiniiudianaseu
Tngazaainliunadianaseui Aneylunguiniiudidnaseulaenss Gansee udlaaiu
wilwdnlniluganudlilason iiiiAensg endundsnuseri et ureBanesoudesan ey
Mel@anuidvian Naans i Inlsassenuranlea R unnwes (g-facton) lnatdusmnaiusyning
rudveegegandu lumie Gigahertz (GHz) siopnuduvasauuuwiman lumie Tesla ()

B U SN UAUAA T YD SN UULMEN (keya, 1993; Feathers, 2020; Malainey, 2011)



Jofuazdodiinvowsasmedalunmsimunegazuansisiueenty lidnesdua
mnzauvesianseguiliarieigvesusazinaia dmdumsimuaeigiemaia ESR
aunsannunengliegninseuaqudmiuneadaluyisyanlanesui3 (Quatermnary period)
dulnalinldfuneadandeviiu wazweadaldonvesnziauazinga (Molodkov, 1998;
Engin et al., 2006; Kinoshita et al., 2006; Vichaidid et al., 2007) ﬁsn"sﬂﬂ']iﬂ"’muma’]qﬁ
A319staus 500 U AaUszann 2-5 10T faainuusiugl 2-8% (Blackwell et al, 2016)
Tnvduag fua1$233n (Lifetime) (keya, 1993; Grin, 1989) FsUszifiuldainarunsiaves
é’zyﬁyﬁml,azmmLaﬁEJ5‘1/1’1\‘1m1m%’awaﬂmmmwimﬁ'ﬁaqiui’aqﬁaaéw (keya and
Ohmura, 1981; Radtke et al, 1985; Shimokawa et al,, 1992; Schellmann and Radtke, 1997)

Falul A.e. 2007 57891UN@NITANNUARIEAENATlA ESR vasrlpadanouundn laen

e

Uszunad 13 a1ul (Vichaidid et al,, 2007) @nsusnatda TL way OSL @dulunalsinld iy

o

Arendvsowanalnd (Feathers, 2020) waziflofiansannisaname (Fading) wodgyay0d
wudnezldiindufumada ESR uiaviind uduimada TL uas OSL fety twada ESR
Seanusatnenlushethadeatu (Caddie et al, 1984) Buduldainsideves Oliveira et al.
(2020) FunsiselupfedizafivaunisinundomedadidnnseuatiuisTouuud Tnglden
weptnsnannunaslusianiianulfylsy sy Janinana T ORTI9E0UAIY
et Anuwiug wararmgniesasdeyailldsumsduivsuneunhi siuadiodu

Usglevtsonsimuneriudeyanislunaniuasnessaivetluouian

1.2 N1SASIABNES
MNMAENYRNAIeNINgTalunsUssyndldmetia ESR wudnlinistdauluaumng 9
eluussmalnewazanlssina lasanigegridansunluussgndldnismiunisivuneny
YoianUssinuaafeunisvauaiidussdusznoundnyi e Iauas o svsia WUl
finumunzausonisnmuneigmemaiadianasoualuislowuud osnuaaiday
s ~ v = a g ¢ ¢ = a YR v
Asualuaiilaseasreamdniidunuvesinluiuasuaalad @ellnnududounialasaasig
dl U U 3 L dld U U 1 b4
Honvinda1ad ESR anunsaseyanUsenauvasdyaaiianyusianizludiagiale
1 1 [ @) [ v v W = .
9819TALIU NTUARINAUBITYYI ESR zkanuduanasunuuayiusduaunils (First
derivative) #a1unsavilweIuA1E 1N 1NTY (keya, 1993)
n1sivunetgvesldennesnismaia ESR lasunisiigatuasinis@nwiegis
nallias Ing Molodkov et al. (2001) laAnwUGenesyianun 8 AI9819 INNIFYATIAN

Treugolnaya Ingldn1siiasnzviaasmaiia ESR IaAn¥In15ARA1T U899 UAL Acheulian



o
% v IS

maé’wésuaaﬂ"lmqﬁlﬁmaaﬁu%umﬂﬁmE;U'ﬁzmm 583 ky wazdudnunlongUszana 393 ky
siawn Kinoshita et al. (2002) Wunuiudrureadalusausiianniz Couve vaUszine
us1@a lavldivdenneslusiaassiinazasiaasualevaila ESR NaINA1SANYINUIN
USnausedavaudaindy 25+ 5 Gy uazanengiildoglutie 2.5+ 0.5 ky msfnwiafadl
annsnesuwanmundeniiuasuuUadluuaveiwosUszimausda seningalelady
luusemensi Engin et al. (2006) sw&mumsﬁmummqmaqmﬂl,ﬂﬁaﬂmaamﬂﬁlﬁu
FIUTIWINIFIHU Tneisuannnsanudnuasesdgia ESR Aousazndmiessd nui
sUUUdeysy 0L ESR dauma%’aﬁwugﬂLLUUﬁ@ﬁgﬂmﬁLﬁmmﬂlaaau Mn?* uag Fe* @annans
FUfl ¢ =200 uay ¢ = 43 Aua1sy uidenesedaziindyanani ud ui sunds
¢ = 2.0016 FaAnan CO, WdIANWIANILATETAMVEsERRYIRs ESR ArnunsTiaudeud
gamgdl 0 fa 700°C Wieldlunisiansanaumnzausonisivuneny wuindygia
g = 2.0016 HANUMZANABNITINNUABIY AouIATenUTINusHavaulaaneTadluyag
0 919 12 kGy wunAUSHNuUSEagauwinny 3.07 £ 0.13 kGy wd s udiefuanUsina
Faddol Men1siaIsUNUSIIMANUITNTLYRY U-238 Th-232 uay K-40 91nasnvasiay
nznaufuiieglasseusnemainesneuiinainlnsalnd (CP-MS) uazmaiinnsiFesssdiend
(XRF) wuadandu 1.19 mGy/y anardsunassdazaunazUsunasdseUausaazulai
Aegagndenviesnindenguseany 2,57+ 0.30 My wazlunianseaiu Kinoshita et al.
(2006) Anwin1sirunetgvesrIniUdenveeninalenalln ESR UShauasuun (Huves)
Capelinha lussirlula Ussmaunda Tnewdunesifengiiiuduniauiansiiiad ulu
Usseimaunda Tnsdenvesainnisynduasssedunuimilsluiusgfndulasensegn
fhogsidinsmengdneislelelnuasuau (C-14) snfeu Faflenguwiniu 8,860+ 60 y (BP)
LLazmqﬁU%’mﬁammﬁu 10,180 uag 9,710 y (B.P.) uagnsinaly ESR Wuiwﬁmqﬁy’um 8,170
898730 y (B.P.) Gsilmusonndosiumesussainenindaenisdrsutuvesiuluiuia

Tuuszmnelng Vichaidid et al. (2007) lamuneigaiamnaiindidnnsouaduslgiuud

'
a A IS

Tneldw1nnesunIANUS ML BILUINE F99TRa1U1e Usemalneg 1SuannnsANYIaNwaY

'
o a1

deyeyad ESR nudndyaaudisnunisanededasiiadyyin 2 sUluuilinain CO, sumia

[Ag7]

g = 2.0016 uaz 1.9973 wardugafiinain SO, FiF s ¢ = 2.0057 AUEEU wagnuIn

Feuayeudl g = 2.0016 TN CO, HAMUMINEANRDNTITANMUADNY INTWIATIIUTUN

o

Sedazannun1Ines@n 0-2000 Gy FWANYINAU 1,100.46 + 52.72 Gy feuIlATIzRAIUTHNM

¥

$E@RUMBNNTNINTUUSUNUAUL LT UV U-238 Th-232 way K-40 vialugnnuagtininway



nznauuieglassounuirilaiu 84.49 + 5.32 uGy/y AriuagUlddaengresnuesth
IVTALNLDIILINE J9nTaa1UNe BAUVAU 13.024 1.03 My

Tud f.A. 2013 Usnfisuwseilivesiy Coastal Plain of Rio Grande do Sul (CPRS)
manouldversemausda Idfnunoivesmleadaresdniidesgndsuuuaziddenves
Tne Lopes et al. (2013) Tnesuinmsineteunindunisnuidslifemuudugiunnne
desmnengldliduduariidan dfufeinsinunadumanisalifiamuusiuginnty
Tneliwoadavesdniidosandeuunaziudonvos fenslivadadidnaseualiuslowund
Ganadwsaegrioadavesdniidssgniteunoglurag 90+ 10 f 43+ 3 ky waverglasiade
youUAenviesiie 224+ 24.6 ky Fanuinfiengiosnite1ya3s ilesanmsgeduvesysidlen
funniAuly FarnengaiandslneUszanadiiwindu 235-238 ky

Aydas et al. (2015) NsuMIimuneguesndsnvesasshiinueylunyia
kizlercesme U3auIneilmzialszmansA 13unAnwlasiadiwdnuazesduszney

o

IS A v a -dy v A s A = 4
NBHANYBIFINLUADNVDYAIYLNAUANITLA B UUVDITIELDND (XRD) hagNI19:399398L0NY
3y

[

(XRF) wuandunradeumsusiunfiillassadmanuuuesinlus fesn@nudnwausdyaiu

ESR nuindnyaaesiiegeiiiiunisatsidaenndasiudyauiiaain CO, Adumis
g, = 20030, g, = 2.0015 U g, = 2.0030 Lazdya i LAnain SO, A1 g = 2.0056
Mndufnwianuadosnmuesdyyin ESR Aiunslianudeudigungd 0 &9 600°C
Lﬁamﬁ‘hwﬁﬁagmmﬁmmzawiamiﬁmuﬂmq wuIdnadiinen Co, fien g, = 2.0015
WngauRenIsfTuney Indutheiniudenviosaie¥adiuTuin 0.2-7 kGy ioliesz
AUSInasBazay Jflaviaiu 110+ 11 Gy wagdasziauSinasidnelarnnsiiansan
USinaunnudiudiuues U-238 Th-232 uay K-40 Tusnidenvesuaznznaufiuileglagseu
wazaevinemotgiegndlasfintsanain 3 luna Tunsiutuvesiinaeusidon (Uranium
Uptake) leiun Mainkuuaed (Early Uptake) Mafiuuudady (Linear Uptake) azn1s
diuuuunay (Combined Uptake) sstfusnnudenviesilonguszann 55.9+ 77 ky

Kinoshita et al. (2016) 1eumsfimunegmemaiindiannseualuslawuuduny
weatailunaziudenvosinuluwvaslusmaf Toca do Enoque Tneaaglugneuuviani
Serra das Confuses UszwAusn@a waznmiieganoulseifeansidudiuiuunn nsyn
Aunmslunuedlddunuglusdilamanuuisifasnszgnuyuduasiudenvosunadiu nuin
ogvasilusaziUFenviosiidnuszanm 4.8 ky (B.P) ddlndifssiudiunadwsiaanndasiuma

lelglnuansueu (Radiocarbon) vaadanveeuasfiieg19du o lunquilaniiednu



Gamze et al. (2018) ldfmunengvaaneadaildonvessamaindianasoualus
Touuudfiiusunuanadosuiiafiuand 19y fe funiswes ismil uaz Konya laenis
UizL:ﬁumqiﬂummﬁﬁﬁgmmms%’ﬂmmiauéau (pre-annealing treatment) Tunseives
Fuaud ¢ = 2.0007 asudouiudmyaady o ﬁLﬁmﬁumﬂa%aﬁaizﬁﬁmﬁu RIVIGE
nsRuanengiligndasuarliannsoldld ieudtymiiegisazgnousgoudl 180°C
Junan 16 min Wudmﬁfﬁmummqmmé@mmﬁ ¢ = 1.9973 Na90UIDULAMUINZEUAD
n1sfivuAeTY Fairotenoadanesialuye 138+ 38 ky uaz 132+ 30 ky Nadwsdile
danAnednuanglngUseuiaaInAudunusves stratigraphic wag paleontological N3
31mmwaé’wémaqmqﬁasJmﬂﬁﬂ@Lé‘ﬂmauaﬂul,ﬂemt,uu%ﬁmiv‘hlﬂuﬂ%’ja wsnUeIUARN DY
AU Ismil

4 1%

Cano et al. (2019) laumadian1siuasuasanisnsequaisnas (OSL) wavivailn
Sranasouniswuniufnislewuud (EPR) Auunegvainznoudutazyiniudanney
MUAIRY USASTTINN AIRNTUT VeUsEnAUTIga WednA1ogNiaenndeiun1snens

= U o & d' % ’oj =) d' 1
994N04UAINNBULALANUFUNUSVDINTHUALUVBITLAUUINLLA MDANN UL VBIUTEINA
Us1%a lnaiuiaeg e 2 Usnn Aie USnagagenwargIuYeIneUdonvios vaviun 2 10e79
Tnefnuasiasiagiady 1CG wag 2 CG ISumeansAnwdnuuenialassaswialisnvey

a | a = ~ ¢ g v e & 1
warAzNaUAY NuIeNUasnresduwAaleuASUBLANTlATIES1aNANL UL N LU du
pznauruldudanaulneanlenNilaseadeuaniuuaiang antuAnwIUdanressmamailna
didnasaumsuuniufnislowuud nudguluudyganeuresidaenndeaiu Mn? way

HagnsuA e sEnuURuUdyIuiinain CO, MidA1 g, = 2.0016 uag g, = 1.9973

o '
LY .::{

FIIFYYIUNLAAIN SO, waz SO, 7NTAT g = 2.0031 wag g = 2.0007 MUAIAU LAy

dyadiinann CO; fifldn g = 2.0016 THlunsimuneny dduriongoswminidenes
9a 2CG uag 1CG dogusennn 3.40+0.51 way 3.85+0.34 ky MUaIAU kaA1D1EYD4
fog19mnauRuTIa 2CG uay 1CG fdongRaus 330+ 023 §3 4.04%0.27 ky nrua e
ogfilFnnaeanaiiadiinnuaonadastu susnmatmuaoigdemedelolsinasueu

(Radiocarbon) HishiAy wuI1daeg e 1CG A1 7NINNiAIeg 1 2CG Jaaenandatiulays

LY 1 a 1 i

fiihegnaiogannitazilengiiinnnin

Tud a.a. 2020 SnIvassiunUsemaus@aladnwnisivuneigiiemaila
didnaseualuslawuud lneinIdevinuwsn Oliveira et al. (2020) lasieaunisimuneiy
mamaiindidnaseualuslawuudvosenildonviesiudumeslugiiiuasuduosnz noudu

USaauUn (Murey) Santa Marta Il Usewmausi@a neldoinlasnvieensta 10 fl9819



WATAENBAUAY 10 MDY TuaPULSNlAANwIaNwuLlATIAS19NANLALBIAUSENBUNI9LAL
99907981991 UADNNBYAILNARANITLA BAUUVDITIALDNDG (XRD) warn15t309598L0nd
(XRF) nunduspadonaisuaiuniilasiasandnuuuasinlud andufnednvausianiy

o

vosduans ESR veswniUdenviesuavdnvardyain TL vewmenaufuiiniunisaneysa
wuIgULUUA RN ESR YeswniUdenviosiinain SO, uay SO, fifA1 g = 2.0031 uaz
g = 2.0007 MUAPU muﬁy’aé’mfmmﬁtﬁmmﬂ Co, fifien ¢ = 2.0016 waz 1.9973 dndaanas TL
finnsnevausssiedsd 2 dnvny fe Mgamnill 180°C uay 350°C Mnsuilofiarsandnume
yosdnanuiaglilunisimuneigsetswindenues wuinguuuudyaadiinan Co,
fifien ¢ = 1.9973 galdlunsimusengidenues uazdaaigumgil 350°C gnldlunis
fumengmznouiu fajuegreswniudenesaininaia ESR fir1sening 2.22+0.07 fs
3.8+ 1.2 ky uare1gvasmznauaudInmalla TL Ho185ende 2.00 £ 0.49 §i1 4.07 +0.53 ky

¥ a

wananiladinisinunengiemaialolelnuaisveuiiaUauisuatgainmadia ESR

nuinogitldvsaesmadaiiimnuaonadomss dineirenisiisuulamessedunsia
Tuefiniisinuan uaz Gomes et al. (2020) l§AnwnstuunegsemAdadidnasounis,
wunuAnislanuudvetUionresuinuduiasiai Tusysle Aanuls vesussinausa
F1u3u 6 Megne IFuannsAnndnvaurmalasiaimaniaresdusznaunaaiivesen

= L3

A ¥ a & v a 3 A [ ' < =
WADNNBYAIELNAUANITLA YL UUVDITIALDNDY aZN1THIDIT98L0NY WUINUULARLY YLl

[ a

ANSUBLUAT A LATIASNANLUUDTIAIUG MouIANEIANEULEUUIUDLENATOUNITILUN

[ Ag7)

[y

winslawuudvesiiagwynUionvesNi1uN15anesad nudguwuudygiauesiniuion

woelAinan SO, uaw SO, 7iilf1 g = 2.0031 uag g = 2.0007 AR sadeyaauiiio
910 CO, #iile1 ¢ = 2.0016 wag 1.9973 Wlofinnsandyaradltlumsiunegumniden
veenuingULUUAYaNTARIIN CO;, ifidn g = 1.9973 feundssanunniian aguldn
gindenvosfiongiaus 248+ 0.13 §3 4.49 % 0.27 ky uenainiilddnistmunegdae
wadalelelnuensueu WethinBsuifisuiuegmnaiadidnaseumsusniudnislowud
nuinorgvenUdenvesiildanisasunaiaifiniuasandesiudoyannassdinelugis

Taladuannislasunladvadseautnnealuane



1.3 ngUseaeAvan1sivy
1.3.1 WeAnwlassasandnveswinnesurdnmemaianisiaeiuusdiend (X-ray
Diffraction, XRD)

1.3.2 WieRnwimnudunusssrinemnuiduvesdyaudianasoualuLsiowuugiu

S w

USuausadnsedusng 9 mels Additive dose Wiludnismusunuadasay
1.3.3 leAnwUiinuananduduressinfusiun3sdlusssuui (U-238 Th-232 K-40)
wazdadaeadin ludiegwnuestindauasd windent oy seuiiegamnvesinin
mewaian1seuiianseu (Neutron Activation Analysis, NAA) dalgnsmusunasadset
1.3.4 Wledunmanguesieguenvestindndemaiadidnnsoualusisuuud

Pnuadunuafiiailizlse dwmu Jminaga

1.4 YdULUA9IUINY

14.1 AnwiegenresindauasAusousavesinan annsdrsiaasiusiedis
Imaqﬂmm%dﬁﬂﬁﬂﬁaﬂmiﬁ 13 aswan nsufauing

1.4.2 Sinszaidnuwasdaanal ESR vewinvesiiag TugUwuURIUIn 90-150 um
molFaunuudmanlutag 313-383 mT uaz 349-352 mT viriou (0 Gy) wazndensanesea
wnUINivEIas 120 Gy fisssuanu@nsnediu

1.4.3 SipswiUiinaddazauvenmesininananuduiusyesnnudy Aty
FSR 7iiutunud3anaunisateSdunuun faedansiiiul3unasd (Additive dose method)
‘17I| 0, 10, 20, 30, 40, 50, 60, 80, 100, waz 120 Gy

1.4.4 AipswiUsnaddnedvasnnvestinsauasiusournestndnannnisiiu
megaluszezsall 30 cm Mgmnaila NAA Tusuuuunsvuindesndt 90 pm

1.4.5 Ainnegvianegmemaindidnaseualiusluuuuduosmnvostininainumas

lunaadiienUlzlsy duvu Jminaga

1.5 wanandnaglasu
1.5.1 @13150AUIN18VBIRIRE 1Y INMREUN AR IINUMALUTINARLRRNU LA 5E
mewaila ESR 16 uwazAongvasiiogeiiladaiugnaodiasiiug
< = [ O ISY ! d' v o
1.5.2 Wuwnmalunmsfinyinagiaun saumadunsaldlegiufeiiunisimunely
mewmalian ESR vaiiagramassalineuazlunainging

1.5.3 anunsaikeunsnanuiIdelvungnaula



UNa 2
a a A Py
‘Vli]‘l‘}}{] LLASLANA@ITNLNYIVDY

Tuuntlaznanimguiuazienansiiiertes Jsludiuvemguiazlsznaulinie
Waenveslaeyilu g1nUdsnestidn lassasandnvasginvostlin navessadnyiilaae

APUUNNTBIUNANTINYBIUITA NITANUADIYNILUTIUAR N1TAINUABIEAILNATIA

a v [ 1

AINYANEAT N1FIATIEAUTUIUSIBdLEL N1IASIEUSLINSIEmeT NNSIATIZIL AN

s Y

1UTINTOU NISILATIERAIUNATANITLA G UVUTIALD NG NUT NITANY WazIUAITeN

Wevad nelisnuazdunnasalull

2.1 Waeanveslaenaly

) [ [l

weslludminignineglulwduneadani (Phylum Mollusca) Wudninfiauaiuise

Y

'
v a

Uslumsusudalidnsuasnndedldidustred denmmannvansags faguin vun wofnssy
LLasLma'ﬁﬁ@gjmﬁ’aamwsoﬁ’ﬁﬁ%mﬁﬁaunmﬁnmmaﬂanﬁ%ammmé’auﬁL“f]uﬁ%ﬁu ¥hnsos
13n udinsestaunun W‘ULLWi'ﬂizﬂizmaagﬁl’ﬂﬂé’jﬂu@iuusamgLmz;m Tuth g 13 w1 wi dss
wazvzla (Ramakishna and Dey, 2003) Sﬂﬁgwaa%’mﬁué’miﬁﬂlﬂ/\lé’wﬁaﬁﬁmwwmﬂwmaqq
wazdaudfyluorandnsdnd Fafln1saununi 100,000 ¥ia (Swennen et al, 2001)
ﬁm%’uﬁﬂwmz‘[maﬁalﬂmadwaaﬁ)zlaiﬁﬂiz@ﬂé’wé’q a1 lduuaduvetass Ussnausie
dusing 9 lokn 9% w1 duwdia (Mantle) AuresusuLiia (Mantle Cavity) wagaivaznielu

o

354nNA wazaudnd (2551) 5189141 NaesIIaLaznesnzaaziildaniiulasa

g a

1 13 = v a = = < 3 v = a I3
TNEYINYIBULRYD Ifﬂﬂ"\]%llﬁ?i‘l/\l’mLLﬂaL‘?JE’J%J‘I/ﬁEJ‘ML!"LJULUUENﬂUi%ﬂEJ“U‘Viaﬂ UINUAITNLEYILET

'
N o v oA

numuseannwIndeuldd wWienweevhuinfiddade JDuflonds Wetestusunsieann
Ang ﬂmﬁqLﬁumiwﬂaﬂﬁumsqmﬁﬂﬁﬂﬁﬁuﬁmaa Hechenberger (2014) 518914791
Waenwesazutsoonidu 3 4u fe 1) Waentuuen (Periostracum layer) uduiivszney
Ugheansvdnde Tusiuussamaoulaledu Sududuuns q uasngade dwihiidestunsa
afueniinuinusovuenldliidlumaeiden wasidefieganslu 2) Wiandunan
(Prismatic layer) linnnssauiuvesHEnuandsuasuaiun uduiiussneuludendnues
waatdeslugUndnuaalaifudiumnn fafuasuszneudu o fullasmn uasudanniian was
3) wWaenduluan (Nacreous layer) uduiiuszneuludondnuaadenlugundnasinlus

aa

(Aragonite) fidua7u Sewadussideu uansdsning 2.1
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Periostracum

Prismatic

Layer
Nacreous ——E=

Layer

2NN 2.1 wansnasnuneneluvesUiasniaey
(#x": Rink, 1997)

2.2 nviestnda

meutidn (Freshwater Shells) ifussdusznourasssaudninthAungumaniing
mﬁ’aagjsqﬂsqmmﬁuﬁsuamfﬂuLmﬂ'aﬂfﬁﬁismwaﬂl’ﬂﬂ 1Fu ees usith T uagsnaftu s
e?fﬂﬂzj:waaﬁﬁmizﬂauﬁmwaamlﬁm (Gastropod) uagnesaat (Bivalve) fifinnuddsy
sioszuuiinauwndnirlusimaduemsvesdnithdusmanuan 4a y 1wy (@igin, 2561)
uazluduvessmesioneliunuudy awgnudurndndussidnauinn uazshidenviesan
vhmstmusengilefiagihlinansfennuduiudmeaneTiannnsuagmstussmy gusuiuld
(35fnf uazaudnf, 2551)

1 =

Aususinnestndanidlunisideased iWudanvagd e AU DTN 1IN
WesdnwazvauUdnnresl R nnte Faldanresriadiidnwuzidunsinsy wazhinee
DuBudieniu dannd 2.2 Yaregavesldenfusenuvanladiu Fedlvunaanigauasdndu

1 = & I~ 4:1' n' v & <3 a di! 5 1
diugenvenUienviognuen (Apex) LugaiviessuasinUdoniluiwsniiadudeiivey
faoglusrer Togaudasendt wusn (Larval whorl) WewSeuiieuivunnyie Felvnalyg)nii

o & | & o & A ] a a \ &
wazdnludiugulaen vistiilaanndnyasnsuniuvestdonvies ssuandugeaUden
& & a ! v A & ~ = A g a

LagUUUYU 158031 1 (Whorl) 19919828 nWaue iU ULNALITBULLILNUID DLUULUIFUNR
USnauNnanaldnn NaveInIsualusauLLlauLivaaldaneeyvinlindsnuluesldanvies
P Aa o PPy & A ' ) asd A
ANUNAANUBLIBLNUANNAT A Wzl uwnasenin wnunane (Columella) T49198571130508
WUUURITWIRUARENYBALUR BNE19583aAYIN81T8N I oA (Spire) kayiidanevadlien
Mo8L3eNI1 1gaNe (last whorl %138 body whorl ) USHiaufiufaz s kaziU 158N 50860
521131994 (suture) wenIniivateanvesanineazivemsegdaiadundiidmesfiu
AauLBNUanUARNTYN1 Yauladennieuniuaen (aperture) sou 9 Uniudeniiveu

Sun1 vauUniUden (peristome) wazfidiulatgununardlng o duuiniuienasiisnse

w89 (umbilicus) Mesd@LLINTUNUTAUS RN UaTouUGDN (Operculum) Ingunftsussildeon
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wogaziisululumadertunmsnyuusaduwnidnifiisenin 13euvin (Dextral) wadivieauns

¥anTdsndeuluiannanssny Senn Deugie (Sinistral)

en (Apex)

o /
30869 :I wen (Spire)
L W T~
: (Suture) NqAATE

24 (Height) (Body whorl)
g daAa 19UUn
(Umbilicus) (Aperture)

A 2.2 anwaeTlUveIvRgRLRe?

(MU7: guIR wavAe, 2538)

Ingunfrsesdannesazisulilumassniunismyuresduunidniiizandn
Feurn (Dextral) wsillviesunswiianfidendeuluiiamenssdny Sendn Geudy (Sinistral)

AININT 2.3

Aeudne (Sinistral) Veuwan (Dextral)

o o a = =
AINN 2.3 AN¥ULNITI8UYBUUFDNUBYNILAYY

(MU7: guIR wavAE, 2538)
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2.3 Tnssadawdnvasgnueetinge
wAALTBUANS UBLUA (Calcium carbonate, CaCOs) LﬁuLLiiﬂaﬁalﬂmﬁuﬁiim%ﬂﬁﬁ
Antuluanmuindeuiithiuasiidadeuusing q uazwuldegrainiransuuituialan s
Hussdusznoundnvonddonvios (Shells) Uen1¥a (Coral) fiuyu (imestone) menaudi
(Speleothem) (Kai and Miki, 1992) Tnsianzathedslundenvos wavesthinuaswesnsLa
wuimestsaewwdafiuraidonausiun (CaCOs) 95-99% 1Hususznaundn (Seletchi
and Duliu, 2007) wAadeuAsuatunin1sdniesialusssuvifey 2 wuy As asnbnlud
(Aragonite) wazuaalad (Calcite) lnsumal@vuasusiunazanuantalassadisiuuasilnlug
Tngsssuineulasunudou deilassadeilddeaduszidou (Udomkan et al, 2006)
NMIINBNUTD 4ANT UazAnY (2558) wuiAenviesiignasisasudieinalia XRD 9ud]
Tnsaadrswdnlusssumduuueslnlud uazdelvainudougandn 500°C dmsiaeu
Tassafrananidunuuuaales wazideldsuanusougeauds 900°C iulassairsndnuuy
unaidsueanles (anns wagani, 2556) uenaniinininudnssurifasdloouvedlans
NSFTU WU Mn?*, Fe>, Co™* viialonauvatlanydu 4 wWiluunuiinseiuniaves Ca?
VIt feaziimanundludenvemestndauazvesnsia (Udomkan et al., 2006)
oxlnlud Tnealuildnwazuuuiissdaguiduiifivatsunay fgUuuundnuuuans
LAUANUTITENIT 99315501800 (Orthorhombic) aslnludnulatesnituwaziinuiaios
puniwealed Tuisansndsuluidulasiadmdnvesunaledinuduiargungd

a

W
Unfl Jeanunsavinnisdunaiuldainusiudsanin wu Audad waziugualn dmsu

a ada a

! %4 = 3 1 [} [~ v 1
duidinndlassadrawdnesilnlud wu vies Ugn13e uaslasenszan Wudu waznuinesiin
Tuddmnumunuduiaganuwisgininuaaled (keya, 1993) Aan1wil 2.4

waaled vddnwauruuundnaglussuuauwuiununsossuukuUIEnTElnuea

(Hexagonal) sinidugunnimdsunsny seauwnaniovuulenyu wazilusundnfidudeounin

v A

Feanusainuasnuidugundnlduinnda 300 wuu Ad1AyAe prismatic, rhombohedral,

o

s
a a

scalenohedral wagJULUUHANAS 9 #9017 2.5 upalediuTangedduiuiunuesly
& o v | a £ PP | a | a % a a Y  a £ a
Wud mliuIgndasnudduilevusguiewie W w1 uas Wed Y1l ndes duTansasdl
Ca0 56.0% wag CO; 44.0% FaU19wLAD1ad Mn?*, Zn?* %50 Fe’ [luunuf Ca* U149
winfinsunuilegsanysaliig Mn?* agladuuslslalasled uaz Mg 2 Mdunuiiuaaidey
a & v & d' I ia ¢ & v o a v @ Y =
Wesantesnazasunateiduwstinalss iuau dansnaznsialaindulasedsawaniu

venlnludndoumalenanunsavilanieisnisiaeiuueessdiend (X-ray Diffraction, XRD)



Aragonite

© cCalcium

O Oxygen

AN 2.4 TAs9as19n@nv99951nlusuy Orthorhombic

(#a1: lkeya, 1993)

@ Caicium

* Carbon b
LR

O Oxygen P
(]

S I:'\

I .

L]

I !

’ 4

S
-
-
ar

A 2.5 1assasandnveswealefiuuy Rhombohedral

(ﬁu’lz lkeya, 1993)
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2.4 WALANISIALUUYDISIFBND

n1918 eaLuueessdiond (X-ray diffraction, XRD) L wwalad ugiua ldlunis
a ¢ wa v A g < = o x = a I3
AATanURvetaasuay IanMdung vaauds vsovaunadIlunan Fudunsimsien
wuuliyatesaeg19 (Non-destructive analysis) lngandenannisnisil@ndin eadunns
Wenuuresfidienduazanuiniwussuulasaiiwin Yeyailaanninadadaiuise
danlddnenseazdeaieiiulassadiaudn Arnudundn wunldunsinieeiivewdn
AMUANYINVRINANTDIAITA0E9LA A1UNTDAIUIUNIVUIAVBIBUNIALA LU LTAE
(Unit cell) Ingguiuuvasnisidguussdiond i baeonuidulavindu iflesainninues
Megrunaztn asdvuinvemuleiwad (Unit cel) Aluwindu usnaindaiunsadmsizi

6 a6 ¥

9IAUITNIULAZ AUNUITDINANUILA

n1sdmata XRD 1ldlun1siiassiiiensiaaeulassaiiamanluginresuian
awliifunswdnaziduaununsldndnine) Wewinnsasageumendnipsadunuiieinds
Inananvesmnveyndnnuaaziden Bultennaunsansivaeunmsdnisesiiluynanyaei
I3 Y N v a =~ v s A A .
Juldld Teedindnnis Ae Weaesidendainue1induiael (monochromatic x-ray) AN
NTENUAURIVOMINENAYUANNTENUTLMLITAYN FIFondUa TSR YUY T9F
UNEIUNIEIANTEAE Rz UNEq lERIT U dovenandniiaadld Tagaginnig
& v = s o o o ¢ ) | v a o A ) a
Heuuressidionddnase uariadenduisdinasnegaruatlugamituiiany Feasinnis
& v ¢ 1 & = [ P = & v & v a
Wenuuvessdiendiuilaaluies q dsnani 2.6 Fadulumunannisveases auudn
o9 wusnd Uniandunisangy Nendendnnisnai@ndlaenisidenuuresssdond awnse
IdoSunelassainavamdn Wennnsenudiusediend aigyuannsenuiiwandiaiy lag

sreziaazAuerduUasunUadly (ghey, 2557) Wuldauns (2.1)

2dsin® =ni (2.1)
d' A ! ! 3
Wwe d Ao TEYTNNITIINYUDLH DY
0 fe  wuenNsEVUIRsSIABngviviuRautngn
A o [
no fe @I

D) ANNEIPAUTDISIELDND
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P & o o ¢ ¢ ,
AINN 2.6 miLaEJ’JLUuiﬂﬁLaﬂ‘?jm’]?,m{]sU@\‘iLwiﬂﬂ (Braggs laW)

(#an: 5374, 2554)

2.5 NAYBI5IENTIN IANAAMUUNNI DI MINANYINVBYUIIN
AINUNNTBILUUYA (Point Defect) YaInANTIANTUANAIMALIAG 9 Tulaseasis
ot | K U a \ ) | A a X = a
AN Faruunnsaelliinaunanded lneanuunnsaaluugnuesitegeiiintulundnaziin
IINNINRENVINANUENASTENINUTEUINKATUTERAY (Vacancies) N15¥ozmnauvialoosy

Annsunsnlulassasiawdn (Interstitial lon/Atom) #3edadaUu (Impurities) fanInwi 2.7

a <

waffinwamusyiiAndugudnansiudndidnaseuuaslaad (Trapping Electron and Hole)

d%’ al (7 v § v aaa (%
YU dANUEUTUSAUURATENENNIT (2.2)

CO5 — e + CO,
CO5 — e +COY (2.2)
COy — O +CO,

Tneil CO; o oygaiifsanlessu CO; fignaiesed wsligniumetuinddnasouuazload
Tnglosau COS avaglulassaduralasivoaadonmsuoiun wonaniimsanesdvilnie

AadeuuludenveslugUeyyares SO azaenadesiuufisen auns (2.3) Blackwell, 1998)

SO — e + SO,
SO; — e + 505 (2.3)
SO) — O + SO,



NAYDIL09AUNINALLAMUFUNUS I UNSLANE

0000000
0000000
Q000000
000 OO0
Q000000
Q000000
OO0O000OO

(a) Vacancy

uey
O00VQOOO

QO

Q0O
Q000000
0000
00000
OO0O0O000O

(b) Interstitial defects

16

UV NNATABLANATOUATULS UL UUD

Q00000000
OOOOOOOOO
Q0000000

OOOOOO Q

OO OOOOOO
OO0O0O0O00000O

(c) Impurity defects

il 2.7 uansisnguvasmnaunnsedhundn (a) Ussguanviseaumel (Vacandies) (b) avmos

visotoaauinn1sunsnlundn (Interstitial defects) wag (c) @uTaUuanNsInau

(Impuirities)

(fis: Hussein, 2017)

A o v o Y I A g = s
bIBNINTITNTIVIATEY U6 ESR U990anNA 108 19N UULARLFYUATTUDLUR IWULQW’W

I a = o ! = a <, v s s o Aa
agnBslundndegaudsnesianusaldulsniesinludiazuaalofazuansdoyegyrundan

g-factor fiadnariu Ingdnlngdyarunansadunalataausasldlunisimuneigves

fegameeidunsesinluduazunaled Ussneume 4 dyanu senmd 2.8 laun deyayiu

A, B, C ey D uazs1uazidunusdeyaiu hanininnsned 2.1

i 7 g v A a o A
f1919N 2.1 E‘ULL‘U‘U‘U@Q ﬁquLnm‘vﬂﬂiL‘wa‘wmimﬂumamwummqlmﬂaaﬂ‘waa

Models Notation g-factor
SO, (Free rotation) A gy = 2.0057
SO, (Axial) B g = g, = 2.0031
CO, (Free rotation) C g. = 2.0007
CO, (Orthorhombic) D gy = G = 2.0032,

g, = 2.0016
uag g, =1.9973

(17‘im: lkeya, 1993)
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B (g,, = 2.0031-- SO, )
!

A (g, =2.0057-S0;) f i I
I

Ll |
D (gxx =2.0032, By = 1.9973, 8., 2.0016 -- COZ’) Exx gyy o0

I
C (g,, =2.0007--CO,)

Al 2.8 anasu ESR vesinedtmeslilulassainemdnasinlus
(#117: Ikeya, 1993)
2.6 FBNINNUADIENILUITIUAR
= 1 aa a0 & o w S
nsanwaulusTuafddnlutazdiAguinUszn1smis As N1SNIIUTEEZIANYS
WAN13alAN4 9 MAnTuanfusluefn n1sUivenssesaIfivgnisalog 1 dainduluafs

38913558031 I5M3imuneny (Dating method) &sanansauenls 2 anwauy (Gaur, 2020) Asil

2.6.1 MSANUABIYUUUTUNNS

ABN1sinuneERUUENITS (Relative Dating) Wuwadialunisiinungisiu
Fadisuvenunnsallusfanioinglusiinlaeflinsverg Mludwiulveunnnisaliu o
w3aNa1Iladn NMsimueeIgkuUdNTmsIEAmuUnegveseata dauseivs visludiiun

! R ! N oA A M v v @ o A = 1Y
nimsedesnii vieoguwindudsdu 9 uililassyduduinliuiueu denounisfuny
watansivueegmelelelnuiuiunded ludienTmdweanissei 20 dnlusiued Un
UsINIUIMeN wazinssdiinendetondewmaiianisivunenguuuduivsidundn daemei

=£ @ = d' a = a ] ! o v Y1 a
FJuduSesenfiazouisureadaandiusng q vadlanaudardunal wdinnadanis
Mnueegwuvdimsaliveyafeiuadumansalniistunalilonanifiniuaieves

wignsaliniy widinsiuselevidmiuiannlifinaaudfdmiunsimuneiguuuduysal

1% 1%

v a 1A

9 Y = o  w v @ Na a 4 aa A v '

wudsnandiiuselevddmsunsaunuinussnaivine s elun A A g 1709 Nk ra
Wwenfunseusnalndifeaniiuseiiaansnisssaingiadeadsiu lngiinsimvuneny
lnansannutufiu (Stratigraphy) wagngeasu (fluorine) Wumnisluisnisimunenguuy

v v

sl ulaenald



18

2.6.2 MItmuALUURNYFUYTal

A8n1simuakuUduY el (Absolute Dating) azlviengAuiugvasoads

s A a o

delszhvg vseduniliengraed wiulddainduwisnivssleviuinninasnsimuneiguuy

duimsiliddumnnisalvinty 3935nsiuunetguuuduysalannsaliengidudaui

aNaa A

udunlndaau Inedrededeszsuudiu §38nsivannvats siuvsseynanuuiv

39 dmsueaBavsedcuseiiugin o didlvaiivunvzgnivunengiunsegniiegluduiiu

a

o TaniiNeites IBMsimueeguuudnysalinTuegiuanmautininisnnvseniuall

q

LYY

vowoataviotanuesdstiugriofiu nstmunenslnelflelsindfusunfdtuegiuns
amesveslelalyuduunnnisdluidulelelnugnvestusiunnmssdfisnsnsaanesiai
NIUALAZAIT Fegravesitnsinuaenglaeltlelelnyfutunsad ldun nsdmuneny
vaslelglnuasueu nsivuneglagldlnwnaden-oisneu \usu

dwmsumaidenldimadalunisdmuneigitldnanundredu deegeiay
ansandne Ttadefiddy 3 Ussms seoluil

1) Fuengfivmnyan iomnmstmunegluuiasmaiindognetiy fdnenmn
Tumsimunorglurnegfiunnseiu dudesandedripusasvaie fanmil 2.9

2) ATANUEANATA LU BIINLAALINALALLAIAIURANAIAT LHNA 197U

Y
=< = v Ya v

Feuagiug ggausuRuAIAMURANaIATARTUlANNINTRELNE A FanINA 2.10
3) PR8I NNVININNSANEN L999NAI08 19N UTIUAR KAENNSSIINY I LATIAS

= o ! LY = ! a a % a ! (Y 2 a
NANYLANNRNINAY "NLLW@%‘?I'L!@I&I@'J']@JL‘Wll']%ﬁllﬂULVlﬂu@‘VlLLG]ﬂG]’]\‘iﬂ‘LJEJEJﬂbL‘IJ ANRTN 2.2
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Amino Acid Racemisation

Electron spin Resonance (ESR)

Luminescence (TL, OSL, TRSL

Fission Tracks
|

U-series

Pb-210
]
Radiocarbon
|
Dendrochronology
|
1 100 10,000 10 10®

Age (years)

=] ! | ad ° PN oMYy 1 a a
AN 2.9 GU'N@']EJIWEJ‘Uigll']ilﬂuLLmaS'Jﬁﬂ'ﬁﬂ'n/iuﬂEJ']Eﬂla']ll']iﬂwaﬂaﬂ']ﬂﬂﬂigﬁ‘ﬂﬁﬂ"lw

(Viuﬁz Colman and Pierce, 2000)

Uncertainty (years)

100,000
10,000 ESV
1,000 - Luminescence /
100 — adiocarbon .
U-series
10
1 -
Dendrochronology
01_ T T T T T T ||||||| T T T T T T 11
1,000 10,000 100,000 1,000,000

Age (years)

A 2.10 AANLRaNaIRlagUsTInvedLiasinataildnsimunee

(31 Colrnan and Pierce, 2000)
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AT 2.2 ANUNZANTRIUsasATiAT IEAUMBEUlnc g o esTEiIngwazluTIuAR

Materials
s
— (%] ©
E o (2] g .5 -+
Dating Method 8, % w  n € O % £ >
a ) c = o v c > L U
>~ C L (0] — E © +
© o c c o) = 2 ) cC "5
o (o2} ) wn (] O o . =
(®] O [0} ‘B % d:Js o
= o n Q U
= o 3
>
Amino Acid Racemization * * *x
Electron Spin Resonance O we e e
Luminescence Fxx FoooERR X
Fission Track FRE R
K/Ar, Ar-40/Ar-39 bl
Dendrochronology wx
(#117: Ikeya, 1993)
MUELYR): * wneds  Jaquuliminzauiunisiivuneiguu o
*% wnedls  wan1simueegurasidmelakaruasliuinela

1%
o

o pnefe Januuaunsaimuneeiuisnisimunengtiy 9 laeens

fUsganiamianudnienags



21

2.7 walladidnasouatuislawuud

walladidnnseuatuislouuud (Electron Spin Resonance, ESR) #saanunsatsanin
Bidnasaunsuunuinislowuus (Electron Paramagnetic Resonance, EPR) @a1duignng
menmifledannnisgandunauusimanlilindimdnulalasonlaealiuvesdidnnsoulse
melfaunuusimgn (keya, 1993) FunadatgnAndusasimunetniandyniadeiisod
Zavoisky msdunelossuvetlansnsuddulunde wasiaunludimdsanslanass
fapdaglinaululesviuaraunsaldidnnsetindiuuvends (Zavoisky, 1975) dmiunsganau
adululasildananazuanadudyyia ESR Afdnvusanizauviavesaludibnaseu
Taganunsafvualdannisfiwesenfiadu (Hamiltonian Parameter) Safgdastuuuifn
msildndmeudy deluilagtuimaia ESR Iiunmssensuetsunsvanslumsiiaszinig
Wand 1fl F33nen (keya, 1993) sudddlumsimunoiyingmessalineladnsne Janqui

AneItasdmsumaladidnnsouatuslswuudisieazideanslul

2.7.1 nannsiuguvasdianasaustuslauuud

Usingnisalvesdidnasoualuislouuudiind uid 05sa ud und sy
didnnseuinnsuenaananiuneldauuudindnniousn lneseAuTUNSIIUNITHENYDS
a ‘:’lj a a a [y = Y (%] I <@ Al | Y Al v
dianaseullazdiamufvinunienssiudnuivauuulwanaeuenildidnly esae
Tuududindnvesaludidnaseu lngnauusn (1nd 2.11(a) agiiuinaluvesdiannseuay
fAN19n159AL3 897U UUa NS NN 189991 U5 1A91NAUINLILMANATBUBN kaZILD

PN o 1 < v [} a a a c a 1 )

witlgahauuudidnaguenitn lUanIwd 2.11(b) aludiannsoulin1suuinenueIszautu
nasudu 2 aatuy Ae @auraludu (Up Spin) uazaniugaluas (Down Spin) Imenis

% [

N3AUNSIUYeIEnUzaluBIaNATEUINTEAUNG 1T U N1 U genI9zianTg

9

& o 44'

annaundsnueiululasinalddnly nsganduilagyiliiianisduveuaniieluianiei
158131 Spin-Lattice Relaxation Time (T,) Miua@nslunnwi 2.11(c) arrdululasiinainnneqag
AU UN DU NAIUAIYS DU TTLIAHDUARIENUIN TUABTTUUNIATIZYIALE WATA

dianeseualuslauuudanas wananalulussuuiinanmennsaus (Saturation) (keya, 1993)
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(a) (b) (c)

1=0 I<0 >0
f—
e bt } f
i bt bt
Vo AN Tf [ Whe 11 [
fa— CC.___ (-l
(e [ — —
=0 N <0 N >0
1 E 1
+_gHaBo ................................................ m. =+; // l J‘ 1 l /£ £ +—+
Of----=--r=mmmmmmmmmmmm - "‘,\ AE /VV\}" TSL
- PNETREITY \Hfm
2 Zeeman Splitting  Resonance & Relaxation

Al 2.11 m'iLLEJﬂsumazé’u%uwé’amwaqaﬂuﬁl,ﬁﬂmaul%’ﬁjmﬂﬁaumLL;JLM?W%
Usingnisaiduu lned
(@) miﬁmé’hLLUU@jumaqaﬂuﬁUﬁﬂmﬂﬂszLLﬁl‘V\I‘WW () aneldauuaiian
(b) N5IALSEeTUINEILYesaluNeldFuLLLmAN
() miL‘LJ?{amﬂﬁmﬁsméha?JuI@stifg]mﬂﬁuﬂﬁuluiﬂiLawLLazmiﬁaﬂums
wasusngaseutuiiteenitlunaiounany
(‘ﬁm: lkeya, 1993)

2.7.2 Usmngnsaldunu
Usn9n15i3311u (Zeeman Effect) 1uusingnisalfitinainnisuenvesidu
) 1% = v o v lo A ' I3 = .
anasudunils o eandunaneidud elieznouunsdluauiuwandn lneduiu (Pieter
Zeeman) Wugwuusingnisaliiunasauwsnlud a.a. 1862 wislidnlaieriulsingnisalil
aunsavinnisesunelaainlassasisesmauvaslalasiau (Hydrogen) A1uNguueduans

PN Y aa ) | Y o’ c{' ada I3
NUFLNBUMILBLANATOU 1 A @%ﬂqﬂimﬁuquuﬂLwaﬂﬂqﬂu@ﬂﬁﬁm I@ﬂ’ﬂqﬂﬂimuwzﬂ'ﬁm'ﬂﬂu

o
1%
P

a P a a a & Y %08 va = A a &£
@Laﬂmi@‘ULﬂaQUVﬁ@UU'JLﬂaﬂaLUu’NﬂallLLa'JﬂV]'ﬂ%Lﬂ@LUu’NﬂigLLa PIWNICUANNAVYUUIS

Tlauwuduaivan (Magnetic Moment) flaaunns (2.4)

U= iA (2.4)

TR LULEN

o))}
©

JGCEI
nzwandenuduiusiludasnisdsunvasszgluihdenan

o))}
©

A @B NUNVDINATANTEWLA L MAKY
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nlwinisiiansansdedsnunisryuvesdidnaseuiiiawindu T = 2ar/v
sratiuazlaanuduiusvedumudidvdnduluaiuaunis (2.5)

2
A (- - el
M:iA:q_:(e)ﬁv _ erv:i 25)

t 21/ v 2 2m

el e fe  UszguesdidnaseuiliAwiniu 1.6x10”° C
Vooofe  enwuSaduduvetoynia
Ag AUIATRILUUALLTY

m A9 UI@YBIBUNIANYIINTHIITAN

= & Y & ! 13 1 @ v o ea Y
FI91NAUNT (2.5) PULAASIAAUIN UL UALLILUA N T A UFUNUSAUUTHUR TS

Auluwindsauuasdiianadulununmi 2.12

Proton

] Y v ¢ ! 3 1 <@ v Aa
AINN 2.12 LLaﬂﬂﬂ’]WNaNWUﬁi%MQWQINLQJ'LW]LLZLIL‘VmﬂLLa%IZLILZLI‘L!m@JL%ﬂﬂJN“U@ﬂ@%W@@JI@IWﬁLQU
A a aAa & o d‘ a =
Weniasanlunsadiannseulndeunseuiinded

(ﬁm: Limsuwan, 2008)

drumsiiuaunuswndnnneuen (External Magnetic Field) agvinllaiuug

1 & o a a a Y 1 o Y a v Y 1 aa = v a aa dy

wiwdnannduiinesesiuuuduasibiifinndnis et 1slifimms GsnsdnEeedianied
[ v L3

swibiAndutagvielalnadu lneldlnadnanaziinuwssdn (Torque) Tu Feagduiusiv

AUNULULVANATUNINA 2.13
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i
T
i
]
k
r
a
*
a
1
*
*
H

————

- H -
Luinf: ™y
D¢ )
dLNY G~
a a a a 3 1 [ £% 1 <
anf 2.13 Aidmensiiausedavesuiuuaudianatglaauiuudiman

(‘1'71'm: Limsuwan, 2008)

saa LY

IalwaMminduazlindsudngnianudunusauaunis (2.6)

+e +eh
V=-u-B=—LB=—"m B=mpgB
m m

Tefl v Ao wdudng (Potential enerey)

L Ap luwududayy (Angular momentum)

24

M AD @UAIBUANLIWEN (Magnetic quantum number) fiA15gWIN -1 <m <1

& a1

Ug  AB ANAsvesUesuIniineu (Bohr magneton) BeliAwindu 9.27x10%* /T

A a ! (% gj [ v IS [ d‘
LBWINTUIRINFUNTT (2.6) WNUINTLAVTUVRING 1 UANIagiimulaisaliias

(quantize) FuinanniavmreuduLlranausadulavatenn aedusyaudundsany 1

azanunsansnaantaidy 20+1 @ao1uriuansnaiuniuan mo= - -l+1, .l Fadiaviing

fsanluanugndsnuvesesneulalasiauiieg neldaniuzntguenvziinuduiusny

AUN15 (2.6) WazlANMUFUNUSAININA 2.14
E=E, +V=E +mugB

el E, Ao annurnasnusSuAunaulAsUaLINLLIBaNA18UBN

m. A9 @ULAANSTO UM B9 NEUINLIWANANBUBNT ST T U UERUY

WINAU 2l+1
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my  (2641)
—_— 2
Fa
R = 1
n=3,6=2_2 Ey___ 27l _ibs 0 5
Sre
S — ]
‘\\—-.“_—1‘--2

n=2¢=1_% B __ -7 lusB 0 3
T~ -1
n=1,6=0_S B _______ 9 1
B=0 B =Bk

AN 2.14 LLﬁ(ﬂQﬂ’ﬁLﬁﬂﬂ’]iLLEJﬂm@ﬂﬁﬂ’]u%WﬁNﬁug}IN"]

(‘1'71'm: Limsuwan, 2008)

o
& (% (9 (%

Tnenda9udng (Potential Energy) AV IALAANITLENTDITLAUTUNS UL

[
= (Y] 1

“Uua%ﬂUﬂW“UE’NLa‘Uﬂ’JauﬁmLﬂ,J'mﬁﬂ (Magnetic Quantum Number) #3aAidandu m = -,
L +1, ., LagyinlAian1ShenYe9seA Ut UNE9IUTBI0LNN FI98dnAa9NUUSUIULAT
ADUALDTTANAINARDNITLENDDNVDITLAUT UNEIULTY 204+1 annu TasnsLenvas
) a v | < & ~ A a
ANTULNAIULAAIINANT IR AUILI LA NAgUaN Ul UAN AT 2.14 L aRR15197N
azaanvesglalasiau Tudeulunisldawuudivdnneuenidiluiu seaudundsnu P 9z
WENBEMTY 3 SEAUTUNSIUALANFA19TY Felunsallufaurunydmdnnisusnazil
ANuFuRUSAa1usald sulannannis (2.7) wasii avinnstdaunuwivannieusnazgd

ANUAUNUSNa L sadsulanuanns (2.9) sasaludl
d' 1 | < ¥ [ Ly} 4
delifauiuwimdnnisusnazldanuduiusaiuaunis 2.7)
i f
E, =hv, =E -E (2.7)

Wevinsldauiuuwimannisuanazldanudunusaiuaunis ¢ail

E = E +AE =E +mpuB (2.82)

f

0
E' = E +AE =E

i
0
£
0

+ M| pgB (2.80)
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v O { o i f o v
Maudiown £ uay E, 99nauns 2.8a uar 2.9b auaiau unuadluauns (2.7) azduly

PINENNTT (2.9) wazanvinedzlanuduiusauaunis (2.10)

i f i f i f
E=hv=E -E =(, -AE ) +(m -m)ugB (2.9)
E, =hv =hv, + Am pgB (2.10)

Tnaiinsasuseautundsnuuadaniuy P Auenaondy 3 sautundsanui

U U d! a vV o U dy o QI 1
LANANNAUT AANINN1INTEA WU UENFIUNY S wuansdsnIng 2.15 lnenisld
aunuudimanneuenidnlusznelminanusnasnudourivdadunannnisiianus nasany
a1 Teanulideidesiu mnuaraifvihlidia naseuaiunsaindouioanuinieinnig
aandumduulwaniiinfifuaenadasniungnisiden (Selection Rule) Ainanalidndn m
szlineliAnssAutundnu 3 aniusiingsnunanareiululsingnisalduiu g99ed

ANMUFURUSANALNNT (2.11)

eB

vV =V, +Am, (2.11)

dmm
g7l An Ao War1sUeNauAIRusiuuan (Principle Quantum Number)
Al Ap + 1 (nasinsvpuarAIDUALDRIUYA)

Am, Ao 0L 1 (NarvetaIAIBUALLIWEN)

g
— 1
£=1 L__Eé :i 0
\\\
h.vu A -l
Ef
/=0 _S_¥ oYY Y g
%
—_— -1 1
V—'I'EE v V+-E'E-
0 4mm 0 "0 4mm
B=0 B =Bk

A 2.15 LanIN15UAUTEAUTUNSNIUYBITUTEAUNS U P IUSaanugnasauiiu S
Y040rMNYDI5 9 lalasiau

(ﬁuﬁ: Limsuwan, 2008)
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2.7.3 audaneluvasatu
dorlumamdeasumanamanimeusilfiAntunousmsud 1920 Fadu
1309M13AUINAVBIANUENE LA 9 WaTTIUIUNTLENYBING 391U TagDrand 1ad
aouzveamdsnuiliduduuduiamsuenoonin dedsildfnisesueluadusnlay Taariiy
13 (Wolfeang Pauli) Tneesuneiiaiavmiousiuiiad Taud n, | m waz m. fidudaiuie
WeRNIsUTEIBLaNATOULAZES AN UNRTBAAUANASUN KA Imamﬁ?uléﬂﬁms;ma

1 =

M3LegUanauAIBUANTIIERINA1IIN iiuguananvguduiusnin (Relativity) wavagnele

(%
[y LYY

Uplianufifnaznanfentiu uidsddynisnieamuesmsuiunsddsliausaesungle
dofinsandsnnuduiusaunisiadoudivedlanvzaimnsafiansaunlaly
anwaurluudnday 2 vila Ao luwududauvenalaas (Orbital Angular Momentum)
yoslanlunsirdeudiseuniseiing waslusmumudauiiinainnsyuseuiaes (ntrinsic
Angular Momentum) fina1nnisiilanysuseusatesseninanislaasseuniseriing dlu
nsdliannsofinsundensdidnasouiluuufindauvendaas (L) Mfeannisadoud
seuflnadea (Nucleus) wazlumududeudiiAnainnsmyuseudtes (S) Mduasding
MAUUBIBLENATOUTOUUNUTENLEY INMARATINaNHRNanlE S fe AaautRnly
vo9adu InsuwAniazueritdidnasoudunsananwuaiiniiuseneulu feuszaiiing
MIVLULLNUTBsTILe ST sl naenAdBINLLUUT AR 1T UBSY (Bohr Model) uduuddn
iigsndliigndfes urnnimguaivlmAsauaulafiofumunfsiiosunsludesatusely
1wl A.A. 1925 Unfdndeaewinu Ao Samuel Goudsmit wag George Uhlenbeck
I iausuuifni181d naseuilluuduid swuiliAnainnsvauseudates (Intrinsic Angular
Momentum) waglaiaufuaivan (Magnetic Moment) seuntu®l a.f. 1928 Paul Dirac laans
Tiudanguiaeududuiusnim (Relativistic Quantum) Aind1271 BldnnTouasiifianis
vesaluaonndosnmnisifiuveaavaoudy Wevhnsinnsandudslunanisnaassitlé
910 Samuel Goudsmit kag George Uhlenbeck duiauedn Sidnmsouiiluiusiudayuiliia
INNIAUTOUFNBY 950 S WU 1/2 msmyuresdifinaseudzdaanang o fun1slAasseu
Budnmseuneliaunuingn fenuansictumeludanmiousuluuuiudaurendass

va

TngmnuadwUsiioasureauanddil dunnesvedluuuduidayy (Spin Angular

Momentum Vector, S) #wwwiares S 13]S| = /s(s+ i = \/(3/ D Fsfieudenades
Aulaududingn p = (e/m)S n3e p, = (2u,S) / A lavdrulngaziansan S anu
Wz e S=S =mh = £(1/2)h Fafo wavmeudiualu (Spin Magnetic Quantum)

Tnedfi m, asdanfu +1/2 fansanannanuduius 2541 = 2(1/2) + 1 = 2
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[%
LYY

fatuanlavAIeuANElY (m,) agdlties 2 Anuvnduy £1/2 Fenaraladiatu

Yo38lannsouaziin1sdnsuedalunuilu (Up) uazas (Down) nelddunuuingn Lanams

AN 2.16
FA
mg=+1/2|-
S S =Js(s+1)h = [(3/4)h
Hs

ne K

ms = '1!’2
(a) (b)

AN 2.16 audRvesalu (@) audinigluvesdidnnsau (b) Msmeoulndvesluiusuatiy

(‘1'71'm: Limsuwan, 2008)

[
LY

gaduluni1sAAuanIuzdLannTouaLT use

Y

ey anugiiuressiglalasauazgnimualiidu (n, [ m) = (1, 0, 0) uskllofa3eu

AutavAraudd (n, L, m, my)

m, W lUaslianugivivgeudu 2 @aaug @ (1,0, 0, 1/2) wag (1, 0, 0, -1/2)
Tupuduasudduusedns S/ Sandu -2u, 1A -pg Ndenndaaiy
| Ly a = <) a o [ = [y} YY) |
AlLLILAUTUre3lAes (L) Feasiduluaunguduiusninwasianuduiusiuen
Tuuaulindnvausaziinmes luuudndaudle lneazisenindasidulalsudmvan
(Gyromagnetic Ratio) @sgninundunienddlidununnenesd (g-factor) Inefmualidu

g = 1 uag g = 2 lumeusnsidulalsusiwinaziinnuduiusidu

L L
HL = - gLMB = —ML (212a)
7 Z
L L
T £l e (2.12b)
h h

Ing S Afarsanaslussdusenevluwny z Jafldn S =S, =m i = T h/2 teznouegly
#A0ULNSIUN | = 0 Aazldiinnsuenaanve@n UENasY (5970 my) sglsnniy
Auanvfvesalunieluszdwmanenisaroulvdnigldauinuamdni liadaues lnad

dryanwal p axdanuuanansiudydnwalnldlunisnanludiunsn 39 p Ao Tuwudwiman
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fa o a

Ainaneasivavesdiannsou way p, Aoluuuduwdwaniiinainaluniely Fas1auise

A b, uaznasudng (AE ) auaunis (2.13)

e
AE, = -u-B=+—S"B (2.13)
m

FatuaNaNNIs (2.12) @30y linsnuITndsnuvesdidnasoutuientdesiuaniuzaty

[
=

= P ~ Y] & o 5
YUNIeaIlPTIANUEALENDDNNN 2 @DTUENSINUTSENIN “Doublets
) a a A & % P a £ 4 o a
PANNI5VBIDLANATBUAVULS LU UTL b b deuNSeTuLilavinn1siansan
a a a a a ) Y a I~ I's 1 @ ¥ 1 @ [
INavuYeIddnnsaudasymiein i nsduluudusmannelfaunuian (B) wandna

AR 2.17

‘%EHB

a a a a a ‘:{I v a Y v 1 <
AT 2.17 uansiianiswesatudianaseuiianunsadaisaesinnglaauisidivan

(ﬁuﬁz Limsuwan, 2008)

deluuudusivian (Magnetic Moment: p_) veddiédinaseusiandu

-e
n, = —
mS
eh \S
2m/J h
S
= SHg T (2.14)
h
gl S Ao vnwesluwuiBapvesaty
¢ fe a1 gfactor Juflefansandidnasoudased ¢ = 2.00232
TR AnAsTi Bohr Magnetron Sidwinfu 9.27314 X107 J/T
hoofe ensTivedunasd AU 1.05457168X 10 J-s
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deanansandanisanudululalunisaeulndvesluuudwiimanluwuiwny

z mel@ aurunaman B aziandusmuaunis (2.15)

SHe.
h
(2.15)
= —%msh
h
= _guBms

S

Hs

z

AUNITNAITUNDINSINENE (AE ) 52119 2 SLAUTUNAINUAINING 2.18 2zla
AE, = -u "B = gu;mB (2.16)

Wo  AE, fe sgAudunwdenuiiianisuensendtefundenu m wiidu 1/2 uay

-1/2 Ya3BlAnaTaUNT S Winfu 1/2

@
o))}
©

aunusiwdnluniiemaan (Tesla) Fafiandu 104 1nnd (Gauss)

m, A LlavAPUANATY (Spin Magnetic Quantum)

Intensity Absorption curve

|-

X

(%
[ v v

Awfl 2.18 sEaudundenuininnsuenuazn1saAnfudy I ESR Y03seaudundeany
Ea (M. WNAU +1/2) U8z Eg (M N1Au -1/2)

(17'l'm : Gerson and Huber, 2003)
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31N@UNT (2.16) hazn il 2.1 Asn13a5uienisiinyusingnisalduiud

£%
a =

AATUINTLAUTUNT 1N WANA19A Y (AE) vosatuneldauiuusiimdnnisuen (By) T

3 o

Juivauuulirdnuagluuiusivan (gugm,) Y89dlanAsou TAEASIAASYAUTUNSI91UT
wansineiy Tun1siinusingn1saldunuiastind uainian1an ka9 uYeINISINLI 8
ac d‘ 1 d‘ Q"d 1 [ [ 1 [} 5 [ ¥ o
dlanmsou WeldraululAs N AlA M WaIUNAUTENINITEAUTUNR Y (gugB,) LUNlUAEII
Tiddnaseudasziinnisgandundululasindnan Amdsnululasndlddilufingsau
WU hv Seuduiusaenind 2.18 3asunusngnisaliiin “didnaseualuslowuud”

(Electron Spin Resonance, ESR) Adtuanauns (2.16) aglaaunisivadasannis (2.17)

hv = gugB, (2.17)
e flo  AiAsTivedunasd SAWIGU 6.626 x 10 J-s
v fo  avwdvesrdululasin lumize GHz
g fo ueasiiliiiviog astuediuriavesansiiddidnaseudasy
g Ao Bohr magneton dawviiu 9.27x 10 - J/T
B, Ao a&uluuwan (Magnetic field) ad siumtsla 9 Tumae mT

a A 1

AnaumuwdniAanisislouuudasiifissdnfionyiniy lunsieseives
weiadidnnseuaduslonvud desldanuiasivesndululasndldidluezoglurasmes
X-band f1iAudiu 9.5 GHz wérUSurauuwimanntsuentilavi i Aaslenuud
defnsanaluvesdidnnsouaziian g-factor VAU 2.0 Fadansslenuudsznineniu
TuTAstaneae X-band Auaunuwlwian Tnsasislugvauuund nfidalugas 300-1000 mT

(keya, 1993) F9157971 2.3

= 1 = = 1 & o
N1919N 2.3 LERIYIAAU ANUD LLASFUIULULNANN ¢ = 2

Band Nominal wavelength (cm) Frequency (GHz) Magnetic Field (mT)

L band 20.0 1.5 53.5
S band 9.4 3.2 114
X band 3.2 9.5 339
K band 1.2 25 892
Q band 0.86 35 1250

(Vimm lkeya, 1993)
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2.7.4 ANALMDS

o

AUTUNTINUNUNAVRIF YIRS ESR NTAlAa1n7981998518 9 UNAN8ANT

T o

v A

wilAwas (g-factor) Fudumsfiwesiiddgiianunsaszyanududnyazianizvedsiogns
W 9 19 mndidnaseuliannzwnseufiunnatsiuazdawalian g-factor Linnsildsunlas
wagnuINdayy1ad ESR agaudnanvesdygiaiuana1efiusanluniuainudues

AUNUWLNAN 1HD99INNTAATUNIASEIVIAUILLULANTE NN U UAIMAN YT ulLas

Tualeas
g LLB(1/2)
g UB(1/2)
—~ hv
E ‘/\/\/\
;°>_\" 0 > B
()
C
Ll

-g U.B(1/2)
-g,\WLB(172)

dp/dB

» B
02 01
AN 2,19 UAAITEAUNGIUVBINTYYUNI g-factor NUANFA1IAUYRY g, kA g, UM
s 1 < ! av o ¢ a U s 1 < 1
vaslumuALimanvseUfduiusvesdianaseuiuluududivaniullaasuiu
Ufduiusidlaasdmalifin g-factor uansinsiupeauaIndunuan1aiuly
WNUNINTEAUNGIY
(7131: lkeya, 1993)

INNINT 2,19 UAASKUAINNE U TUNIsUYUTRIBIanasoudDIR Y
annizinaeNiiannaiy Aeiudsdl g-factor MunnAeTU Ap g, way g, tosanlumuduiwEan
Lazindaue9FUIU (Zeemnan energy) WANANIAY 1MSUNITRYUVDIDLANATOULABATS

£TANUTUVDINTLUA UL UAITEAUNSINUNWANA1TY a9 nANudlulATINANNTENU

Al AetunsinslonuudIainduiaunuwdingn By, wag By, (keya, 1993)
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nauN1s (2.17) wansbiiiuinnisganduvesdayains ESR wintuiinui
v = AE/h datu AUVUYBINIAANAUYBIEYE 0 ESR gnauandlunenreInLiveInIs
gandu Faduitaaudiaunis (2.17) Tasfimnudvesnisgandufe suviinisganiuas
wanensfulupuauuwlivan (8y) 4 ilesaniaes ESR Spectrometer fiuansnafuasd]
Maveuftaususimansieiuy Sanansiwmiinisganduvesdyan ESR Tusuuuuieaiy
TnelsiTufupnuduesauuusingn ﬁqﬁ?w‘mmmmi@@ﬂﬁuﬁumé’ﬁgiym ESR Jsuansnalu

WMBUYDIAT g-factor BeanunsaldanuAMNFuRUSINELNT (2.18) fip

A%
= 71.455( — (2.18)
“BBO Bo

oA ) av ' ° a ¢

MINWUIUAN g-factor UBsdeY el ESR Aldnsuan 191@IsaYNITIATIER

Tasnsladyaias ESR 1nsguins uAInal ¢ factor uvinisauiniuld laafivunan

g-factor TiAnslanuudvesdyqn ESR unsgudue g; uazdganas ESR Alinsruiduen
= a & a o 1 o 1 1 [ [

g, FAAATVUUTIUAAUL By; AT By, MINEIAU TnaaIn1shanaanuasauiusimantiu

AB =B, -8B, FTRouluNISARALS L UUGAD

ngm = ngoz = hV/HB
8, = 8By, /By, =8B, / (B, - AB) (2.19)

azlein g, = g /(1-AB/B ) (2.20)

A1 g-factor azdA1UsENU 2.0 LLazﬁmmwmmmﬂﬁlauﬁﬁmagiwdw
0.0002 9 0.0005 dwsuaAn g-factor vasBidnnsaudaszaziandu 2.0023 Fsfidrunnin
itldannguinamanseaiy owinfiansumanisduiusnw Savinlien ¢-factor 109
oyuadaTyeng 9 dendfesninen gfactor vesBldnmseu wioyyadasyiinaNATBIannsou
AnAnuunnsesazden ofactor AiNNNI1A7 o-factor v09dLEnnseudase Tnavialua
g-factor 1048 288199871N153LAT12Y N5 A eusTowuudT auruudindndi A 340 mT i
donAdeItuaul 9.4 GHz wasdnvazvedaias ESR zTuUAn g-factor sauaen ¢
factor vesBidnnseudasrorainnisiudsuutadlidulumudi 2.0023 iesa1nn15iAn

dumnsiseserrindanudulinanvesalunazluigdaas (keya, 1993)
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Tneluda e g-factor axiuagfumsindosvesluanaiiddiinaseulse
IinFesehdlsilodiouivauuuiman luanmildumsazaneviedunfaluanaindoud
8asy seurn o Suduriadevesnisdnidessilunuusing o fanni 2.2000) wsilundnnis
\douiveslulanagnirdanulimnmuuniuialessunioouyadassdnvadaoglu
a3adalevi (Crystal site) idausnmsgnuaard (Cubic) Aauysal 1wy sennszdnseunie
waszinseuler 1uy A ¢ vesiuarldTutunissmsuivesvowdnnienanlen
A1 g 1uluv Isotropic LLGiflJ’lff’Wi’lﬂﬂéamuavLGUﬁﬁauuWmﬁﬁ?ﬂﬂ’j’l@]ﬂU’lﬂﬁLLéj’J fin ¢ Aazduiy
Msdaseaiavendnuasiedndu Anisotropic fanndl 2.20(a) drnanudly z Wuwnu
vosluanauazfoduunumyuiiviad (Fold) gean (Highest rotational axis) uda g, aeilen
i g, Wi ¢ Alfile z vurudufirniaesauiuwludn d9uAn ¢ TURUILAY X Lag y

Felaun g, uag g, Uu dndewdu ¢ nieen ¢ NlalllefianavesaunwinansRIniy

uAw z fanndl 2.20(b) (adn uazAlsaw, 2536)

(a) (b) (0

Al 2.20 uansdnwaizanedu ESR lnerhluvesiioganuunsifiaunsvedlinanad
wanenafiu Tnedi (a) ESR anisotropic #3® rhombic symmetry (g, # g, # g,)
(b) ESR isotropic symmetry (g,,) oz (c) ESR axial symmetry (g = g, >8 )

zz

(ﬁuﬂ: Petasis, 2015)

2.8 dianaseualuslouuudaninsiines
dmsudidnasouatuslauuudauninsfimes (ESR Spectrometer) Wuipsosiafild
fushegndluadell Feivdnnsvineuuazdlseneuiiday (Yadav, 2005) feeasdendel
2.8.1 NM5M19UVBLASDY ESR Spectrometer
Mstuiinadnnsy ESR veadangefiviinisdnuazgnldlulnssnisdusies
(Resonant Cavity) lag Cavity fananivhusifiduniiefifidunisenuin Ssnduazasiiou

naulunaunvateiuass Tnenann1svinguwes ESR Spectrometer Ao lulasiiniindnlae
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Klystron Oscillator JLHUASBIMEN (Isolator) \wasTRaLY (Wavemeter) Wazfaaneu (Attenuator)
iy ndumesaiaimes (Circulator) agldsurinuuay 1 Adsllasnidiguoy 1
Ul 2 uay 3 Taealuuay 3 Smiindasauna vnarudumu (mpedance)
VB 2 WAy 3 Lndlouiu wanein Circulator auna wazaglkiin1ssunasauain Crystal
Detector HIUKYL 4 wazy1n Impedance 109wy 2 (Jousefutoisinegn) Wasuwas
Lﬁaqmﬂé’aaéwLﬁ@msaﬂﬂﬁué’mmm ESR Un9au 9 nta Bridge sglilannauasnasanu
lulasaviuaduaziing Crystal Detector ’1ukvy 4 Tag Detector vimtiilduasasses
nszuanazuvamdsnululasnidulviinszuanss (DO mnAudNvesEuILLLaNTOU
Resonant Cavity fififegauasuduafifaanisdmsu Resonance 1n3astuiinazuans
Gl aesnsnandu 1wy maganduann3u ESR uaziduldsaanmsganduilldiinnaduius
seiAudveINIgANdY (Intensity) fuAuiuvasauLwiuan (Magnetic field) Fanndi
2.21(2) Faillassadreitlalil e Swept aunuvdnegnedn q lutrwiamaisund fufueses
gUufinagawnndu ESR WUV First Derivative Y00dulAIN150ANAUTENINAUTUVDS

| I3 Y] a = a 41' A4 A o v v o |
FAUIHLULADN AIAINN 2.21(b) LUBIRINATITNITITUININUAT DIU DN LN YIVBINUBRTIEIU

dyaasiodessuniu lnevliaunmsu ESR asgniuiniuanasuiuu First Derivative

(a) (b)

Intensity ——»
Derivative signal ——»

Magnetic field —— Magnetic field —

AR 2.21 wansaUnady ESR vesiasnedidnsouadluslonuudaiunlnsdned lnei
(a) aUnm3u ESR Wwuu Absorption wag (b) First Derivative
(l1: Yadav, 2005)

dmFumsueglanANNdis (400 Hz visetieenin) AaNTaRARUARIANELBNLINTS
(Outside the Cavity) uazuinszyisuuiudiudanivan Leswnnisueganaud gl
anansanglavelaogaliussdviam Jesdnnsunainueguanngluresitegnslunsaing

NsUBYLANAINDNNANEY
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/— Terminating load

Detector crystal
Pen recorder or
. oscilloscope
Klystron | | | olator || Wave | | Attenua- Auto amplifier @ 4
oscillator meter tor 4 and % =
Phase sensitive| &, ~
| [ detector o"o
Klystron .
power Sweep coils Circulator
supply Resonant cavity
l containing sample
Automatic Magnet '% l—l
frequency powel:r a
control Supply =
A
Scanning unit for o .
sweeping magnet Sweep unit
40-400 cps
current

AT 2.22 LNUNINURILATEYIA ESR Spectrometer

(fia: Yadav, 2005)

2.8.2 dauUsEnauvadAIad ESR Spectrometer

wdsuisndulumsiliiansasuudady NMR was ESR tuuansieiy
NMR %Lﬁ@msmﬁ'sml,maﬂuszmmmﬁlﬁmq du ESR mawBeuuansiniuiirnudlileasi
Fetu s esdiodmiuanlasalnd NMR way ESR Seunnsnafy 91nn e 2.22 wanq
WHUAINUBILAS 83TA ESR Spectrometer 3sdauusznausie q veunsesfledsivaziden
soeluil

2.8.2.1 unastiilavassedlalasim Usenaudae Klystron valve iWuuvasiiia
vosdadlulasimiifiussans awlurasanuites q dmiunsAnuiisiiveyyadaselng
Unfinda Klystron agvhaulugulalasnfiiannuennady 3 cm anudveansursaduuy
Monochromatic Qjﬂﬂ"mumimLLiaﬁ’uIWﬁwﬁWﬁU Klystron Taasialy Klystron Oscillator
agvhaumeldnudd 9.5 GHz slexnaxiiu Isolator lukauTagmelsd drvanveuniud
vaslulasinliindalng Klystron msidsuudaswesmuiiinduainnsasieudaunduly

0o v w I

U3ITEnINe Klystron wastwasaames (Circulator) a1dudnuiae Wavemeter gnbdld
! (% v a v = N a a
sEninedaenuazdlaanaui elinsuisanuiveslulasianiindnlag Klyston lag

Wavemeter aggnusuiisuluniiennud (MHz) wiuauedniy wazgavingda Attenuator
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T9RY5ENIN Wavemeter waziwasaiawmes (Circulatonilasnusenaunmsganaulazaenaa o
fuitamosiidunandlunsinmananduuas asusussiundamululasniifstutugos
2.8.2.2 Circulator 910 Attenuator M3 Fadvadlulasianazidg19aslulasim
Al 2.23 uansmevinauressasanedn duihnudududenauna maundsdlulasinidd
Auvu 1 uazuuu 2 Anogiudonsiouund Felidiesns uvu 3 Feiimdnaunaazgandu
wdsaula q fazviouainurunsrndu 4 Fadeuseiu Detector wasaiamed (Circulator)

Tlgaulvndanululasuvknududunssanuautmdalud e usning

Terminating load

A

1
L
M

2

Microwave power in 1 4 To detector

To resonant cavity

MW 2.23  wesaawes (Circulator) lulasiavl 4 wese wansiiAnisnisdeinululasiam
SEWINIUNY 4 79
(#111: Yadav, 2005)

2.8.2.3 Resonant cavity Wuflussaiieeadudiuddnvesniodidnaseualu

9

[
=

¢ a ¢ a . o ) A o v ' 2 g v aa
slowuudaningives Ineh Cavity gnasiaduludnuwasiiiiauiuudmvanldn1uia
(Y ! ! v & o Y o o Y ' Y v !
meggndeliianiign Iveimualunisdndifiiegns s eanimdslulasiviasan diegis
9190¢luUremaNALT HITaITY Yeumaviseansaraly Ineunfazussgedluvieniidu
H1uAugna UL 5 mm d@1mun1sAneInares Anisotropic lundniAgIuayfI8e19

Y ¥ a

0wl Inevialuagldlnse (Cavity) Ivyuld dusunisdunadiogauazandadslunan
ety lnemillaglddianaseualuslosuudadnivsinosuuulnsaslawuuduuug (Dual
Resonant Cavity) agnsldveyasnedevesdenanainilasunismaunulaenisidseuiiiey

ANV YR IUFUINS
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2.8.2.4 53UULNWEN (Magnet System) Usznaudiowdindnlniin &l
aunawimdnidudodeatu enuduvesEuuuivinansadsundadlalugiadn 9 -
500 Gauss) InentBsunszudlntiinluinan Swept guils douslewuudiegssnindudiy
Frvosudmdnlni Tnsauuudmdnmsaiiaveuazasiiniiousinassedns anuaies
vosaunilalasnianssduutindnieunasinslal awnpsuvesngusiosnad g-factor R
1.5 i1 6 ogalsAnudmsumauuniudnlossunazoyyadasy elvmuazidoni
wnzanvesadnay ESR sndudeddudmdnlniniianansandnauudinedilafousd 50 f
5500 Gauss dwsumsfinwdiegnedidl g-factor agfluyie 1.5 fe 6

2.8.2.4 Crystal Detector Lapsnsiaduilldiunniign Aondndaneu-visauwm
wfirausnned dwhmthidushusurdulilasoruazulamdanulilasovkdu DC Output

2.8.2.5 Auto amplifier and Phase Sensitive Detector ﬁmumﬂmiuzmwu
P0INTTUARSIT IFSUINIAT 09M5I9T VTN TTETBL ULALTABNISYIIATUTE RS D981
Fyanaselulf inIomeedygaisidyaasuniunn fofu wdeweedyyiasded
ARy avdsandyaasuniu Tngvhnsdndyaailisglunasieenld uazas
LLamwaﬁzyﬁymﬁagﬂuﬁLLaULLﬂuaaﬂm

2.8.2.6 Recorder da1niannias esnsaasufidaulidewla uay Swept

Unit azgniuiinlagesadalaalay

2.9 Msmdsauanududurassinaieisniseruiinseau
MTAATILYTINMEITN1501UTINTEU (Neutron Activation Analysis, NAA) gnAuny

T a.a. 1936 tnenivenmaniaesinuie ewid (Hevesy) waz 183 (Levi) wuindaegisil

fismesvaeulaeinuiseiinediudunnmidgumaindudaduuasiniedinseu an

Y Y]

nsdunail wnwessninldegesiniitiidnaainveanisiduiisenduedesiuiiedis

mushensinfuiunnmidnmdenifietislinsssyssiuszneuvessmiitieglusiedng
ﬂ’jat,%qqmmmau%w%mm (Glascock, 2014)
Tnednilvgufiserannseivimseuasiiatusswindunisaresniuimsey
Afiwdasusn n3eimesiatanseu (thermal neutron) 1IS8nd1 UfATe1nsduianseu
(Neutron Capture Gamma ray) @il undeaazganauiinseu udamdesssdunumesnunld
FodnuaivesufAsendu (n,y) wansliluami 224 nanmde ednsewiujAzendu
Hamdeaidn (Target nucleus) Wrumsvuiuwuuligangy duedsadalsenay (Compound

nucleus) luannugnsedu nasunseuvesiiafgavesasusznouinannasugamied
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vaadmsounuiinedea dueduadalsznevazameanunuiuluiuiluguwuuiliaiosndn
Inen1sUasesedunuanianyusianizeg1ateeniledd luratensd nMsivuaandilvinla
Andedeanudunniniadddinsedunseanie arensuaseSadunuannilanuvauzaniy

PRI LN LA UTASINYININUINANUATITINRNIZVDIRWARS AN UL URNTNTIE

Prompt ¢ Beta
Gamma ray Particle
Target
Mucleus
‘.
5%
Incident . "—-—-..___‘__-
R NN t
b T4
‘ ce % Nucleus
g XXy Product
J’o.;& Nucleus
Compound Delayed
MNucleus Gamma ray

= aaa  a a U Sa
NN 2.24 ‘Ugﬂsmmmau - AN (n,y) PMNNTUATIEALAEN1T1USETINTOU

(ﬁm : Glascock, 2014)

2.9.1 33n153As1zvaemAlian1sauiiansau

a

A153LASIZMLAENNSENUTINTaUAINNSYINLe 2 35 Aa A1SIASITRRUUYINaTY

(9]

a15679879 AunTIesIzviwuUliYaneansaiegne tsvazidenall
2.9.1.1 N15ATISHLUUNIAYABENS

Wun153esendinsaulage1uisniswenniaail (Radiochemical

a 4

Neutron Activation Analysis, RNAA) {un153A5129 609118156208 191881511917

HIUNTEUIUNINIUAT LNBLENTTAUDIS1ATIABIN1TEDNUINDY NAIINDIUSIETINTOULAD

q

[

3979AUKT9I90959F V0N s Bg 1 T8 UAUAITUINTEIU N5TUITMIATNTanTETunns
AT LU N13NAU MTATA MIanaznau n1sviazans waznisuaniUasuleseu udu

2.9.1.2 n1saaszinuuliiinanefiegng

v

Wun1siwsrenainseulasldedaaiiotused (Instrumental Neutron

Activation, INAA) t1Jun153tasizinldnannisiuseuiiisudiogiaiuaisdnedwnnggiu

v A v % 4

(Standard reference materials) t0191USIANSDUAULAITAAINULITITIALNNLN VD Lol TN

v a A v a = = o Y a o o & v v
SIEVBIEIMNADINITNTIVUTHNULUT U EJ‘UﬂUﬁ'ﬁE]'N'E]Qll']@ii']chaﬂﬂ@iﬁ I@ﬂﬂ']i'ﬂ AU UR @\ﬂfﬁ

q

LAF0sla IR FIENA N TOLEASAUNASUSIFLNLLIANVLIANAIIUAY 9 19
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2.9.2 NMINALAZMIHANEAYLESNUTUATE
\Weosndnsinsvilviiinlelalnliuiunssdiue fudiuiuesnouessis

TR uveIUTuuvesiundeglussTud ANNanTalun1sIuiinTeu Lazaly

v
v

WUYeITINTOUNY (UnIs3eY, 2542) Fadeuduaunislaned

P = No (2.21)
e P Ao omsinsiiavedlalelnuiusiunsd
N Ao wuermauvadlelalnUiaiys
Ao ANNARATINURIINTBY (barm) Tae 1 barn windu 102 cm?
o Ao Nangvestmseu dvuedu n/cm¥s

-

dusuinuiuazmoulalelnliaiesianeail

N= —2 (2.22)

We N, Ao 9wuwese1linilas (Avogardro's number)

FAINAU 6.02X10%% atom/mol

A
W AR UIaURI59 (9)
f o fe  dndrwveslelelvuiafisnieylusssuvii (Isotopic abundance)
M A9 UI90zAONYBITINUY 9

(%
1Y

d‘ | %3 L% v a a ‘:9; % C% v a v a v L% ‘&J
Wedlelalnuduiiunsadiindu Telalnuiuiunsadduaziionsinsaalssieadl

gnsIn1vaanssi = AN

o

dle 5 fle AAsvesnnsAaNe (Decay constant) vedlelulnuiusiunisdin

WAATY AU 0.693/T,, (s

' v
Y Aa a

Ty, fo  AA3eTIn (Half-life) voslelalnuiutiunssdninndu (s)

N Ao uIusznauvadlalalnuiuiunsad



Aty USunaimdeegveslelelnuiudunssd Weonala q mileainaunis

dN .
— =P - 2N
dt

dN
—— =t
(P-AN)

dunInauns (2.24) azle
dN
.
(P-AN)
(P-aN)
- j jdt
P-AN)

1 .
——[n(P-AN ) - InP] =t

)
(P-2AN)
In———— = At
P
(P-AN)
oA
P
(P-AN) = pe™
P-pe’ =N

AN =P -e™)

Weo t Ap wadglunisenuiinseu (s)

*

N° fs  9uiueznsuvsdlelglndiudunssdnna t
WAUAT P 21naun1s (2.21) adtuaunis (2.25) agla

AN = Noo (1 -e™)
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(2.23)

(2.24)

(2.25)

(2.26)



a2

o

fmuuald A, Ao Aufuanmisuduvesniseruiinseulawyindy AN 8

wiheiluszneusodundl (atom/s) anauns (2.26) awnsaideulatugy
A = =\t
L =Nop(1-e ) (2.27)

01 A Ao Audupniniiva tla 9 mendaduganiserviinseu Feliawiiu
=\t

Ae " it
A =Ae
Ay = ;txt
NEUNTS (2.27) unuat azla A, agla
A, =Nop(1-e e ™ (2.28)

dlo t Ae nanglunisaansdi Svhedu s wnual N 91naunis (2.22) adly

aunis (2.28) agla

Ay —At

N,Wfod (1-e " )e
A = (2.29)
t
M
TusI9E198159198 M55
—Aty —At
NW fop(l-e e
A _ A " std (I) (230)
std
M

Tushegela 9

—At —At

NW_fop(l-e e
A _ A " “sam (I) (231)

M
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devdesllelelnusidaanudisseviiamils ndwgan1soruiinsauaiuusesaa
A vaslelelnuTadazanas muailunisaaieda (Cooling time, t_) wuutendluiuuiiea

Wulueuaunissasaludl

A = Aoe_MC (2.32)
WN f _0.693t
A _ A Gd) (1 - e T2 I)e_hc (233)
M

lolalnusedasiinnuussdidgusaranaiioaarsfnianuduiusuuuiendluiuy
Fea (Exponential relationship) autaritldlunmseuilnseu uazillenganiseruiinseu

Tolalnusidniansaiinduaziiamuusesdnudusiniazaatsdmananiinnlelalnusdn

ATITINGTI AININA 2.25

12000 ‘ ‘

<—Irradiation time ——»<+——— Decay time ——»

TolalnUsidassdin 1 m

6000 i/ r/;(' \(n\izﬁiifu%aaﬂéq%im 5m
i N

8000

Activity (Bq)

4000

T,,=5m \D\n\n\_l
2000 \\\:

0 5 1 15 20
Time (m)

awi 2.25 lalglnuSedasiinnunssdadgaliniavanaduuuondlunudea

(Fin: anfAdy, 2543)
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lunsieseidslTunamessigmismalianiseruiansey deuldnisaiuin 13
W3guiisy (Comparative method) &saunsavinlalagaiuausudvietaulelinsain
ian Asunuideilidenldisaude 2.9.1.2 ielaneimusunasngsidey nelsey uay

Twwnad ey ¥lalaen15u1f198199 991N 8U1AkaA USaUIINM8UN A lUausd

=

Tamseunuuyaeisinen anduiiainseuneiniosUjnsaidundes fanmil 2.26
yliAnunsizeiufed1s ileeznouveslelalny wafoslésuiamsouasznanadulelalny
fdusinfuiunisd Fsudesdunuaneenun lelelnussdfiinanniservinsoulile
Tasgndinugisidon veisey uaslnunaldey indunsisendaunis (2.34) (2.35) uax
(2.36) wazas197l 2.4 uansautAnsiuedesuazdoyaiieriuniservimsouvedlelelny

U-238 Th-232 way K-40

U-238 (ny) U-239 ——> Np-239(2.35 d) (2.34)
Th-232 (nyy) Th-233 —2—> Pa-233(27.4 d) (2.35)
K40 (ny) K-a1 ——> k-a2(12.36 hr) (2.36)

M15197 2.4 andimsiluedesuasdoyaneliuniseruiinseuvedlelalny U-238 Th-232

g K-40

e e o 4o wasuTEnNI  YSunaiiniaduy
519 Udleadnudiunded  ASeIn

YanUaoy (keV) Tusssuwh
U-238 Np-239 2.55d 277.60 14.1
Th-232 Pa-233 27.4 d 312.01 33,7
K-40 K-40 12.36 hr 1524.58 17.9
(i EL-Ghawi et al,, 2005: Solimam, 2006: Vichaidid et al., 2008)
TN
o N— 1
g Sam
> N— 1
std
Neutron S
Sam
N
> std
N
> Sam
N—

lﬂl a a ol = %
Afl 2.26  N1TIATIERlAENSOUTIRTEU Iﬂ&]LU’iEJUW]EJUﬂUﬁ’]ﬁ&J']GIﬁi’m
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diafegrsmnrestnd auasAuseus oL nNuNNToUTINTEULED
o198 NN IATIERANLSISIERALLN VDS U-238, Th-232 uaz K-40 fidaninanedu
Tolalnuiutunsed Np-239, Pa-233 uaz K-42 iNda9u 277.60, 312.01 way 1524.58 keV
AUAIRU ANNLSISIERInaasainlagltsruuInsedunuan nan1sinaglauauresaniu
Sandrnuressd 13unin “aunasudidunuan” Sdunuusasndsnuiials Sendn Tls

A (Photo peak) 1urutiuiauununvedlnlaiadaA1LU IR UAINAIINLTITIE

AULSITIFVDIETH D819

W_Nf o ¢ T e
A _ sam A sam _ sam I sam (1 —e T2 )e Msam (237)
M

Ssam

ANLTITIFVDIANTIN9BANNTFIY

0.693

W._N,f o -
A _ std A std std(l)std (1—e T2 Ye Mg (2.38)

std

std
WaLUTeugUTENINE1I208 1A VA58 19890105 FINNUTI AU 9
W f,N,, O, t uaz M Wi idhaunsnewauilinseu (2.37 uaznaseuilinseu (2.38)

119159 leauniseasna bl

WsamNAfsamGsam(I)sam (1 —e T o )e—)»tsam
M
sam sam
A B 0693
- td
std WsthAfsthstd std (1—e T, )e_}“tstd
std
0.693
IR
W Nf 6 ¢ (1—e " e = M
sam sam A sam _ sam fsam % std
B M 0.693t
std sam T std —)\,t

1/2 std

W Nf o (1—e

std” A std T std Tstd )e
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ﬁl ¥
10 fom = g O, = Oy, O = 0, 488 My = My aeldauns

0.693

sam

_ T2 M
sam VvsamNAde)(1 € )e Mstd
A - M X _O.693t
std sam ; s —AMy
W N, fop(l—e )e
sam WSame_}Ltsam
A W e_}”tstd (239)

std std

v v a

AseAnEanduysal () vewirindadmlaanaunis (2.40) e R Aoduiu

v

LY = d’lj N a a A [ v a a L4
‘LJ‘U’Jﬂﬂi@WUﬂﬁﬂﬁimWI@Wﬂ‘VlWﬁN']WU@QiﬂﬂLLﬂMﬂJ’]‘UENﬁ’]G!VW]@Qﬂ'ﬁ’JLﬂi’]%‘W

R
€= (2.40)
A x Ix tC
R =gxAxlx tc
Rsam 8 X Asam X |>< tc
Rstd SXAsthIXtc
Frathy
Asam Rsam
= (2.41)
A std Rstd
wnuauns (2.41) Tuaunis (2.39) agla
2,
Rsam _ Wsame (242)
At
std Wstde
Wsthsam _Mt“d _tSBM)
= (2.43)

sam

std

ado a =

¢ 4 aQ _7\’(ts _tsam) !
Tunsainlglelalnusedniniionaesedingn e eiiAUszunm 1

9

fratiu aunns (2.43) anunsaesulmiledunuaunis (2.44)



ar

= —S: = (2.44)
std
do Won fo arvwduduressaviedwidnvessigluansiiesng
Weq A8 m’mL%’u%’usuaq5’1w%ﬁgmﬁ'ﬂéuaaﬁmﬁlumié’wSqmmgm
R.. Ao  USmasdvienuiléfinvesansansdegng
Reg A ﬂ%mm%’qﬁﬁaﬁumﬁﬁﬂsuaqmié’ﬁqﬁqmmgm

AaL L8R Ry, V09A0819 WAZAT Wy AT Ry 81591989015 1UMNY

adluauns (2.44) MNIIUAT W, V8903081991N 08U INLALAUTOUINBELNINLA

2.10 wnusnaninsalnd

Sloldegemnnvesindauasiuseveinuenindn uavarsdrsduinsgudiinunis
91UInsouLal sentazvnsiamumatalnuuaUnInsalnl (Gamma Spectrometry)
diedleiiranuussessadiidegluiegne uazasuinsgudneds uazthluumuluaunns
(2.40) FaagldArUSinuanududuveslelnuiusiunedldun U238 Th-232 uag K-40
Tusoens e lviesziaUsunusdneUluasudald

= [

U d' a 1 « 9 '3 'y} v v a a
STUUNSIATISENIT “hNUNIEUNINTUNS WugUnIunIsuUInssdRnIzUIIu

SIALNUUINUINTENURIN FIADINTIUNDIIUVDISIALNUL AL A NWULAITANULNNE I

TrfumTaannaunasundsay Fedndudeadiladnewuzianizvesdidndainisiawaznis

a o aa U AU v I = = = a o &
LANBDUATNTUIVDINEAUNIDY (u’)a@'ﬁ, 2553) 9415188808

2.10.1 nsaaefa lRsedunuun
SAunuunAnINMIaaefivetiedea nawInnsaanefllieynAkean
A v g v P a a Y] I Y . A Y &
wieaaedilvieunatni Inelluedeadsegluanmuenseeu (Excited state) Wanduganiuziiy
(Ground state) agUanUasendsuesnuntusunduwimanininiisond “Sdunuun” uag
91 AANTFUIUNNTIUMNNIEN WU Msdsuiuniely (Internal conversion) wagn sHERE
A8l (Internal pair creation) Inen1saatafa RS @LALNIYY TAdsaLAnINN1TE18

A0IULAINANTULNAWUE (E) 11gan1ueaIndn (E) Wasusadunuuiaianuasiaved

WHIUTZNING 2 anuzAnnsidsunlasasianduly aiuaunis (2.45)

hv = AE=E, -E (2.45)

£
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2.10.2 N15IASIANNUN
V999N S9d@kNULNEIARINANSUABULUaIN19TAd gs neluiedva

finuantAiduaduuiimanlailn (Electromagnetic radiation) ukeanunluzulnneunse

ABURLYRINE SUAdauR lueIMAMBANISIMERe 2.998X10° m/s Tifiuszqluii lifluna

(%
YY) v v a

Faiu M3TnSdunuInadosefanavesdunsisevessdunuufunansiegng Weded
LNUA AUt uRENEI0E19 oraiansruiuiaeded Slanasounieauiuseuindea
niwuazinnszuaunmsgadendau Jedofiinadenisiindunsizen Aondsnuvessd
LNNLLATLATDEADLVBINANF 9L 1D91nsunIASITesdLnuIn i uRE st 19y
nsguIuMs Wosnndsnuvesisdununiiinanmsaasiavesiundoaoglufidodaud
0.01 - 100 MeV fatiu nsrUIUNTgdeNGIuiliies 3 WU fifunumauddey
lun1sinsedde Usingnisallwlndidnnin (Photoelectric effect) Usingnisaludnnag

8idnmsau (Pair production) Usngmsalnisnszidawuuaeudsu (Compton scattering effect)

ya v v

druusingnisallnlndianninaziinlafnusedunuuinaaaiuslugag 0.01-0.5 MeV

v a

druUsngMInindanag 1inuTadLnuIngeu 1.02 MeV uly wagUsingnisainis

v v a

a 6 @ a U U %} 6 d'
N9 UUABNUAULLAANUSIFLANUINEGIU 0.1-10 LUNE MeV LEaAIAINUFUNUSTAININN
=1

v
(% v v A

2.27 ludseil Yo Sedunuanlug19andaany 0.2776-1.5247 keV sty sadululdfiaziin

(%
al [ Y

NIZUIUNTIGFULAYNAINIUNN 3 WUUMINEN

—

N

o
|
|

—

o

S
|

Photoelectric effect Pair production

o)
)
|

dominates dominates =

7 of absorber
o
o
|

Compton effect

40 )
dominates

0 Lt L1 11 L1 1
0.01 0.1 1 10 100
Photon Energy hV (MeV)

Ml 2.27 leniavesnisiiausingnsallladiann3n Usingnisalndanagdianasounay
Usngmsainisnseldsuumendnu

(fis: Helmuth, 1998)
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2.10.2.1 Usngnsedlnlladidnyin
Usngnisaililndidnnin (Photoelectric effect Usangnisalil
Antuiiloedunuuinsenuivaasudianemndanunamualifusidnaseu mnndsnud
16’1’%’%13@'1amqqndwwé’muﬁmmﬁm (Binding energy, E,) ¥8tBL@nnsounsiiu deazvinli
didnnseumgaesnainezae 1Foni1 “Inlndidnnseu (Photoelectron)” Fan1wil 2.28(a)
TnefindsuaatinAuNan 19551 19NE 191u909598 wnusn (hv) Aundsudamieves

SLANATOURIANNT (2.46)
E =hv-E (2.46)

1 1TNaUMI8U9IB LA NATOUNATINVDINE 1IUDAUVRIBLENATOUILT ANLA B UMY

YRR

[ v a a = [} 1y & o a a av v & a
PAIUVDISIALNULAANATLNU TILAAINTINANUFUNUSAININT 2.28(b) WA AT U

LAY ILNUNAINUTNINUAYDISIFLNULNANNNTENY

Photoe&ectron (a)
Incident
y—ray
Counting rate (b)
H Eneroy (keV)
hv

Mui 2.28  Usngnisalllndidnyin (a) dnvasvesdsingnisel (b) finainnisgandu

(#: Helmuth, 1998)
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2.10.2.2 Usingnsadndnnagdianasou
Usingn1saindnnagdiannseu (Pair production) Sunsizend
Andudefidunuumdanuganudiluluiaeiea uagasgnaandundsaiuanun
ﬁ]ﬂﬂﬁ?u%zLU%SUL@H@HﬂWﬂ@Lﬁﬂ@?BU () uarlnd@nsou (e*) Llpsannaveddidnasouuay
Indnsouitsusinfundasy 1.02 Mev fuifu Tlnousosiindaruogados 1.02 Mev

PINNAIULINATT 1.02 MeV nasuauiutazidsudundnuaatvesdidnasaunas

In@nsou Banaseuiiiinduaiuisaviujisenlasn wu iliesmeulndidsaunndaidug

Y

loosurieagluanuznsziu dulndnsourzsiuiudidnaseuiidu udivdewlu 2 nau

v

PANSIUMIAU 0.511 MeV 138031 “Msuianauddiaty (Annihilation)” 1Ia1luNNS5IUAL

%
1Y a

=1 19 o ¢ a a & o a ¢
UAUUIN DIVISENANTDU €) ﬂ‘U‘Uﬁ’]ﬂQﬂWiﬁJNa@Nﬁ@@lﬁﬂ@i@u AININY 2.29(a) ‘Ui'mi]ﬂ’]’im
a a = a 1% X P = [ & = o w aa [y Aa
NEW]Nﬁ@@Lﬁﬂmi@u&li@ﬂ']ﬂmﬁ‘l@lIWﬂﬂu LN@IW@@U@JWﬁNWUEﬁQeﬂu LIDMIBURNINIYINUAAIINU

LUTI0EABNAITININT 2.29(b) wansiinfildnndunsisenisuannagdidnnsou

Electron, e- (a)

Incident Y-ray

>1.02 MeV . ;
--.___Positron, e+
The
< Y 0.511 MeV
Y 0.511 MeV
Counting rate (b)
hv
2m0C2

Energy (keV)

Ml 2.29 U5ngn1sainannanBiannseu (a) Snvasvestsingnisal wag (b) dnvaizves
finfilaandunsizennisndanagsianaseu

(f37: Helmuth, 1998)
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2.10.2.3 Usngmsainssisiuumendsiu

Us1n9n1sainsgidswuuaauddu (Compton scattering effect)

£ [ 1
fal a = A

Usingnisaliifindudosadunuumasuiiunaradrvuiudidnaseuluszaen wazdiaw

wasuusdulitiudidnaseu vilididnaseungaeenainislaasluiianieigu ¢ Auiie

A a v U a

NNSLARBUMLALYITIELANNT 138771 “Asuldudiannsou (Compton electron)” wag

v A = o

Fadunuugadendnulivisdiunaznssidmiyy g Auiiansiy lnendsauyes

o

5

a & d' = I oW 1 [ a v v a [y
duanmsou (E) ingaoenluiidviidunad1svesndsnuiluduvesiadunuun (hv) Ay

NEUvessIaLnLan (hv') finszidseenly deauns (2.47)
E_ =hv- hv' (2.47)

JdednsiindunsiserilunisrunuuBangy wasuvessidunuuniinssidsesnunduly

MUANNTT (2.48)

hv

h
Y (1-cos 0) (2.48)

hv' =

1+
2

m,C

k) m c’ A9 AMNEIULNATNYIBEANATIUVNTY 0.511 MeV

0 A9 yuNTBLIeTEwNNLN

Comton electron

hv

Incident Y-ray

Scattered Y-ray
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m hv (b)

‘A=||

Compton continuum

A

No.of counts
A <4_
y
A
m
0
v

>

Compton edoe —p L 4

o

Energy

o L a 6] o/ a o a v
AN 2.30 LaAIUIINNITAUNITNITZLAILUUABNUAU (3) AN NNITLARDUNIVDIIIALNNN
(b) NMsnszatendsuesrenddudiannsou

(M17: Helmuth, 1998)

cs' a o o o a o aY v a1

NN 2.30 ynmimzwmﬂqﬂumamwawmsumaLaﬂmauwimzmm

| A & g.J/ 1 = [ P = 1 1 1 Y] a < a
ADLUBIAD AILA O DINAITUFIENA T 19 E. AD YDIINIEMINNANUGIAAVDIDLANATBUY)

ATLIINUNAIIUYDISIFLNULNNANNTENY

2.10.3 dlnASuva9SIawnuNn

A5NAALUNASUYDISIALNUNN T AN UFUNUSTE MNP UATAI UV IS IALNLLN

'
v a [ o

Auiadn Teefsdunuundsunilonaiadsingnsallaledianninlauin waziiied

=3 P

wasuguiagilenainUsngnisalndanagdidnaseu uazusingnsain1snssisuy

(%
=

pondfuifintu luusingnisallledidnyin Sedunummagdnemndanuiiomualiituaasii
TiddnaseungaesnaInesne mniinaunsagand undsnusidunuiiuazdidnaseul’
Ievaonun ldiendudunsisoniintuiiosnSafomionarendinuaslddyanaeonu
Fieuwindundsnuvesdsdunuun wu Tnsdunuunves Cs-137 Tindaud 0.662 Mev
melddeuly 3 4o fie ﬁﬁ’@@mﬂﬁu%’aﬁl,l,ﬂmmié’ﬁgwm Lif5ed8uy 1 dviain ldfideyayn
sumule 9 Lﬁmﬁﬁumﬂuaaw%‘@mum

anpSusdveunamazUsIngudu 3 1 Auansfeandsnudedunumn 3 i
Fanmdl 2.31(a) Fa58n71 Wladfia (Photo peak) w3e fiAndasuifia (Full energy peak)

F1urelnla N AT U UNEIUSIFLALNN fatu Cs-137 Tt 1 Tladia weluaduduasetiy

[
a =

Lannsainanasusadunuunlanudouly 3 Terinaniunl Weaindunsisenning
meluirinreudnfinnududeou lnsdueg fUndeuvessad vwniiin uazslinvesivin

anasuile JsaunsausInguaresdunsnzenduy 9 launune fsniwi 2.31(b)
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Counts/Channel
Counts/Channel

0 0.5 1.0 0 0.5 1.0
Energy (MeV) Energy (MeV)

Theoretical gamma spectrum of Au-198 Actual gamma spectrum of Au-198

A 231 awnadusadunuunves Cs-137 (@) awnnsuiinaungud (b) awlnnsuiiia

mueduaisluiosujiang

(fun: waaad, 2553)

2.10.4 szuvdnsedunuuuuuansneinvianasullenuignsse

Y

=% o o

S3UUIASIF NN TN LIRS EUUTRSIFWLNNLILUUANSNIA YT TALI DS
unflynuIansga (High-Purity Germanium, HPGe) Miillassasauiinlauanidea (Coaxial)
LYY le’d 1 [~ a | LYY a = o [y
Wiawuuiiisusiadunsanssueniasivedninseina invialaweaidua mngdmsu
Tin59dluus nundnrasnitidnsad@ainaniizwing suludsuiaun MIUIINRNENLIBTUN
a Aa v | v a o | Y] = |
Weugunsenssuaniidsnuuenasunimedvion diudululanlessuvedluseu Sondi
v U wva a o A& = & ~ = | v a a Aa v
Wrinssdviladl (P-type) v3ailundniaesundougunsanseuen Faunsaediieuntanuly
dsuuenignlessuveslusewsenit Widavdadu (N-type) Nfinaningunnlasasg
avnauansnaihvlaesunienuiansassianisoungiinn Wesmniiaesundewd
1 1 q:/ = o CYY) 6 = a 1
¥99919 (Energy gap) wAUUIEN 0.7 eV Hufon1svitnuvesiinmesuluunnyialy
aunsaddunslangumgivies insizgamgiiviesiidgeanenazinilenilvideannandeny
WAnnszuasilua (Leakage current) siaiy n1saliunsinssdmeiiinesundeoudosinld
gaumniiveirinaad Weannszwasiinanina1n Jadudyarausuniundmalianuause
Tun1sUeANa991U (Energy resolution) diA1tauas ieNazsnemdniiindenesualilu

annzlulasiauiigamgi -196°C lagld Dewar Fuluawiu Asnmi 2.32
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s
a

AN 2.32 Frinansieinunvliamesullenusansgs

Y

winazgnussqluaunsalnaeidu Fuduagayiniaiedesiugumgl
31neINIenkIndeNa ety i TRasindesiuuures Dewar 3aU557lulasiauman
wannsihaulaedevesiiiawuumesunlen Ae Wesidunuudnlulungn rinazdanal

WAnlooouniiuszauinuazlszaau taun didnaseunasleafidiuiwii o fu wazilew

q q

TAlnAast I w et IAUNENAUaE AW ViR nTenalNH KL i lieE N ud auulda

[

Aevu leesuniseyneniivsegbiintunszgnaaludaalnii leesuiiiedussiduujnie

[

Aundaungadglulundn wavilloreiinuuuiaesunieniiiussuuvenedyginuuag

I [

MCA fanInd 2.33 Adzaiunsansiadanazdinsiznusuiuduiunded ladeayanngiain

=2

28n1132g luTUNINMToUTUTENINTIUIUYDIVD MCA Uazdrurudastduntdulaain

PRI ULAAZ DIV MCA 158077 ALUNASUNSIIUYDITIALNLLN

Lid for open and close

Lead wall (6 cm thickness) Canberra
—— Plastic shelf to place sample Model 727
| Detector Canberra Model 2007 (2X2) inches
A
Printer
Preamplifier » MCA

v
v

Amplifier

\ )
! PC computer

High voltage

Canberra Inspector 2000

AA 2.33 szuumsinanasuvesdunuuiasaunsainidfgy

(a1 - WASTNE, 2545)
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2.11 n15USUMBUUS UL LY

aaa LY =€ o 1

WeFadfnufAsefunandiegsaziiamsatammdsnuliiunandiegeusunnves
wasusetntinndnfegganauld Bendn n1sgandussd (Absorb Dose) Hutheilu
38 (Gray, Gy) USunaused 1 Gy wisuwindunaenussd 1) idansiegnmin 1 kg aandu

01 TneUsunassd@nlasu 1 Gy Wisuwindu 100 rad

1 Gy =1 J/kg = 100 rad

AMUNFIUv0939a eldmiieTadu Sidnnsaullad (Flectronvolts, eV) wasanu 1
eV fiatdosunn laevialdazldidusnuiuminvesdidnaseullad town Aladidnnsaullias
(Kiloelectronvolts, keV) wngdLdnnsoulliasn (Megaelectronvolts, MeV) @11 SUNUIBUD

o i3 a a o a [} 1 av v a 1 =
msfmueengmmalindidnaseualuslawuudlussauaina Aeneilaasiivig U (year, y
& =K 1 a LY} I a 1 a =
38 annum, a) N3t gnuaNLLdunaIwegardrIneanulunte Alaweud

(Kiloannee, ka) lunzwauil (Megaannee, Ma) Lazdngziouil (Gigaannee, Ga)

2.12 fusiunnwSedlusssua

TusssuniazUsznoulumesafusiunsed daanunsoaanemldlelelndliiaiosuas
UanUaesadeanun loun eyniauoan dnn wazsdunuan danainunasiudedidu
dudsznovvedlanldun Au fiu 1 uazufa Wy ey (Th-232) guadlen (U-238) way
TnunaiBen (k-20) lelalnUfiusiunssdmatagiviinaunnsaiuly suanwnieanssn
Fandazaaedinumdnassiin (Half-life) uenainilfadaoadiniinnainuenlandndae
gaiflon wazneSoudulelslnusdniinsaaneiedondwihddSonin “oynsn” wazay
WAugnd lolalnufiafiosdansedl 25-2.6 uazdmiu k40 fleglusssud 0.012% e
A39TIN 1.277x10°%y amﬂﬁagmﬂﬂmﬁﬁmﬂ?ﬁ% 1.6x10°y nanewdu Ca-40 Tindsau

1.311 MeV uaziinufjAsenisdudianaseu (Electron capture) naneiueisneu-40 il

=2

ASITIR 1.19x10'° y uazUanUaassedunuung ey 1.460 MeV f986n51n15d8anusi 269

v a1

AN 2.34 datussARI nsdudadunandag1eatuisanvatdulsunusidsned (Annual

Dose) 1§ TnensTiasnesiannu3una U-238, Th-232 uaz K-40 dadudaduddnyfiazinluld

a

Usgleiiumsimueeigmenulusued wazssdivememeatindiannsoualuslowuud
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A15199 2.5 LAAIUNTUNNTARNEAT AMNANURREY0ITEIaN Ta1 Lagknuin Lagas

TinvossaiudunSsdluounsy U-238

lveznay (Z) d7lman  nisdaaneda AN (Ty.)

WA (MeV)

a EB EY
92 U-238 o 4.468x10°a  4.198  0.00815 0.00136
4.149
90 Th-234 B 24.1d 0.0506  0.00935
0.0249
91 Pa-234 B 117 m 0.8253  0.018
92 U-234 o 2.45x10°a 4773  0.011 0.00172
4.721
90 Th-232 o 7.70x10°a  4.688  0.0127 0.00154
4.621
88 Ra-226 o 1602 a 4.785  0.0034 0.00674
4.602
86 Rn-222 o 3.8235 d 5.490
84 Po-218 B 3.05 m 6.003  0.0705
82 Pb-214 B 26.8 m 0.2072  0.2486
0.2274
83 Bi-214 a, B 19.9 m 0.6482  0.6093
84 Po-214 a 1.64x10%s  7.685 0.00008
82 Pb-210 2233 0.0042  0.013
0.0161
83 Bi-210 a B 5.01d 0.3889
84 Po-210 o 138.4 d 5.297
82 Pb-206 stable
it orcr, By 4281  2.27 1.753

(‘ﬁm: lkeya, 1993)
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A1590 2.6 UAAIBYNTUANTAREAY ANdeuRigvesfediear Oa1 uazinuin uag

ASaTInvesaiuiunsedlueunsy Th-232

. WAWU (MeV)
lveznay (Z) d7lman  nisdaaneda AN (Ty.)

a EB EY
90 Th-232 o 1.14x10%a  4.010  0.0104 0.00130
3.952

88 Ra-228 B 575a 0.0104
89 Ac-228 B 6.31 hr 0.4516  0.92870
90 Th-228 a 1913 a 5396  0.0184 0.00322
88 Ra-224 o 3.66 d 5674  0.0021  0.00989
86 Rn-220 o 55.6's 6.282 0.54970
84 Po-216 a 0.15 s 6.779 0.9060
82 Pb-212 o 10.64 hr 0.1702  0.14810
83 Bi-212 a B 60.6 m 2172 0.4667 0.18460
84 Po-212 a 0.307x10°s  5.663
81 Tl-218 B 3.07m 0.2147  1.20589
82 Pb-208 stable

it orcr, By 35932  1.3462  2.4860

(Hun: lkeya, 1993)

K-40 (0.012%)

W€~ 1504.7 keV
(Fxgi‘r@d)

, Emission
4
7/
/l Emission of of B
i articles
Emission of, B particles p
(0.16%) Ca-40

Ar-40

AN 234 URUANBYNTUNTAINEFIYDIE R NTUATIE K-40

(#3: Goffer, 2007)
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2.13 Wiy uazauUfvasaynIakaant Un1 uazadunuun
Weswiudundednusssunaiianisaaeiidalilandaegoyniauear Inn
wagsnuEedeuniudlUlundndege wagyhdunsisenfudidnasewiliinnisayde

[ @ a

Wi urafinanuunnsesilidiinaseuavaudmlunguiniivdidnasew mstandaau
v = aa ! =< U 1 dy LY v av du o a ! =
yos3adkean dan wasknuuisundndednell dnagiandensedaunsodsiululundn
U ! o U a o v a = U ! dld 1 ! U
Arege dmsuiidevesseduaant Oan uazwnuunludiegafidanuvuiiiuvinty 2.6
ke/m? (lkeya, 1993) UAAIAININT 2.35
2.13.1 aymavsaieduaan

$9dwearh (Alpha ray) faudfidusynia uepssdasendt eunakean 39
i Saeuazanaunn doruanzgvearan Adevessiduoaniazwlsiunundswiu way
Tansnanansededounii1u amsusedieariingsany 4-5 MeV Tiduuseanas 15-20 um
dieFadueanirudlUlundndiegnasiindunsisen wWewn nisteesludviliiAnaiy
UNNTBIUNAUTUIUNAN H1UN1Ta8ToUNSIUNIAINNTYULULEANEY wagnsyukuuly
gangu usdiulngaziinnisagloundanuain msvuwuuligangu Aduvessduoan
Useanad 10-20 um Wenudanndiduiiuaudnalavuin 2-10 nm dwaliiinanudeniey

a o !

wnianld lnganizegreddudilatgvesiideasi dnsnisgyidendenulaeaisnevie

ee €€

(as]

Ao a = t:l' ] 2 (% g o LY (% 1 aa Ty
JeUEN N TadRR U (dE/dx) nTendenungndaas aatu dmiudiegeanivunnlng 5ad

a 1 a Y 1

wearhaglianunsanganule aviinaseiinieusnvesieg1aintuy

2.13.2 ayn1anIadedtng

[

aa IS va A a s I < [ =
$9dU01 (Beta ray) flaudfimiloudiannseu dauniuiiiuieas de1unangg
ngaU1unNas WaeveesIdufasUsiumung11y wagiandinaensednasuiuiu
! a v v A a o a < v a ! v oA
wWuRgnuseduean iinlesslude danusilndideas o1mnavgauaniItsediean

amsuadEUandsauyseuin 0.5-1.0 MeV dfideuszunas 0.7-1.5 mm wagsg1u1aney
q

neaegedn 2-40 mm Wendsuniiuliluiandinaranidsiteyludussiinnisannau

&

ANNAINTALUNITVIEANEAIUTENIN 2 mm
2.13.3 SaEunUN
$58wnuun (Gamma ray) Winnnsuanuaesaduudwadnluimselnmneu
(photon) LsifiautAvesnsidueynia lifina uaghifiusyq uiiindsanusnniign onafld
Faus eV flg Mev ffideusvann 6-9 cm LAYEIUNINEANTAINFIAN 20-30 cm Fefidevaq
Sedwnunlufiun Uszanas 40 cm fadurinldldSsdunuunanandwandeududulng

mm’jwmmﬂéf’gasmﬁﬂﬂag"luﬁu



(a) Energy (MeV)
102 __ _107" 100 __10

Range (mm)

i

10° 108 T

...... ) B-ray -7 y-ray

Ml 2.35 (a) idoveseunitaueant Jon uassidunuun Jaduilenduiundsaulunde

MeV ¥8939dn1153511A kag (b) nndsenauwkursdmiuiiduvrasounia

woan Jnn uaSedunuunveamsuHTaananely (@nasiiv) uasneuen (gnas
Us2) voenseaniileeglunnausiu

(ﬁm: lkeya, 1993)
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2.14 msmadsuuisdsied

dloegwmnnvontdnuaraundemvioiu kudunsunawieuiiesns uasgnardn
Trfegluguuuunsning 0-90 um Bouosud Tasazgnihunieszsidiomaila NAA o
USinamnuidutuvessiniuiunisdues U-238, Th-232 uag K-40 Fenadnsilidanan

YDINTIATIZANTIR U-238 waz Th-232 Tnrernudududuy mekg w3a ppm uaz K40

<)

findrganududuiuesidud (%) awsadsuwladieyTumizeveduTunnsdned

- o Al

(Annual Dose, D) fio mGy/y (keya, 1993) Feimnaildnnndenus @i ldannisaaissiaves

v W v a

51 fuiunsed () fmbedu Mev dnsinisaanedivessiaiudunsad (A,) Sndiedu a’

9
(%

o LY v = 1 [ 1o v A
LaZNUIUDEABUUBDITINUNUAINE (N) AV RLIIRVAY ke™ 39U

MeV
Dan = z}\'iNiEi
kg y
_ J eV
= YANE X1.60218X10 " | —X10°
eV ke*y
_ Gy
= 1.60218X10 " (SANE) | —
y
D, = YANE X1.60218X10 "~ [mGy /y] (2.49)

[

el AN feo  dwsnisaaeiselamnsnalannmaid@in T,, fd

AN =(n 2/T N =(069315/T, N (2.50)
e Ty, Aa ANASITINVRISINTAANEFIEIRUN | wazA Ty, NAINGINERSTU

9 ! o A

ANNANIALLLEAIANRNNTIN 2.5 LLay 2.6

(% '
v v o [ v v v aa

ety dmsusaiuiuddnedluannaunaiuiunsidves U-238 Weuladu

AN =4 N =2 N (2.51)

238 238

Wle A, Ao dnsnnsameiivessny U-238 ludieea
Nps  AD  d1uIuezmnauvedsis U-238 Tuiiegns
Aty Usinausadnelaessns U-238 Tudegssnnestidnuaziusousneeindn axiduly

AINANNT (2.52) Lﬁ'aﬁmuﬂﬁaaéwﬁﬁm U-238 8¢ 1 ppm (1 mg/kg)
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D, (U-238) = 0.062879 x XE (mGy/a) (2.52)

LAzt R uAuNITINTaNdmSuRI8g1991 1519 Th-232 8¢ 1 ppm (1 mg/kg) Waw K-40

Tu 1 % aglassaunis (2.53) wag (2.54)

D_(Th—232) = 0.020514 x XE (mGy/a) (2.53)
D_ (K—40) = 1.3394935x LE. (mGy/a) (2.54)

NEFUNIT (2.52), (2.53) Uag (2.58) HATINVBINFNIUIINNITAAYHA1UAIVBIEW
Aulun$ed U-238, Th-232 wag K-40 @11150A113 A 1N NN58818M 9010855 UYIA 04
aunsy U-238 way Th-232 NivanUaegauniawea da1 wagSsdunuunmmganusng «q ay
M131991 2.5 hag 2.6 MUANU Lagn1saateived K-40 YanUdesaunialnn uazsadunuun
S o ] = = A vy o v o ] ° °
INSIUANN 9 M1UAINT 2.3¢ Fadlalindsnuainnisaaieiinananagaiunsadnluiiuiu
AUTInusdreUveseuniaueait In wagsedunuu NNAIIUMTAAEAIYRUAaY
aunAlUERIIEIUAD 1 ppm 138 1 % Vo5 ANTunsSed U-238 Th-232 waz K-40 dadu

v PN U can v ! a
NAPIRIT1IN 2.7 (ﬂ?ﬂ?iﬂ@]NﬁﬁWﬁW‘lW@BNa%LaﬁlﬂiuﬂqﬂNU’Jﬂ n.2)

o Y v 6 ! a ¥ v v v A o a v a1 A
A15199 2.7 AnuduiussEnIeUTInuAudNduvessinuiun S duuTunasdned
\eaainounianeant a1 warsedunuun dmsvaunadiuiunsedves

auNIUNTaaNesd U-238, Th-232 uag K-40 Tusssuyi

Usunaussdnatl (mGy/y)

N13EaNEAIYDITIANNTUATH

Da DB DY
U-238 (1 ppm) 2.6916 0.14273 0.1102
Th-232 (1 ppm) 0.7371 0.02762 0.05092
K-40 (1%) - 0.67805 0.20287

(1'7i3J’1: lkeya, 1993)

A1R1NANTIN 2.7 AzdiluAnaniemAUTinus ddelveseyniaweani In uas
Funuan vssrmidudule 9 Tuieds Aldanmyieszisnemeia NAA Faduluaueauns

(2.55), (2.56) wag (2.57) l@uslay lkeya (1993) éfﬂﬁ

D(x = CUDU—u+ CUDU—OL (2.55)
D, =CDyy +CyDysy + CO (2.56)
D, = C,0,, +C,Dy, +CD,, (2.57)
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=

dlo  C,, Gy way Cc Ao USuaumnudutueessn U-238, Th-232 uag K-40

v A 1

D,, D, wax D fie UsinauSedsieliinaneymiaueariy U wazSadiunumn

v o
v A

deswmnmsdrauasiuieg wnuidaegennvesIandfnwiluasilgnileglinu

(%
a v v A

Fulleeglafumussuyivglasulsinusidansssunanudoeninainsinluiu 53Ny
aad P A A v v & a a U a1 a °
FITUPIANLABONUIAINT UG INMBEUIRADNAIY AILUNITRAITUIUTUIUSEH R8T avINTS
[ 1% [ & 5 Y 1 9; & a 1 a v 1
weneanidu 2 Usstnnaienu Ae vislusegegnnesinan 138n11 Usunusdnelunel
(Internal dose, D;,) Laz@IWINABUTOUMIDE1OEUIIANIDAY L38n71 USuuSsdniauen

siaU (External dose, De,) H5180108AAH

2.14.1 Ysaauednnelusiat
UsuassdniglusieU (Intemal Dose, D;,) Wa15aulaianusngn1sainIsue
FeElusssumAnuieanunINsnludwInesnInlusall 3 cm vatoyn1ndnn wazlusedl

0.3 mm YeseuNIALeaNT Fallauduiusauaunis (2.58)

D, =D, ,+D,, (2.58)

n n,

2.14.2 Ysunaudednnguansiel
USunaussdnisuensel (External Dose, De,) N91304191NU5INNITAINITUN
Fedlusssuvanudeanunnsnluaulusail 30 cm vesFedwnuun uaglusall 3 cm ves
(% (% s

aunalnn wazArUTuusedasaineield (Cosmic dose rate, Dy, FaiAUAURUT AL

a@un1g (2.59)

D = Dex,[i + Dex, Y + Dcos (259)

ex

Aty Usunasadnal (D,,) dmsunismengvasiednsminresuidn 1uly

MIUANNT (2.60)

D =D +D =D +D +D +D 40D (2.60)

an in ex in,a in,B ex,p ex,y cos
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2.15 Jadgvasnisannauied
dmiuAUsunaidnetiilosaneunianeart Ua1 uazunuun NAUINAIEANNTT

(2.55), (2.56) way (2.57) Lﬂummaqmmaﬁmﬂummﬁ 100 % Taefililasunansznula 39

[%
a wva

Liduanngliianisaansuvesdyarausodisla witlunisljiftu Jedevesnisaanay

[ =

SedroUunadrneliograteUadesieiu 1wy nsanvouvesdaas {HeIINVUINYDINT

DAY

a a

a = a 5 = & da < v
ATNOUAL LAZNITAANDU L UBIINUTUUUN Wﬁ@ﬂ'mllsﬁumll@Q’é‘[’u@u@nﬂﬁiﬁﬂsﬁqm WUy

Y a a

\Hesnnaanssoaynia Mdudinszdudidnaseu Wy suniakearh eynadn wag

[

= | = S = =
Fadunuun luwdageyniavieaasiy danuansalunisnzadlaluszey 3 cm Tuvuei
ayn1Akoan1dAuaINITaluNITNEaNEaInies 0.3 mm wirdu Ay lunuddeiinin
a - ! a v v o ' S & < 3
farsanleeiiuiegndaindenlussesdail 30 cm lnelifmegrsmnuestandugudnans
gyl edunuaniiusedninmsenisnganzasla 100% diueyniadninaziearign
anneulunusnnvesalinnzneufunegelddwindeutiu
UONIINFNIINITAANBUAMUAINTATUNIINTEAUSWLTBINIINAUNAVDIYUIA
a Y o v Ao o A oA a I a & Aa Y !
nenauRuLigildadend 1Ay dnedvfe UsunamesimseUSinamuiuniegludiegis

ANUFTIUVNR (Water content, %W) u18AIUI1 USunaid vsemnudy andusesasiiay

Y

TurpaIwesnu FaUseanSnImnisanneaursdisg19ndusunuuraziawnnsenuluwmay

ouna TaefLoarin 50%, Wi 25% wazinian 14% (AARA, 2549) fanwdl 2.36

AN 2.36 N1FAANBUAIINAINITOLUNITNEANTAIVDDUNIA ANTUANINTIE LB
AuUlufiIng1e (a) Ussdnaninnisveansaivetaunia Welikiudinaisi

a5 @ L3 a a = 1 Y A
Tndussausznau (b) UsEAndn1mn1sneanyalNneseyn1alonIuiInas

v
o

Fundussrusenau

(f13: Aitken, 1985)
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a1un50uUSuvastn (%W) Tudlegramlaanaunisaeselull

(W, -W,)
= —— X 100 (2.61)
W

d

gl W Ao Usunauludiegng (Water Contents (%), %W)
Wy, fAe wavessiegralen lunie ke

Wy A9 1navewiiognawis Tumie ke

v A

AatunIsmAUIINusddelveusiazoynia 3 nauns (2.55), (2.56) waz (2.57)

a & ' a U o1 A \ A a 9 a H
a1 UasulduNITANUIUIAUTIER U ILABZ D UNIATILANIINAITAAN DO UAIYUTNI WU

[

NIDAMUTUVBIAIDEN AIANNTT (2.62), (2.63) uag (2.64) fiail

D. =D,/ [1+ 1.49W /(100 - W)] (2.62)
Dé =D, / [1+1.25W /(100 - W)] (2.63)
D;=Dy/[1+1¢mw/moo-Wﬂ (2.64)

wazumetuUNUUSIIs@nelukazneuansatainaunis (2.58) waz (2.59) azlaaunns

[

TndJunuaunis (2.65) wag (2.66) mﬂf

!

D, =D, +D, (2.65)

in in,

D, =D, ,+D.  +D_ (2.66)

ex S

[V

fraviu aunstuivesUSuasiddeUdetniusuiaivsennudu 1Wusail

! ! ! /

D =D +D =D +D +D +D +D (2.67)

an in ex in,a in,B ex,p ex,y cos

UBNAINATTHAITAUINITAAVOUVDISIFIINVUIANENBUAY AT UNTDUTUIUVBIUN

o v 4a 1

Tud981991U5 55U R LA F9FAUDNDE19NFHITN1SANASUT UUAD AN1USEANTAIN 130

o

A1AST k Baspnuunnsaslundndiegeiiinaineyniakean Un1 Lagsedunusn Jaasien

wansiulagfued funandiegevesiiaiy 9 Aui Usinudnelilesanauszansam

MAnaneunauean Jan wazunuun Wuluauaunis (2.68)

D =kD +kﬁD; +k D' (2.68)
an o o Y ov
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' a Y ) ! ' a o o
A1AIT k VeBuNIALeaN (kd) @usavmlandnsduseninelsunasdazanain

N15R1859FLNNNT (ADy) AeUSunassdarauannn1sanesadlaani (ADy) ANENns (2.69)

k = ! (2.69)
AD

wazA1Aef k veseuniadnuasSadunuun tnsdmlngasinisagiiuend k iiesainien

[

Wity 1 (ky =k, = 1) ity lpaunisiva fadl

al

D,, =k,D, +D; +D (2.70)

lagahulugagiinisasiiudl k dusveyniatnuazSadunuunnsizdanindu 1
(k, =k, =1) due k dmfveyniauearh annsamldandnindiuszuineunnid
arauanNMAesdknuNIse Usinassdarauainnisanesadiean delu aunis (2.68) v

naneLdussannis (2.71)

D,, =k,D, +D; 4D/ (2.71)

al

lagan k dmsuayniakean mileandnsdussninUiunusdasauainnisaty
Sedunuan (AD,) Ay Jimnassedazanannnsanessdusan (AD ) siveuns (2.72)

AD,
k = — (2.72)
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[ ad o 14 a aa a g
2.16 %aﬂﬂ’]iLLaS’Qﬁﬂﬂiﬂﬂ%UQEﬂEgﬂ’lEJWIﬂ‘L!ﬂE]Lﬁﬂﬂiﬂ‘i«lﬁﬂi«!lﬁieﬁtmueﬁ

TuduvesiideiiluniseSurefmgufuasdunouunsgIuuenIsinuneIysae

[

a a o a s IS o L 2 v a a a v 1
walABlannsouatuLslguuudLas Y1 AeIN1TInUSUUSE mwamammmalﬂu

2.16.1 nanmsmuuaangmewmaiadianaseualuslonuuduaznsinged

<

didnaseualuslanuud (Electron Spin Resonance, ESR) luwmadafiugiu
INNFIATITRNANsENUTDIAI0E 19T lAsUSEnolesou InesidazneliAindidnns oulas
lgangludiegng ilviineyyadasuazauunnsasdu GemnuunnieadaziAininudy

[ a = < [y 1 PR 4 [y Y v a = v [y
VONALYYIU ESR LWUNNNYU Taeldusnsrdiuniusgiuanuinduresdly Feaonndesiu

Y

(% '
U A v =

USunaussdgandunisnuniidiedalasu wealiadidnaseualuslawuudiasyinnismansan

v A

USunasadganduazanluingnidlunanfvasniessalineanadlusssud tneaiulng

Y

(% L% v

wansndutunisdvesginion (U-238) neden (Th-232) sauvisilaadvassingneng 4
warlnunaidon (k-00) ideglusssumivioagluingluin Snidslifadneaiindning G
mMsUsziduviinassdganduasauildiusdlusssunananundrsduaunsaildlag
Uiuiisusenisatefadiiiudn U luviesujiing winhmsiamenududygiuveusias
Usinafsdildvinisaediadilu wdwhnadouniuanaduldavesnisidulauday
USinaussd 381 Growth Curve deanansatszanaszaznaniifiegisgnileSonaniiiiy
lundsannnisnesivesitegsla (Limsuwan, 2008)
dnsuanududuvesinadidnaseuldgansamlaainnisusziiulag
nsgenduvesnduwimanliintadlulasnidumudivesdygn ESR dediannseulss
wgniniiulagdsdeuunielunau M3unsie 9 91 AnuuAnses (Defects)
dusunisiivuneigsismaiadiannsoualulslawuud (ESR Dating)

aunsavimMsUssanuAoefmegalianAuduTuseaNnTs (2.73)

T, = —= (2.73)

=

el D, Ao USuuSsdazau (Accumulated dose) ety nse (Gy)

D, fo  USuausednet (Annual dose) vy fadinsdsel (mGy/y)

TUAMA 2.37 WAAILNUAINAITOSUNELAEINUDUATNSEIUDIS I MUSTTUINRA
U U 1 ;% 2 a = o U dl’
Audieg1alagldnann1sesuIen U B wuUTIaIMaUNG 19U (Energy Band Theory) @4
Jsenaumignaulitaus (Valence band) waun15u1 (Conduction band) WaghauR 99113

(Forbidden band) finszuiunis fe Wedidnasouvesiannialudiedalasundsny vili
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& &

Aenswasuuvasneluesgneuvielassaiimanvesianiusieguluilueyyadasy vl

[ 13

Ananndidnaseudings Jalalunseiuiudidnaseusnisngiulugniniiu (Trapped)

Y

Imaawa@aisﬁ?ml,amﬁumﬂLmUL’JLau% (Valence band) Tegluuaunisii (Conduction
band) wazvhl¥iAnvau (Hole) dulu Valence band luunslenadidnaseuuasvauiiazniy
swsiulllaeviuil (Ussas, 2537) widulvgdidnasoudngn Trapped lngayyadasevse
Impurity ﬁazﬂu Conduction band Wunamuu wariivsinaafindudes q muusinasan
$suidisnd shlididnneulsadlngmauduasauegnaonaardugniun (Gran, R. 1997)
wanilovhnsnsiatademefiadidnaseuaduslenundaninsalnd (ESR Spectroscopy)
Imaisﬂ’ﬂﬁlulmimnWIumﬁmU'%mmmm@Lé‘ﬂmauﬁﬁjmam’amuLLajmﬁﬂ Jeladyuns

A a & Yia v v 8 a
@fﬂﬂauﬁuawaﬂaLaﬂmmﬂ,i@wLGUWVLUazaﬂuqumLﬂuaLaﬂmau

" Conduction Band | © Conduction Band | © Conduction Band

Irradiation Storage ESR Spectroscopy

1 I
I = 1
} . ! I i
= T I i ok EEE e
itaaandenad i I |
s ) & i N
: s 1 i mmmnEnEn
I — |
! ! ESR signal
1 Trap Depth 1
1 T 1 Microwavew
% Trapped : Trapped : Trapped
Q
& 1 |
1
lonization 1 Q : Q
Hole Center | Hole Center | Hole center
1 1
I 1
e HEae L 1
e N o S
.- Valence Band i : Valence Band : : Valence Band = -
1 I
I 1

v v

AN 2.37 LEUAINNISAATUATAS1N8TULASIAS NHNA NVDIF A998 MINTIENUT AR

9

F0819 InUAENANNISVOILUUTIABILAUNSIU (Energy Band)

(fn: Aitken, 1992)
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2.16.2 FBnseiuUBanasd
msfmuneysedianasoualuslawuudvasiiogamlusunfuag
sEINgNELNsIlara1e78A8i Y WU Wait and See method, ESR dendrochronology,
Plateau method, ESR isochron wag Additive Dose method Wudu %QMﬂ’lﬁﬁﬂiUﬂ%ﬂﬁ

Imaenldisn1sinuyIunused nieisendn Additive Dose method Tunisiinuneigues

= a a

NVt IAdEATABLENAsouATuL TTLLLT (keya, 1993) & fiswaiBondesolul
Fen9ifian3annused (Additive Dose method) azdivdnmsfiugiuanainns
fnsananududygiadidnaseuaduslowuud Jaianuduiusfuuiuaanudures
AuUANs 0af dluf0e1 Wief azausaUsinaautud uresauunnsaslueiales
FBnsifiudSunassd (Additive Dose method) vhlalasnisanedadliiuiegn uazdsmai
Tauunnsedlufegnedivsunaumniy Fe3dfiaodnlulvsuiogdonldsedunuanain

funde Co-60 vse Cs-137 falusuitedlavaanldnuniinain Co-60

«— Past —Present — Future — « Past — Present — Future —
(a) ESR Intensity (b) ESR Intensity
I ____________________________
s
Natural Artificial Natural Artificial
radiation irradiation radiation / irradiation
I IO ’!
0," \ ,’/ \
Doc 7| “Natural ESR Intensity D.. . | Natural ESR Intensity
(04D, /D,
|- (D)=1,(1+D /D) L (D) =1,(1-e )
Additive dose (Gy) Additive dose (Gy)

AN 2.38 UARIAMUALNUGTEWIN ESR Intensity WsuAumsiiuUSinauss@luuTunasig o
A2835 Additive dose (a) HuunluunuulTdy way (b) wuudum?
(#1317: Ikeya, 1993)

PN 2,38 wanseud LS s e ureadyaal ESR funsuiiy
U3naudad a5 Additive dose Fafluwuiliueuduiug 2 uwuufe wuudad uaswuudush
Tunsdinuduiusszndng ESR Intensity U Additive dose Aifluwaldunuuidadu fanimi
2.38(a) uansliiiuinduvauiniiudidnnsouiiansnsavssedidnnseulunguladniduszes

U d@ulunslANNFURUSSEINg ESR Intensity AU Additive dose ATILWALTLLUUDLF
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Fanmit 2.38(0) uandliiiuimauinAudidnasewdy iesnvquiniudidnaseuiidadrinly
mssuBidnaseu nefisgn o niliqunudndidnnsoud

33 Additive dose Wunsanesedifindnlulundndegns vilnenisatesed
wnuzanduinda Co-60 luszaulnas q wdniuseavlnad uluides q wiefnu
AU szt audivesdan ESR senflamheuinasdvioseni “nanns
MOUAUDIVDINANAIDY19FDTIA”

35 Additive dose dwalsi ESR Intensity Suwaliuistuluufneiuszs
Usnauss@alésu ) fAwviiunanuuesUIinuIEINIs Additive dose (D) Aunainisany

[

398 (¢") 2219 D = D't Mwauns (2.74) way Fan i 2.38(a)

D
|+ — (2.74)
D

ac

(D) = |

0

MRUAMA D, = Dt wazliio D = Dt” aglamuaunis (2.75)

1,/

Dt
D) =1,| I+— (2.75)
Dt
We  lpuag | ) AL QYA ULAYWAIN1 TR 5E
D ) Usunallaasednlasuannis Additive dose
Dac Ao UsunuSedasan (Accumulated Dose: D..)

a Y] I @ A v g a o o .:4'
ﬂﬁm@'ﬂllm]llﬂUﬂu’]ﬂJLLlILWaﬂNLLu’ﬂu&ILﬂULL‘U‘U@Nm'} LARIAININN 2.38(b) Lagnu

aunns (2.76)

D) =1, (1 - PO ) (2.76)
drvualit D, = Dt wawlep = p't’ ldnuaunis (2.77)

D) =1, (1 L e ) (2.77)

e | Ao AULTUDUA

'
v Ada o A

D, fAe  Usuaunseruleassdnsud dawvindunisenused b’

wardidin (life time) MAnnsdud T,
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[ Y7
[ % [ a

mM73Teluas il 3elatenuseasdnagaidunsinein1018vewINneeunInan
wadlusaafianUlfzlss anemu dwmdnaga lagldinaiiadidnasoualuslowuud
v & A 9w ATy & = W ¢ 4 A A
Aty weliussaaudmnnenasld Tuunilasnaniielan gunsaiuasiasadieldlunismaaes

FIWNTITNMTANRUINUAUVBURANUIFY famaluil

3.1 349 gUnsaluaziadesile

3.1.1 349
3.1.1.1 snnesthanuazauandey (Freshwater shells and surrounding)
3.1.1.2 nsalalasmansn (Hydrochloric acid, HCU)
3.1.1.3 ae@lau (Acetone)
3.1.1.4 nsAweAN (Acetic acid, CH;COOH)
3.1.1.5 ¥ndu (Distilled water)
31.16 m'iélwa\‘immgm (Certified reference materials)
31.1.7 mi%’ﬁmmgm (Standard reactive source)

3.1.2 gunsaliaziaiesile
3.1.2.1 \n30dldnnseuatiuisluuund fu Bruker EMX plus
3.1.2.2 \A30aane3sAunuLNYTn Co-60 3U Gamma cell 220 excel
3.1.2.3 iediATginiaidisanuusadiond Su Philipe (X’Pert MPD)
3.1.2.4 in3esddidnnsedndanuaziden 0.0001 g
3.1.2.5 Lﬂéaﬂﬂﬁﬂiajﬂimaﬁﬁﬁ—l (Thai Research Reactor-1, TRR-1)
3.1.2.6 szuuihinfedununinmesisidonuiavdg (HPGe)
3.1.2.7 ¥a8nUTII0EN LAnaenoIUSid
3.1.2.9 \3esdanledla (Ultrasonic cleanser)
3.1.2.10 aoaLMUinA10ng
3.1.2.11 AsnuAa1T (Mortar)
3.1.2.12 Unina$ (Breaker)
3.1.2.13 Tealldalfzuaznannliuadung

3.1.2.14 pglATI50U VU 90 Lag 150 um (Sieve 90 and 150 um)
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msiTeilemengmnuestindemaiadinasouatuslouundildulstunouns
npassoendu 5 Junou tdun nsiiufeds nswIsuseds Feusenevludenisieden
F198 198 S UNSIAS e US IS sl avaunar N1 IviUS i asedn el deundunis
NARDIEINSUNTUATIERUS IS Favay N1snnaesdnsunTIAsIERUsusdnel Lay
gavingazidunisamiaeiguazyssuiaaiauliuiusuresnisnaass nsandunu

aunsaazulaninini 3.13 Fallseavidendsseluil

3.2 MSAUA2DEN

wraslusuanLi Ul Azl se é?qas“imﬁaszﬁufmma 46 m a4 Nim 6° 48°20.2”N
waz 100° 6°20.3” E (1anandiln) danmdt 3.1 wavaruiiunsnluamd 3.1 uanaduunui
Ussinelneuazdminaga @un) Idfld15aa3ud 27 wquanau 2553 Tngsunisnisyady
waziusetnauandlunwd 3.2 Taefl TP1 Aonquyaiiusiiedns (dwinfauinsd 13 awan
nsuAauing, 2553) ﬁ’ﬂimwmﬂﬁlﬁﬁuwﬂuswmi’mqfd’wmumﬂﬁLmﬁaIUﬁmﬂﬁLﬁamm
Thglsy duwmnu ddnaga vdngrumslunueidandriwuiudnmdn 60-100 cm &
s aruadesdufumn anla nszgndnivavreadadenvey wurlaldenvesiinay
&n 70 cm eyaranzdnasluuszanm 80 cm nszgnuosyweAgnIaliidudeiuiuden
woslaviaIssUszauiiduauiiu amudniswedled fe 160 cm wilifddediviaula

99.00°E  99.10°E  99.20°E  99.30°E  99.40°E 99.50°E 99.60°E 99.70°E 99.80°E  99.90°E 100.00°E 100.10°E 100.20°E
| | | | | | | | | | | | |

N

7.20°N - 7.20°N

[ dwnamuiou
[ duwnamunviag
[] dwnaasy

I swnansil
B swnalfiavdna
[ dwnaviun
[ dwnaviowin

7.10°N — - 7.10°N

7.00°N — - 7.00°N
- 6.90°N

6.90°N —

6.80°N - 6.80°N

6.70°N — - 6.T0°N
= Satun Province 2O

6.60°N — - 6.60°N

6.50°N | . . I 6.50°N
-~ - .

ony | | o
6.40°N 0 10 20 km 6.40°N

| |

T T T T T T T T T T T T T
99.00°E  99.10°E  99.20°E  99.30°E  99.40°E  99.50°E 99.60°E 99.70°E  99.80°E  99.90°E 100.00°E 100.10°E 100.20°E

dl dl o 1 ! a a 24 QOJ U L
AN 3.1 LNuLansiwsiuraclusuaativenulfizlsy ey PWNINEARNA
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LIANIU

ARDYRAAU

31/3
ELE = 0516 M.
$

=R

ARBURALL

———

(@ (b)

A 3.2 unur s uvauyeAuveuvatluT i Uldelse dnuvu Sminaga
e (a) Dugnseswasnmeuuu (Top view) wae (b) Audns (Side view)

1 @in@auns? 13 aswan nsu@auinsg, 2553)

1. MYULAUN
(Pottery fragments)

2. 1P5a9UsERuRuLazLASgilaiu

(Stone ornaments or tools)

3. W5a9UsERUNBYMULNInLarMlariey

(Freshwater shells or shell ornaments)

4. NSEANFR ALY IVDIEN

Y

(Animal bone fragments and frags)

v a

o N a Y} Y} Ay Y Y]
AN 3.3 Lﬂi\ﬁﬂigﬂﬂNwmﬂu@uwﬂqUlﬂﬂ']ﬂﬂﬂmgjua@ﬂ-mgjumﬂLLa%Wa@Ni@‘Ul‘Uﬂ'ﬂﬂ'ﬂmq

QU o

= v [y

Tusiausing « NElandauduen Iney (@) NI wag (@) NINA3

(w1 @in@auIns? 13 asvan nsudauinsg, 2553)
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a LY [ 1

AWM 3.3 uanalasanszgnvdgausunnglunisiiang iuesn-nziunnniaud
aeusaulumednglusiasig 4 anmwiedeulaeill AewidefafduiiiesninazUnsssuyid
AelaRAAULNINILAzUI5INYIA NiAanz TueenAanUUIsITUTIRLAZAIUEIINIT) Lasiia

aziunnfniuiiien anmvesurasdunuadiianuldglssasegluanmituiiuinazgiun

FuUU LNTvUIAALe1IUSZII 30 m NA9USENa 16 m anwutduiandalaqdl

Y

v
v ¥ o

fdaunn wagmadie neluduiuglusdnssnuasdamanlés ddvunaniisssana 5
m Anszanas 70 m anmwesuvaslunueiluiigtuiismdluieduldinmiuisn
wideiesiufianufuusitegfifisn udngrundunuaiionmsdsauinainuiiedly
anmiaRuuaglignsumundegnsumudesiian lnsamzniAuuinaiuildifien w
NANFIUNAINNA18UTEANNTEAIUsUURUAUADUTIIUILLY TAKA LAYAIYUEAULNY

Uszianiiledu nseqndnd wWaenvey wazdudiuaziiniunazias ooy ag1elsAnn

Al 3.4 wazBennisihavlunsyaduuvadusueidsnunlizlse @) anmily
vaawnaslusuadiiianUlse (b) neuriin1syarunIsluTIaf (c) NsALEy
AYUATIULYARIWILINITYAAY Uaz (d) Unlusiuandiuiyni1svesdliin
fatns?l 13 nsufauing vinnsyaduuaziiudioeng

#u: drinAaunnsy 13 awwan nsufaunng, 2553)
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naufiufiegisgemnresirinsudidunndouseueinuesindaanuas
lusauadiienldelsey Jminaga lasuanuewaszlunsdimauazyaaundusuag
yesyaanIndtindauinsi 13 awan nsudating Tl w.m.2553 leyadudiuiu 1 vau
fauin 4 m Frundrsdvuin 2 m dseguinuvdufisnuilfylsy uansianind 3.5()
dwsummyaduldsiunsiiasdu et musdufuutastuiissdummudnineiuduag 10 cm
Sanwdl 3.50) iesdleflliyadu Sturdesientnuasedosiionn Wy 1n3es ey Aex Hudy

[

Puagivanmmsviunumadusued vangumdunuedvaranniuluuiasdutureanisynnuy

: | Level (Depth); Sample

1 (60-70 cm) I1o cm

2 (70-80 cm); Freshwater shells

3 (80-90 cm); Freshwater shells

4 (90-100 cm); Freshwater shells

5 (100-110 cm)

6 (110-120 cm)

7 (120-130 cm)

8 (130-140 cm)

(b)

= = o 1% | a a & s
AN 3.5 LAAIIIEaZBEANTTETIAALYAAULTAUTIUARALTINI U ELTE amiu
Janinana (a) dnwasiunguyadu waz (b) N15LAUAI8E 1Y INNoEUIIA
a3

Feanfunisyaduiiazdu Ineivuaduduusiasduiaudnviiaiutuag 10 cm

(#Aw: dinfaunsi 13 d@swan nsuAaung, 2553)
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[

WY

o

dvmsdenewizannnesinda (Freshwater shells) wianfudaindonsou
g (Surroundings of freshwater shells) §3nndl 3.6 Tngidensegneiidaudn
f1afy 3 eau Useneuludemuandans 70-80 cm (Level 2), 80-90 cm (Level 3) wag
90-100 cm (Level 4) Bsswadiogaiildlunisinwndall wasswamyndulasdiindading

= a a (% n:l'
71 13 @981 NSUAAUINT LARITI8RLLIUARNIAITIN 3.1

Al 3.6 SnwazvesiiegsanuasluT AU liElsy ﬁi%’ﬁm%’umiﬁmummq
Frowmaiindidnaseuaduislauuud (ESR) Ined (3) wnvesunie (osLand)
(Freshwater shells) iag (b) AwandeusournMestan (A1) (Surroundings of
freshwater shells)

(#Aw: dinfaunsi 13 d@swan nsuAaung, 2553)

AN5197 3.1 S18ALDUAYDIF9E NINVDLUNIALALEILING BUTAUIINVIBLUIAIAN 1Y LA AS 9T

Depth Sample code
No Level Excavation code

(cm) Shells Soil
1 No.010-TR’2010-TP1:T1-%eglafe SH1-010  SD1-010
2 2 70-80 No.123-TR’2010-TP1:T2-#o8Lafe SH2-123  SD2-123
3 No.248-TR’2010-TP1:T3E-voulafe  SH3-248  SD3-248
4 No.028-TR’2010-TP1:T1-“ouLand SH4-028  SD4-028
5 ’ 5020 No.253-TR’2010-TP1:T3W-1o8lafe) SH5-253  SD5-253
6 q 90-100  No.140-TR’2010-TP1:T3-"oeLaf SH6-140  SD6-140
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3.3 MSIATENADE1S
nsfvunegvesnestdaremaiiad i naseualusluwuug Tutuneumswiey

feg9zhU@aniu 2 dufe Maeseudl1ag 19dmMTUNITIesIeiUS IS d@avay waznIs

|ﬂ4d a

WSEUADEN9E NS UNNTIATIEUS NS sdmeT Felis1eazidensanalul

3.3.1 NSIASEUABLNNAINSUNITIATITNUS U LS IR dza
NS eufIREd S UNIT AT IEAUS NS s avay TuvasAnudiiog19enviae
W3ndesiinisUesiunissuuas Iagyinn1sussydiegadlugann wasuiediuvestuneuy
a o ' & v a v = ¥ a v W a
nswseNdieg1e lnglunnduneudaunisunigluiesdnneldwasdunsad AanImi 3.7

Faeazidenvasiunaunsnsausiagtadusanalul

o a Y] | T A Y A v a
AINN 3.7 ﬂ']ﬁLGﬁEJ@JG]'J@'EJ'NGU"]ﬂﬁ@ﬂu’ﬁ]@lu‘ﬁ@ﬂm@ﬂqEJELG]LLa\TﬁLL@\T

3.3.1.2 thifegemnrestninuianuaretn Tnedradaesradansilaia
Mnuthfegeutlunse HOL Affaanandudu 5% Wunan 1 h iieasnansynudiiatuan
mgmmt,aaW'm‘%nmﬁuﬂwa«%’haﬂw (Cano et al, 2019) MnTugesetn 3-4 A% Araauti
Ta wdnudetindy wavseaunsyasetuis

3.3.1.3 ulshegnwnnuesinaneendu 2 @ Ae druiivisdmsunsieses
ArUSunaSedazay Tnotrdegauuauazsoulildvuin 90-150 um 91ndumeiaege
Fleudsensn CH,COOH Aiflamududu 0.5% WHuan 2-3 min uansdsnnd 3.8 ieran
Fuanarnuunnsesii 6=2.0002 Tinanuswiulunisus (Griscom and Beltran-Lopez, 2002)
wdrdasadietinndu wazeumegsliuisfiguvnd 40°C wdussguasiegafusnely
Tundesilay ielosiuuas uazszysviavesiogndly fanmi 3.9 Wethluasaindya u ESR
waripziUsinSedaran warduildssunuarseusiegwlildving 0-90 pm wiedaszi

1ATsasNNANMBMATIANIEEUUTDITIENTD MUY ISUEUaIUATUNS e IUnRAlng)
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AN 3.8 TURBUNISHS UG98 WAL (2) UATUAIDE N TBeuNaA (b) UAUGID8 19T Wag

(©) WinlUsaumensswnse kag (d) Wnesagldannmenssuiunisniaed

€)) (o))

AN 3.9 F198 NINVBYUNIATIN TUNTZUIUNISHIS SUAIDE1 (2) BNUYRIF 198 199NNBEUIAA

(b) weseg g INMeEt1AnUsIYtundadildy ielasiunas uarseysviadiag

o= DU [

3.3.2 NNSASEUALDE1NEINSUNITIATIUSUeuS BT
al U 1 o %) a '3 a v A | = o v a v
A19LA38UAIDENEINSUNTAIATIZIUS U USIEsaUazvinnelawasund taely
) ' ¥ a a ¢ a U a | A a P % a P
f79871991N1081UNAN UNNTIASIETUS NS @ elunel wardainaausauTINABeuNIA LY
a € 1A v a 1A d! I3 £y} 1 Q,‘, v a a a LY 1
Ies1eUs s d@neuenmet TunufIeg9tlusEesSATl 30 cm S18ALUANISIAS JUA2DE NS

Wusasoluil
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3.3.2.1 Yihegemnmesihinuiauarenalil s A nAvALILLn Lay
Auwandouseuiegsmmesiniavhnstahmindiodudoyanasegiaden (m,)

3.3.2.2 diesegwnnestnauazdwandenseurnnesun s aviliuie
atnilgaumgil 40°C Wuan 8 h mﬁ’]mis&"aﬁmﬁfﬂLﬁaLﬂu%’agamaﬁaaﬂmLﬁa (my)

3323 nsiumaUesidusiin (W) vesusiazdiegne Tnsindeyaan
U9 3.3.2.2 Uag 3.3.2.3 unuasluluaunis (2.30)

3.3.2.4 thfetheiursluuauazseuldldvuntosnit 90 um Tnedunounis
wﬁauéhaeméfaqmiﬁﬂumsuuzﬁazmmLﬁauﬁm?:mmaﬂuﬁjauim 9 (El-Ghawi et al, 2005)

3.3.25 %ﬂﬁﬂ%ﬁfﬂﬁﬁiﬁwaquﬁmigﬁu NIST SRM 1633b (NIST) fiu Granodiorite,
Silver Plume, Colorado uarfiraenauseana 0.15 uag 0.25 ¢ muamiu ldaslunasnussy
g wvisenedeniau (Polyethylene vial) ﬁﬁgﬂmmmﬂﬁmﬁmﬁauﬁu Unrviaonlain
AEANUSIU MuuATRaLaslsuninaaumiu wdhluiesgimemaiianiserviansou
(Neutron Activation Analysis, NAA) Tagla3 5 unuunaiuninsalnd (Gamma Spectroscopy)
thlugmstinsgiadsinussdnel amil 3.10 uamsmsws sufegsdmiviianesivsana

swmematian1seuingeu
N P =N TRR-1/M1

Std
= _= Standard, Std
Sam

= Sample, Sam

Sam

(a) (b) (©

Al 3.10 MawseudiegsdmsuMsenuiangeu (2) MBS wesiiegns (Sample, Sam)
LATAITONBININIFIU (Standard, Std) ﬁua‘iﬂumﬁuus (b) N5U55918E1
rowhidiedesouinseulunsenetuianseu uas (o) indesufnsalusinaide-
1 (TRR-1/M1)

(Fun: Ratanatongchai, 2016)
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3.4 NSNAABIAINIUATIZAUS NS T azay
3.4.1 a8 1991nneEts aste 6 Fe81e 91nnseseuRaeg1dlude 3.3.1
Fnsulseanidu 10 du wiazduiig 0.30-0.50 ¢ udiluanessdmeindeannesadunuun
971 Co-60 #1837 Additive dose method 71 0, 10, 20, 30, 40, 50, 60, 80, 100 k&% 120 Gy
3.4.2 Sadyanas ESR vesksmnettinanrieusasndamsmesdmude 3.4.1 Taevh
myTndyanaidusiunm 3 ads §e ESR Spectrometer Tneldlusunsu Bruker Xenon fanm
7i 3.1 uazdudoulavesamnadwesimsed 3.2 %léfaLﬂnm%’mwuauﬁuéé’ué’wﬁﬁﬁ

AUFUNUTTEN I ﬂ')']@JL‘f’JJEJ‘UENﬁI fned ESR AUAULUNAUILWY Lﬂ/iﬁﬂ@l’]ﬂi”ﬂ‘l.lﬂ’ill']m’iﬂﬁ

#1199 F9N17 3.12(a) TIITEYAN g-factor uuaUnasuTingegala o seauns (2.18)

Fila acquisiion Fropeiies Cior: Fot |

JJJJ ﬂJ JJJJT:IJ 105 ) JJHWJJJ ol

IHJM JJIIUJ nJ HE'I

Hm Lo
! Tom IW T-Fiel d\a] 7| 4= "|
Angle ey Lo knmm[‘\i] i

wea us I [ - o15IPM

AN 3.11  TUsunsu Bruker Xenon AUSUAIMNISI LM DSUDIR1981991n 110810

3.4.3 Anwidyannd ESR Ao (0 Gy) wasndan1sane$edfiusuna 100 Gy deuden
Fryeyau ESR USLIUANLRUY g-factor ﬁﬁmmmmzamiamiﬁmuﬂmq U 1 A1 U
g1uAIAII LYy ESR vasiwniteAn o-factor Thdenly Feagldrauduves

Fryryau ESR v03aLMUeAN g-factor Fdenlimuminfienfuiomn 10 A1 auAUsIa
$aafildanadlufunsiegnsmude 3.4.1 finnd 3.12@)

3.4.4 YhAmuduvesdaas ESR fieildsanun 10 A1 91nde 3.4.3 adransal

Auduiusserinsaaduvesdyaia ESR Aulsunassdfiseiudng q Sadunsmvuundaduy

AIELNNT Y = Mx+C IMNUUADEUNTINFALAUL x 71 y = 0 HuAD Usinussdazan denmi 3.12(o)
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120 G NTR Radiation Laboratory Radiation
E
8
2
v
o
g
<
oc
[a]
[N

—_— R

L i Natural [ESR Intensity

Peak to Peak : ‘ | : ! :

(Intensity) : : ‘ P ‘ :

-20 0 20 40 60 80 100 120
Additive dose (Gy)

Magnetic field (mT)
(@

(b)

AT 3.12 MTIATIRUSINSEazan (a) ygnad ESR MUTINassdane 9 (o) nsmiusuliisu

fe35 Additive dose

al' = a sy Yo o ) ' T
M1919N 3.2 LLa@ﬁLQ@UITT@\TW’]T]@JLW@?WISU'JQ EUEUNEY ESR 999407198 NP INNDYUIAN

Parameter Values
Frequency (GHz) 9.830097

Microwave Power (mW) 1.002
Center Field (mT) 348
Sweep Width (mT) 70
Sweep Time (s) 35
Modulation Amplitude (mT) 0.1
Number of Scans 3

v A A

3.5 N1SNAABIEINSUIATILIUS U U9 sal
32.5.1 11198 1991N 198U ALATAUTOUTINIBYUITAIINNITHAS BUAIBE1TD 3.3.2

LLa.;-ﬁmsé'NSammg'mﬁmums%’qﬁmﬁ’ﬂﬁmaé’uﬁ’umiﬂumzuaﬂwmaﬁmﬁamammu
a o a U aa = aa A a ¢ a A & v ) &
mseu danmit 3.10 Werwsddmseuyars@iingnannesesunsailundesnieudy {u
a1 5h

3.5.2 ntiulanfiag1ankiunsousdsananidunal 2 d et lvimsigsidsunu
Tnuvaden uasUdesviaanediiunu 4 d WethlimmeivsinagsilouuasveS ey 305

USuusadunuuidunal 10 min faessuuiiinsadunuiiuy HPGe
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35.3 mﬂﬁ?ﬁLﬂmsﬁﬂ%mmm’mﬁm%’uﬁm U-238 Th-232 luntiag ppm wag K-40 Tu
e % NANLLIWELS NN fiaaned T lelelnuiuiiunssd Np-239, Pa-233 uay K-42
ANEIRU AANE 991U 277.60, 311.90 way 1524.60 keV audsu sramssi 2.7 Ineldudnnng
Wisuisuinnuliuindsduninnuesiieseiuassadewnnsgiu Smsusiinuanududy
YossmliuBUAIANNTS (2.49) washmUnanuduvesnilddnanluunuluans
(2.55), (2.56) way (2.57) Lﬁav‘l’wmsﬁﬂmmmmﬂ%mm%’aﬁﬁiaﬂﬁlﬁmﬂaLgmml,aav\h Jan
wazSAELALLN

3.5.4 YA Nt 3.5.3 war 3.3.2.3 Wevin1sewianiausuasdnetildain
aunakeai U warSaunuIiTusInah W) Tuaunis (2.62), (2.63) way (2.64)

3.5.5 YINANTAINAIUS H S 9danainm el (Cosmic dose rate, D) Gﬁayja‘ﬁ'ﬁ

a v a

AuddglunsAwin fe Aidavegliamans loun asiyn asdgn uazdafyn (Latitude:

Y

¥

6.81, Longitude: 100.11, Altitude: 46.00 m) Fsandanannszylilude 3.2

356 YINaaInNye 3.54 uaz 3.5.5 1ruan Wi omaUsuasednelused (ntemal
dose, D;,) uaNns (2.65) wazUsunussdnieuenaal (External dose, Do) AN@uNTs (2.66)
wasmeanA1UsunusdneluneduazUsuiusdnivuenael aglananisAiuloan

Usunusednel (D,,) Awauns (2.67)

3.6 NIAUIUDIYVIRIDYNYINYBYUIIN
AIAWINDILVBIYINTEEUNINMEITBIANATeuAT WS louuUS aunsavinla

a

Aun1sUIeAIUS IS dzan 91nRaTe 3.4 laann1saeuliauusuus @178
Additive dose wazaUsunusidEnel 9niate 3.5 AlAN1INNTIAUSNIUAILTNTUYDY
Tolelnuiudunsadves U-238 (ppm), Th-232 (ppm) waz K-40 (%) mewmaia NAA Tagldis
Gamma spectroscopy knuasluluannis (2.73) siuviinnisuszanaaianulinuueuaes
NsNAaeY lngrinisyinnsiansanaAanuliiuueusiin A B C uay Expanded lngiiasan

[~ 1 N 1 1 1 a 6 1 a v a v a1 A
panlu 3 @i An MsmArrNlinueuIINNITIAT IR IUTINMT Easay USunassdnel

LLaSﬂ’liﬂoWU’m‘léﬂq AIUNIANUIN N.3



li fgna —l
fhag1aRuTaUYTINRELNIN feg1agINrayulIn
\J h 4
U3und1vadiatng A19YNANUATDIAAIDE19AE
4 _________
(Water content, %W) Ultrasonic bath
I ‘ 1
UALAZIBUIWIA <90 um wBnsA HCL Aadudu 5 %
| Aadkazauseungy Naliliuis
v v l
Uannauisdnmeuendel || USunudadnngluned UALAYSaUTUA
(External dose) (Internal dose) l l
3 | <90 um | | 90-150 pm |
v i l
- - | Y
Uanaussdnaainney JireAlaaasna WINIADLTFN
(Cosmic dose rate) 1 nanseename || 0.5% &auazin
i wAtiA XRD nAU WAl

v

Y

Aaszilnamnuduvassniuiundd
U-238, Th-232 uag K-40
agwmaiianisanuiiingau (NAA)

USuausadnel

(Annual dose)

A4

8147DWIRENYINNBEUITA [«

wananeSednny
Co-60 fe3am

wUasnag1eeandu 10 dw

19 NAUALR
siiUSINuSeE

(Additive dose) #i 0-120 Gy

Y

A

Jadaeg19ay ES

R Spectrometer

Y

A

Apszianwzdygn ESR
vauhatenastdn
fouLarrdIRUTIFLNLLA
WAEE1UAT ESR Intensity

4

Weunsmaruduniussening
ESR Intensity AU Additive dose

v

U3unmsedsedazay

(Accumulated dose)

(%

AN 3.13  WRUEITURaUNISATuI UL lunSAnwIASId

82
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uni 4
NANTSIY LAZITUNANITIVY

Tuuniilfunmsiiausnataznisedusenailaanns@neilasas1aundnaosgin

9; = ¥ a d’j v A & [ £ 1 =) = Q(‘J’ =4
noeUNIAMIBMATANITEHEIUUYDITIEDN (XRD) N13infiagneiniuasniuaanrosdlin
arowmailadianasouaduislanuug (ESR) TuumazUsuiussdnis o Alasunisatoiiia
Wil seivsunasiasan wasmsiausuannududuressniudunsdniegly

v ! ’ojd a a 9oj-dl A a ¢ 1 a v a1 A
W?@SWQ%Wﬂ%@BUWQWuagﬁﬁﬂQUWUﬂQQIWSiaU%Wﬂﬂ@ﬂuﬂﬂﬂLW@?WﬁW%%ﬂWUiNWNiQﬂ@@U

Fallgmaiunaumiengvesinvestlin adllseasidendasialuil

4.1 wan1sAnElAsIad1aNANAemAaTiaNISAYUUSIALNDG

2000
Freshwater shells
A A
1500 4
E A/C
S
21000
Z
(]
= A
500 A
IR
04
Aragonite(A)
| [ 1 1
Calcite(Q)
T T T I I T I T
25 30 35 45 50 55

40
2 Theta (Degree)
ad 4.1 Tassaswanesiinlun-uaalesluiiegswinresiinda (Aragonite, A; Calcite, C)

NNINT 4.1 1Wun1sAnelaseasandnvesdiegeenuesinda Tagldimadanis
c’lj v a 4 1 % = LY} ] goj = < gj % =
AU UVBITIFDNG (XRD) WUIATIFSNANVDIA081991 N 108U LT UNILASIAS1INEND
snlud wazuealed Insnlassaswanvetaslnludidunuueasinseudn (Orthorhombic)

wazlaseasrananvonmaledidutuusanludnsa (Rhombohedral) Nadws badaanw
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A9AARBINUIUITEUDY Ziegelmann et al. (1999) Usenaumieumunuiaiunasunisiaeanuu

PaNANeiY 3 Usennie waales a51inlug aslinlusiazuaaled s18aztdunlandfInisng

7 4.1 uag 4.2 LagnIANWIN N.2

A919% 4.1 FundInIsaeIuLTeseIinlug (Aragonite, A)

2 Theta (Degree) Intensity d-spacing hkl
26.24 100 3.3964 (111)
27.24 56.69 3.2737 (021)
31.15 4.15 2.8713 (002)
33.16 53.24 2.7013 (012)
36.14 28.46 2.4852 (102
37.92 41.57 2.3725 (112)
38.44 28.5 2.3419 (130)
41.23 14.24 2.1898 (211)
42.94 21.5 2.106 (220)

45.9 72.67 1.9773 (221)

48.36 31.96 1.8822 (041)

50.28 30.28 1.8148 (132)

52.51 31.92 1.7427 (113)
A159R 4.2 FumiamsiasauuvesLaaled (Calcite, O)

2 Theta (Degree) Intensity d-spacing hkl
29.75 100 3.0032 (104)
31.418 2.39 2.84500 (300)
36.37 13.78 2.4705 (110)
43.146 13.49 2.0738 (202)




a

4.2 nan1SANEIANYAUANIZVBIT Y IuBlannTa UL YUY

Sample code: SH1-010

+2

Mn "1 Mn**-2 Mn

ESR Intensity (a.u.) x 10>

3 Mn%4 Mn'i5  Mn'6

Dose,

120 Gy

— . .
315 320 325 330 335 340 345 350 355 360 365 370 375 380

Magnetic field (mT)

85

AW 4.2 dnwaiedtyeyind ESR niou (0 Gy) uazvdsanessdn 120 Gy vesfiegrswinves

A LY

$r3a597a SH1-010 neldaunuuslivdnlugag 313-383 mT

Sample code: SH2-123

ESR Intensity (a.u.) x 10°

MnZ1 Mn'2 Mn'%3  Mn™4  mns5  Mn'6

Dose,

120 Gy

Dose,

0 Gy

T . T 1
315 320 325 330 335 340 345 350 355 360 365 370 375 38
Magnetic field (mT)

Al 4.3 dnuauednynad ESR A (0 Gy) uagnaaane$sdn 120 Gy vesmeg1swinvies

A v

$r3asea SH2-123 neldaunuusvdnlugag 313-383 mT
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Sample code: SH3-248
Dose, 120 Gy

MnZ1 Mn2 Mnt3 MnZ4 Mn'%5  Mn6

ESR Intensity (a.u.) x 10°

Ijose, 0 Gy

T T T T T 3 T T T :l T T T 3 T T T T : T T T ': T T T 1' T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 38
Magnetic field (mT)

AWi 4.4 Snwaiednyynd ESR niou (0 Gy) uazndsanessdi 120 Gy vesdiegrswinves

I LY

1r3as9ia SH3-248 neldannuusindnlutag 313-383 mT

Sample code: SH4-028

@ Dose, 120 Gy
= ‘

» .

5

3

2 ‘ ‘ ‘ ‘ 1 5
2 MRl Mn%2  Mn'3 MnZa Mn™?5  Mn*6
[0}

“_E \ | ;

[as

]

T T T T ; T T T ‘ T T T T T T T ': T T T " T T T 1' T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

A 4.5 dnwzdygia ESR nou (0 Gy) Waynaialessdn 120 Gy 1e9d19g1991nias

A Y

1130597 SHA-028 neldaunuidivaniuaig 313-383 mT
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Sample code: SH5-253

Dose, 120 Gy

+2

Mn%1 Mn2  Mn'3

ESR Intensity (a.u.) x 103

T T T T 1| T T T 3 T T T T : T T T ': T T T '1 T T T . T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 38
Magnetic field (mT)

AWA 4.6 Snwaizdnyynd ESR nou (0 Gy) uazndsnessdi 120 Gy vesdieg1swinves

A LY

1r3as97a SH5-253 neldaunuusindnlugag 313-383 mT

Sample code: SH6-140

Mna  Mn5  Mn"-6

Dose, 0 Gy

ESR Intensity (a.u.) x 10°

T T T T T ‘ T T T Il T T T :I T T T : T T T T : T T T T : T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

A 4.7 dnuauednynnd ESR A (0 Gy) uagnaaaneFsdn 120 Gy vesiegswinvies

A Y

1130597 SH6-140 Aeldaunundivaniuaig 313-383 mT
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NN 4.2 - 4.7 \JunsiFeufisudnvasdayaia ESR nau (0 Gy) wasndinis
23987 120 Gy yesog e nrestnaa 6 fets meldauuuindnluse 313 - 383 mT
INNITANYINUINFURUUTDIF Y188 ESR nounesed (0 Gy) Usenaulumiesudyaim 2
dnwaizfetufe dygauuunniiawasdynnuuuuiieg lnesuuuudygiadnvusniad
AetuagiFasinaumis ¢=2.000 seyindudya uiiiaanuumidlossy (Mn?) Aldidn
wunuiiduniweuaadeslossy (Ca?) vadlassadiansvaiuneg1adaian 1fesain
lopouves Mn?* uay Ca?* flvunnloseuiilndifissiu (Udomkan et al., 2006) tnedaayia
wuunnfiaagusnglutsaununvdnuszana 325-380 mT Gedenndoaiue ¢ 7 1.88-2.13
(Vichaidid, 2012) msiindyaianniiafinanidanguiaindunsisenlaasinusening
didnaseualuiuiamdesatu (5=5/2 uay 1=5/2) vedleosu Mn?* (Udomkan et al., 2006;
Seletchi and Duliu, 2007) ﬁ'ﬂﬂ’jumaé’wa‘ﬁié’fﬁﬂmmamﬁaaﬁugﬂLLuumiLﬁmé’ﬁgfy’]m ESR
vasanadalaginluveslessy Mn?* fivgUulumnvestinds (Vichaidid et al, 2007 Engin
et al.,, 2006; Siriprom et al., 2012) z‘iaué’ﬂwmzﬁ'@mmuwﬁmﬁﬂﬂﬂg'ﬁzw’i’mé’zgzgmwﬂ
finvodlonau Mn?* s‘z’fuﬁmmﬁauﬁLﬁuﬁugmmLmaL%Emm%“uammiuéha&hwmmaﬁﬁ%@
Hunaan N ATILsAsE I AAEBLANTUBUARUAINLTY (Seletchi and Duliu, 2007)

Giamﬁav‘i’lmiﬂmmwgﬂLLUU%@Q%’@@W ESR vashetennnestinaandaie e

WANINTIUSHIAL 120 Gy WulnANYeadudaaiiinantessu Mn?* Tddnsiiudunie

AR

Wasuwlasmuuiinadsdununildarsfindly Ssliaunsadlvldlunsimunenglé
(Cano et al, 2019) Tunanaduiudeyaya ESR %Uimggﬂuwé’mmmﬁLﬁwﬁmwdwﬁﬂﬁ 3
uay 4 Y99 Mn?* ﬁaﬁugﬂuvwmé’mmm FSR ‘1‘7iLﬁmﬁuu‘%nmﬁ%mmﬁmdn%gﬂﬁﬂmﬁmim’l
dmsumsimunengluddusialy

aanddglunisfnundnuardygusidnaseualuslowuudiioldlunsivuneiy

b

=

Ao mil,aaﬂﬁhwwﬁL@@%ﬁmmzamﬁui’aaﬁa@ﬂ’mﬁﬁﬂmiﬁﬂm Tnglannzetadinisidonan
maslulasian (Microwave Power, MP) lufnwnanwasdanudianasoualuislouuuduss
gnvesindalundedldidonAiaslalasnnd 1 mw Wesanifumsifivmesiaonndss
wardenldfusednmeniifogudninudiy duondfovasaeuildldamadinesdandn
(Lopes et al,, 2013; Gomes et al., 2020; Oliveira et al., 2020) %Qmamﬁmﬁ'@ﬁgﬂm ESR #14n

MEAINAIUIASIING 1 MW U896 199IN 08U IALAAIAININGA 4.8 - 4.13



ESR Intensity (a.u.) x 10°

Sample code : SH1;010

V =9.830097 GHz
g=20031-. |

|——00Gy
—— 12006y

g = 2.0056

g=19973

T T T T T T T T T T T
349.0 349.5 350.0 350.5 351.0 3515 352.0

Magnetic field (mT)

89

A 4.8 WSsusudygin ESR 581319 0 Gy hag 120 Gyuasala819e1nnoiian

ESR Intensity (a.u.) x 10°

Ao o

597 SH1-010 Ninaelaulasian 1 mw aeldaunuusiivaniuang 349-352 mT

Sample code : SH2-123 V= 9,5;30097 GHz

g = 2.0031-- i TGy
| | ——1200y

9=20056  g=2.0016

g=1.9973

y T — T — y T — T y
349.0 349.5 350.0 350.5 351.0 3515 352.0

Magpnetic field (mT)

AN 4.9  Wlsuisudya ESR 581319 0 Gy Lag 120 Gyusddle8 199 nesu1in

597 SH2-123 firndslalasian 1 mw aneldaunuuaimanluyae 349-352 mT



Magnetic field (mT)

o

AN 4.10 WSsuigu

£y
S97a SH3-248 7

Sample code : SH3-248 V =9.830097 GHz
_. N ooy
g= 12.0031 10 Gy
‘S
- !
a = 20056
El it
s .
P AG Y T
2
8
=
o
wn
L
A
g=1.9973
T T T T T T T T T T
349.0 349.5 350.0 350.5 351.0 3515 352.0

Magnetic field (mT)

o

2NN 4.11 WSesuiieu

&y
597 SHA-028 7

Sample code : SH4-028 | V =9.830097 GHz
g =2.0031 ./} ooy
3 1 |—— 120 Gy
. ‘
o
—
x
£}
S
2
2
k]
=
o
[9p]
L
T T T T T T T T T T
349.0 349.5 350.0 350.5 351.0 3515 352.0

90

Q184 ESR 5291179 0 Gy wag 120 Gyuasfiieg19e1nnesuiin

Adelulasian 1 mw aeldauuusiwdnlugig 349-352 mT

Q04 ESR 929179 0 Gy Uag 120 Gyueesieg1991nesuin

Adelulasian 1 mw neldauuusidnluyig 349-352 mT



ESR Intensity (a.u.) x 10°

2NN 4.12 WSsuieu

ESR Intensity (a.u.) x 10°

Sample code : SH5-253 | | V =9.830097 GHz
g =2.0031 —ooy I
3 | | ——1200y
g=1.9973
y T — T " T y T 1 y
349.0 3495 350.0 350.5 351.0 3515 352.0

%@ SH5-253

Magnetic field (mT)

[

Y
il

Sample code : SH6-140

| V =9.830097 GHz
g=2.0031 ~._, ‘

—oocy
| —— 120Gy

g = 2,0056

g=1.9973

Magnetic field (mT)

Adalulasian 1 mw neldauuusimdnlutig 349-352 mT

T —T r T
349 350 351 352

91

18l ESR 581179 0 Gy Wag 120 Gyudfla81991nasdian

AN 4.13 Wlsuiisudeyga ESR 581119 0 Gy Lag 120 Gyusdfla8199naguin

597 SH6-140 firndslalasian 1 mwW aneldaunuualmanluyae 349-352 mT



92

PN 4.8 - 4.13 JunsiSsuidfisudnuazvesdyain ESR vesiiegnsginvies
U13nsEming 0 Gy wag 120 Gy Afndslalasin 1 mw meldauuusidnlugae 347-352 mT
PN sUSsuiisunuindnuarvesduyas ESR inun1saneed 120 Gy finsuiiutu
NG GV RNEAN LTy s‘zfaa’mﬂimzq%ﬁmaﬁmmmﬁﬂé’ Usznaudedagadiinain
Tuanalessu SO, uay SO, A1 g, = 20057 waz 20031 wazluianalessu CO, 714
g =20016 ¢ = 1.9973 (Vichaidid et al., 2007; Cano et al.,, 2019; Gomes et al., 2020)

Tuanalesousing 4 MAetudady mnmsfnwmuiiluanalessuves SO, uaw SO,
{Anndunsizenssinedadunimnuazdaiouu (impurty) fegnieluginuesidnlugy
Imaqalaaauéuaa SO? (Miki and Kai, 1991; Kai and Miki, 1992) m'amﬁ@ﬁmimﬂmaqa
levauves CO, Anmndunsizenserineddununnduiaadesmsvoiun Saavessdfman
il CaCO, RnmNUNNTasTY wazvilAsluanaleseutes COP uanAndidnnsou 1
i udsunaaduluanalossuves 0P anntumannisdununiiinduasyily co®

gudulosouvas 07 vhliAnduluanalessuves CO, (Blackwell, 1998; Ikeya, 1993)
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4.3 Nan15kATIEVUSUNUSIddvay

Sample code: SH1-010

q,M 4 4 q ) ). 120 Gy

ESR Intensity (a.u.) x 10°

T T T T T T T T T T T T T T : T :' T T T T T T T T T T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

I
[ (Y 1

A9 4.14 Foyeyrad ESR buadsiieg199nosudndnsid SH1-010 HIUN1T218 58RI

0-120 Gy melaaunuudimaniuyag 313-383 mT

Sample code: SH2-123

ESR Intensity (a.u.) x 103

T T T T T T T T T T T T T — T T T T T T T T T T T T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

o
Y |

A 4.15 Feyyrad ESR 10962981991n108UN0T9Wa SH2-123 7161UN15218 5986 316

0-120 Gy melaaunuudimaniuyae 313-383 mT



ESR Intensity (a.u.) x 10°

AN 4.16 Foyyrau ESR 10961081991n1081NnTa SH3-248 7k1un1518$94

ESR Intensity (a.u.) x 10

AN 4.17 Fyyu ESR 9996298199 N108UNAnTI0a SHA-028 NHun1T21853a

Sample code: SH3-248
120 Gy

J 100 Gy
e AP g e A 60 Gy
9 ) 30 G
" 20 Gy
MWWM A
‘ 10 G

' g 0 Gy

s A e AP P AP e A it A

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

0-120 Gy melfauuuimaniuyag 313-383 mT

Sample code: SH4-028
120 Gy

J 100 G

___MWM_»V 80.Gy,

50 Gy

40 Gy

] 30 Gy
W 20 Gy

e " e 10 Gy
‘ 0G

T — T T T T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

0-120 Gy meldauuuimanlugae 313-383 mT

94

[
Y |

PIILLEA

o
Y |

FIALLE



Sample code: SH5-253

J 120 Gy

ESR Intensity (a.u.) x 10°

T T T T T T T T T T T T T — T T T T T T T T T T T T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 380
Magnetic field (mT)

95

(%

AW 4.18 Feyyrau ESR 993620819910 M08U1ATIE SH5-253 TIHIUNITR85I8 AU

0-120 Gy melaaunuusimaniuyag 313-383 mT

Sample code: SH6-140

ESR Intensity (a.u.) x 10

T T T T T T T T T T T T T T T T T T T T
315 320 325 330 335 340 345 350 355 360 365 370 375 38
Magnetic field (mT)

AN 4.19 Fyr ESR 9996198199 108UNARTIHA SHE-140 NHun1T21853d

0-120 Gy melaaunuudimaniuyae 313-383 mT

I
(Y |

FAIALLE
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NN 4.14 - 4.19 wanadnwaizdayeyas ESR YoepE1TINMeEtNIAfiKIuNS
2183987 0, 10, 20, 30, 40, 50, 60, 80, 100 waz 120 Gy lutrvauuLLan 313-383 mT
Mamsiensiuandiiuinislesmetmnnesiniaiiunisanedidunuande3s Additive
dose lkenuduvesdygasinaisdunuusinas@ilasu Tnsaunsadiuldogns
Fonaulugeauuuniiindn 389-352 mT Fanndi 4.20 — 4.25 Fafmnuduiudiuuiunames

a a S v v & ag
8Laﬂmi@uVﬂﬂWlUﬁ%ﬁumﬂﬁqNﬂﬂﬁﬁﬁnﬁﬂ@i@u
3

Sample code : SH1-010
g =20031 + SO, -

'V = 9.830097 GHz

[®

ESR Intensity (a.u.) x 10°
(@)
1

—-

AN

ESR Intensity (a.u.) x 10° "\
o

2 N
4 fL/A v -
5 R | g = 1.9973— CO,
349 350 | 351 I 352 ! 2
Magnetid field (mT) i i
-3 T T T T T
349 350 351 352

Magnetic field (mT)

A 4.20 Feyyrau ESR 10962081991n1081U13AT9aA SH1-010 N1HIUNITR18 596 316

0-120 Gy melfauuusiwanlugae 349-352 mT



2
o
o
~
x
3 1
©
)
>
=
%]
c 04
0]
g
<
o
vl
L

971

_| Sample code : SH2-123

g = 2.0031 - SO, ™~

R T SN R
M A

ESR Intensity (a.u.) x 10°

N
L

350 | 351

Magtetic field (mT) §

g = 19973~ CO,

T
350

T
351

Magnetic field (mT)

352

o
v |

A 4.21 Fyyrau ESR 0362081991N%08U AT SH2-123 MIK1UNITRI8TIEF 916

6
5

. _

3

ESR Intensity (a.u.) x 10°
(@]

-1

0-120 Gy melfauuuimaniuyag 349-352 mT

Sample code : SH3-248
g = 2.0031 - SO,

x 10°
Y

- = 2]

V = 9.830097 GHz

) :
3] o
_ é-z
A4 za] Av=AumA, )
1~ . min 1 g = 1.9973i-- CO,
S 350 | 351 352 i
E Magnetit field (mT)
-6 T : T T T T
349.0 349.5 350.0 350.5 351.0 351.5

Magnetic field (mT)

352.0

I
[ v J

AN 4.22 Fyyru ESR 19962908 1991NR0UUNIATIE SH3-248 71K1UN1T2183 S8R L6

0-120 Gy melfauuusiwanlugae 349-352 mT



ESR Intensity (a.u.) x 10°

98

44 Sample code : SH4-028 V = 9.830097 GHz o
o : | y

g = 2.0031 - SO, " o,

| 30 Gy

‘ g = 2.0016 -- C02

A A

ESR Intensity (a.u) x 10>
o

op = Amax = Amin 3

g = 19975 — CO,

] ' ;

T T T T i

349 350 | 351 | 352

Magnetic iﬂeld (mT) . .
]

T T T
350.5 351.0 351.5

Magnetic field (mT)

T T
349.0 349.5 350.0

352.0

o
v |

AW 4.23 Foyyrau ESR 0362081991N1%08U 059 SHA-028 M1K1UNITRIETIAF SUL6

ESR Intensity (a.u.) x 10°

0-120 Gy melaaunuusimaniuyag 349-352 mT

Sample code : SH5-253 V = 9.830097 Gﬁz

g = 2.0031 -+ SO, =~

4%
2 ‘;
-3 4 n_:: AT A A “‘\\
m _47 : Amln T I'/ § -
B T 350 31 32 §=19973 - CO,
Magnetic§ field (mT) 1
T — T T EEE—
349.0 349.5 350.0 350.5 351.0 351.5

Magnetic field (mT)

352.0

I
[ v J

AN 4.24 Fyyru ESR 19962908 199N N0BUNATIE SH5-253 71H1UN1T2N5 AR L6

0-120 Gy neldaunuudindniugag 349-352 mT
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{ Sample code : SH6-140 ‘
3+ g = 2.0031 -+ SO~/

ESR Intensity (a.u.) x 10°

349 R
Magnetic field (mT) 1

g=1.9973 - CO,

-4 T T T T T T T T T T
349.0 349.5 350.0 350.5 351.0 3515 352.0
Magnetic field (mT)

[
o |

AN 4.25 Foyyrau ESR 10961981991n11081UNA 598 SHE-140 1K1UNITA18TIE6 316

0-120 Gy melaauuuimanluyag 349-352 mT

NN 4.20 - 4.25 uansdnuzdeygal ESR U919 199n1osu1aafkIunsany
9@ 0, 10, 20, 30, 40, 50, 60, 80, 100 Az 120 Gy lud U WIWAN 349-352 mT dwsums
° a % A a Y o a a _
mmmmsﬂmwzmﬂmaﬂmﬂmLLawasza%usﬂmamwﬂmwmmmﬂimaqalaaau CO2

dWeosanndudygrauianadedr@iInfioniuiunin 2.02 x 10° a (Engin et al, 2006) T4

' (%
[y P

msAnwluATimsiTsugud i g = 2.0016 War g = 1.9973 Fedayaauviagiliinan

Luanaleosu CO, FuLao1UAIAINUTUVDIA e84 ESR a4 fnUe ¢ = 2.0016 way g =

1.9973 wanasian13197 4.3 wag 4.4 wazileuiisudyaraiadenteyad miunsiiasisy

AUSINUS B avan WanIRININT 4.26 — 4.31 Wundeaun ¢ = 2.0016 dlaArAianisaii

[ AgY)

Q‘ (% v

TnalAeennda i ¢ = 1.9973 sauvidlmduuss@nsanduius (R?) 1An11 wenaniaanu

[Ag7)

v [y a ~ [ = Y a a 1 @ Y v a
LUNVDITEYEYIUUILINY g = 2.0016 Luaqmﬂaﬁgzyﬂmmmmwwquasmmulmﬁmmamimm

v a 4

SR arely wasinisdududmsunisiivunengveaesuidn (Engin et al, 2006;
Vichaidid et al., 2007) wazvasnzia (Cano et al, 2019) 310AIULANYTAINADNAITANAUA
' Ay va v o & 4 o ¢ v o Y A Pl
918 wavA1egiladauaenadosfuiunvin1sAnel Al deygyrail ¢ = 2.0016 Fegn
& o 901 = U a a (2% n0’ 2 o
denldlunismmuneigvesmnregndnainuvaslusaafiienUlilse anuviu andn

ana nalavasUsemelng



U 6 M98 NTzaulaasednngeg

100

A19199 4.3 A1 ESR Intensity Mol s USaad ¢ = 2.0016 V0929819918810

Additive dose

ESR Intensity (a.u.) x 10 #i g = 2.0016

(Gy) SH1-010 | SH2-123 | SH3-248 | SH4-028 | SH5-253 | SH6-140
0 0.418184 | 0.235653 | 0.744676 | 1.174081 | 1.165326 | 0.881011
10 0.658720 | 0.544061 | 1.653101 | 1.880410 | 2.027973 | 1.663005
20 0.914860 | 0.799971 | 1.978195 | 2.088485 | 2.356323 | 1.904696
30 1.214202 | 1.223377 | 2.320041 | 3.069736 | 3.240807 | 2.417115
40 1.533756 | 1.450807 | 3.000528 | 3.741497 | 4.047566 | 3.822159
50 1.833306 | 1.618858 | 3.575468 | 3.802908 | 4.187993 | 4.494488
60 2.008393 | 2.009000 | 4.382244 | 4.911864 | 4.776115 | 5319802
80 2.566406 | 2.396999 | 5.118641 | 5.965173 | 5974821 | 6.370686
100 3.214225 | 3.002219 | 6.208677 | 7.226198 | 7.510385 | 7.052968
120 4.159256 | 3.826635 | 9.218882 | 7.950016 | 7.956926 | 7.241025

U 6 Foe N NTzaulnadedsigg

A19199 4.4 A1 ESR Intensity Mol s USaad ¢ = 1.9973 v09d1981991n%ee1nan

Additive dose

ESR Intensity (a.u.) x 10° i g = 1.9973

(Gy) SH1-010 | SH2-123 | SH3-248 | SH4-028 | SH5-253 | SH6-140
0 0.565944 | 0.900044 | 0.377181 | 0.115565 | 0.511405 | 0.948621
10 0.583164 | 1.125659 | 0.761400 | 0.532188 | 0.884867 | 1.006730
20 0.582007 | 0.937172 | 0.779481 | 0.623698 | 0.968609 | 1.075642
30 0.725792 | 1.317178 | 0.970290 | 1.007682 | 1.319891 | 1.104657
40 0.843030 | 1.176849 | 1.257277 | 1.403799 | 1.507851 | 1.708930
50 0.883136 | 1.234594 | 1.487409 | 1.118517 | 1.612528 | 2.107338
60 1.077543 | 1.371209 | 1.700951 | 1.500057 | 1.771240 | 2.309724
80 1.187210 | 1.488166 | 2.077231 | 1.922039 | 2.163589 | 2.637345
100 1.428686 | 1.786798 | 2.363670 | 2.558746 | 2.866474 | 2.599730
120 2.043398 | 2.249314 | 3.480270 | 2.438357 | 2.923826 | 2.975646




ESR Intensity (a.u.) x 10°

Natural Laboratory
S ERREEEEEE R B - - = - o e e e e e oo [ I st ]
4 iradiation | iradiation @
(1) g = 2.0016
y = 0.02805x + 0.41835
2
3 R" = 0.9969 .
D, (1)=14.91+0.50 Gy
(2) g=1.9973
24 y=001144x + 0.40851
R =09261 (2)
D, (2)=3571+6.84Gy a
14 (1) g = 2.0016
(2)g=1.9973
4 Linear Fit of SH1-010 at g = 2.0016
i Linear Fit of SH1-010 at ¢ = 1.9973
O T T T ; T T T T T T T T T T T T T T
-40  -20 0 20 40 60 80 100 120 140 160

Additive dose (Gy)

101

] = ~ v o & a v A a ¢ 1a o
AN 4.26 ATINLUTIULNYUANUFUNUSLUULTILAULNDILATIENUT U UTIF AL FUVD

u) x 103

ESR Intensity (a.

feghemnrestiansta SH1-010 fien g = 2.0016 waz 1.9973

5
Natural : Laboratory
e ——— e e mm e nmemmemm e mmn e nnnns
irradiation irradiation
44 (1) g=20016 (1)
y = 0.02708x + 0.31682
R® = 0.9967
34 |D, (1)=11.32+0.39 Gy
(2) g=19973
y = 0.00974x + 0.86189
24 R?=0.8870 (2)
D, (2)=88.48+32.37 Gy
14 i A ® ¢=20016
] A ¢=19973
: Linear fit of SH2-123 at ¢ = 2.0016
Linear fit of SH2-123 at ¢ = 1.9973
O II T T T T T T T T T

Additive dose (Gy)

— T T T " — T — T
-60 40 -20 0 20 40 60 80 100 120 140 160

o a = LY v s a ¥ =~ a LTS v
AN 4.27  ASINLUTYUEUAIUFUNUS UULTILE ULNDILATIENUI U USSR AL AUUD

fheghemnrestiansta SH2-123 fien g = 2.0016 waz 1.9973



ESR Intensity (a.u.) x 10°

10

8 _ (1) g = 2.0016
] y=00613x + 0.70492
7 4 R*=0.9892

Natural Laboratory

irradiation

¢ 1|p, (D=11.50+038Gy

(2 g=1.9973

° | y=0.02312x + 0.34618
4] R =09647
1D, (2=14.97+1.61Gy
3 T 1
] : a
2 E ® g=-20016
1 i A g-19973
14 : Linear fit of SH3-248 at g = 2.0016
1 " Linear fit of SH3-248 at g = 1.9973
0 T — T T T T T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140

Additive dose (Gy)

160

102

o = = v o & a v A a s 1a v
AN 4.28 AT INLUSIULNHUANUAUNUSLUULT LA ULNDILATITNUT U U FLEUVD

ESR Intensity (a.u.) x 10°

fheghemnrestiansta SH3-248 fien g = 2.0016 waz 1.9973

10 0
| Natural Laboratory
L REEEEEEEEEEEEE B - — - o A >
94 iradiation ! irradiation (1)
8 1 () ¢ =2.0016
|y = 0.06269x + 0.95209
1 o2
7] R=09972
s ||P W=15.18+051Gy
1@ ¢=1.9973
51 y = 0.02002x + 0.30098
1 R? = 0.9467
4
D, (2)=15.03+1.98 Gy L
54 !
2 - ;
' ® g-20016
1 1 H A g-19973
N ; Linear fit of SH4-028 at g = 2.0016
Linear fit of SH4-028 at g = 1.9973
0 T * — T T T T T T T T T T 1
-40 -20 0 20 40 60 80 100 120 140

Additive dose (Gy)

160

o a = LY v s a ¥ =~ a LTS v
AN 4.29  ASILUTYUEUAIMUFUNUS UULTILEULNDILATIENUI U U I AL AUVD

fheghemnresiiansta SHA-028 fien g = 2.0016 waz 1.9973



ESR Intensity (a.u.) x 10°

11 .
Natural : Laboratory
|- e T
104 . . : . -
] irradiation : irradiation
94 (1) g=20016 (1)
8 1 y =0.05808x + 1.32672
T R =09895
! (b, () =2284+0.76 Gy
6 A
| @ g=19973
54vy= 0.02034x + 0.61547
{ R =09815 .
¢ 1|D, (@=3025+282Gy
3] :
24 i g = 20016
1 A A g=-19973
__ ! Linear fit of SH5-253 at g = 2.0016
0 d Linear fit of SH5-253 at g = 1.9973
— 7T + 1 - 1 1 ~ 1 ~ T ~ 1T ~ T "~ T ~ T
-60 40 -20 0 20 40 60 80 100 120 140 160

Additive dose (Gy)

103

o = = v o & a v A a s 1a v
AN 4.30 AFINLUSIULNUANUAUNUSLUULT LA ULNDILATITNUT U U TN FLEUVD

ESR Intensity (a.u.) x 10°

11

foghemnnestiiansta SH5-253 fien g = 2.0016 waz 1.9973

10

8

Natural Laboratory
___________________ st SO
irradiation irradiation
(1) g = 2.0016
y = 0.06214x + 0.83892
R? = 0.9877

D, (1)=13.50£0.59 Gy

(2) g=1.9973
y = 0.01893x + 0.88224
R? = 0.9170

D, (2)=46.62+10.42 Gy

g =20016

A g=19973

Linear fit of SH6-140 at g = 2.0016

Linear fit of SH6-140 at g = 1.9973

T T T T T T T T T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140 160
Additive dose (Gy)

=] = = v o a v A a ¢ 1a o
AN 4.31  ASINLUSIULNYUAINUFUNUS LU ULTUEULNDILATIENUT U T Id AL dUUDS

Fregenvestdnswa SH6-140 7N ¢ = 2.0016 uaz 1.9973
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5 [
Natural Laboratory
(poommeescooms o S DD LEEEETEEEELEEE >
irradiation irradiation
4 - § %
s
-~ : y = 0.02805x + 0.41835
< 3] : 2
= ; R™ = 0.9969
3 :
) '
Far i
c :
£ 2 =
[as
\ Dac =1491+0.50 Gy
' Sample code : SH1-010
14
[ Experimental point
: Linear fit curve
0 Y. :
—T T -t T T T 7T T T "7 T T T T T
-30 -20 -10 O 10 20 30 40 50 60 70 80 90 100 110 120 130

Additive dose (Gy)

A 4.32  AsrlauduiUSIERINg ESR Intensity AU Additive dose wes@a9gn3neY

113A5%a SH1-010 WaIAsIziAUSuussdayay

NAMA 4.32 1 JUNITIAIIZITNMIAIUS LIS IR a2 AN Vo999 199NN 8U1AN
5%& SH1-010 Taendunanins 1WA uduwus senI19 ESR Intensity U Additive dose

FAANMUFUNUS LU ULTUEU 21NNNTIASIZIHANUINTANUAUNUSALaNN1S (4.1) eail
y = 0.0285x+0.41835 (4.1)

YBNINUANUAUNUTAINANILAAIFUUTEANTANFUNUS (R2) 1NAU 0.9969 LilaNanTau1An

[

Tuwnu x Amedesieduann 0 Gy autsgaidunsmdaunu x aziduarvenfsl3unnsa

[

drau Feaunsaunualaanaudunusauauns (4.1) Inglian y = 0 azlauiuusd

Avavnnu 14.91+0.50 Gy
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5 [
Natural i Laboratory
e L S e L L L EEEELEEELEEE >
irradiation ! irradiation
4 i
mg
x 3 :
5 7 : y = 0.02798x + 0.31682
© i
> g R? = 0.9967
c i
E 27 i
= .
ik DaC =11.32+0.39 Gy
Sample code : SH2-123
14
{ Experimental point
Linear fit curve
O T 7 1T 71

— T y
-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Additive dose (Gy)

A 433 newlpnuduiussering ESR Intensity ffu Additive dose wa4faa8 19910 e

UY1AATHE SH2-123 1iadAsziiAUSunussdayay

NAMA 4.33 1 JUN1FIAIIZINaMIAIUS LIS IR aranvaIf198 199N a8 unn
59%& SH2-123 Taendunanansinauduwus sev3ne ESR Intensity U Additive dose

FAANMUFUNUS LU ULTUEU 21NNNTIASIZIHANUINTANUFUNUSALENNS (4.2) 99Tl
y = 0.02798x+0.31682 (4.2)

YBNINUANUAUNUTAINANILAAIFUUTEANTANFUNUS (R2) 1NAU 0.9967 LilaNansauan

[

Tuwnu x Amedesieduann 0 Gy autsgaidunsmdaunu x aziduarvenfsl3unnsa

[

drau Feaunsaunualaanaudunusauaunis (4.2) Inglian y = 0 azlauiunusd

AvavInUy 11.32+0.39 Gy
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11

| Natural i Laboratory
10 J€&-m e L SR LE R, >
irradiation irradiation

y = 0.0613x + 0.70492
R% = 0.9892

ESR Intensity (a.u.) x 10>

Sample code : SH3-248

J Experimental point

Linear fit curve

—T T "~ T T "~ T T T T "~ T "~ T "~ T T
10 20 30 40 50 60 70 80 90 100 110 120 130
Additive dose (Gy)

—— .
-30 -20 -10

2nA 4.34  AslAUdUTUSIERING ESR Intensity AU Additive dose wes@a9g13n0Y

113AATHE SH3-248 1iaIAsIziAUSunussdayay

‘:ll 3 a ¢ A ! a v o o | P
NNINN 4.34 L JUNISILATIEALNBNIATUTUIUSIFFLAUVDINIDY1IYINDHUIIN

59%& SH3-248 Taetd unanins1wAudunus 521319 ESR Intensity 7u Additive dose

(%
v A

FAANMUFUNUS LU ULTUEU 1NNNTIATIEIAHANUINTANUAUNUSHILENNIT (4.3) F1aTl

y = 0.0613x+0.70492 (4.3)

YBNINUANUAUNUTAINANILAAIFUUTEANTANFUNUS (R?) 1NAU 0.9892 LilaNanTau1AN

[

Tuwnu x Avsgneiietuain 0 Gy audsgaiidunsindaunu x aziduaivanisl3unnsd

o

dvau Feannsaunualaananudunusauannis (@.3) laglian y = 0 aglausunussd

AvavInU 11.50+0.38 Gy
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11 .
] Natural Laboratory
10 J& s i e eI >}
| iradiation iradiation
0] :
8 - i
v O i o
X 7‘_ § y = 0.06269x + 0.95209
3 6- i R = 0.9972
2 i
Z 54 5
] ] i
c 4 ‘
E {|D,. =15.18£0.51 Gy
3_ ]
l : Sample code : SH4-028
24 i
| ; [ Experimental point
14
1 Linear fit curve
O 4+—"r——tT—TTT—T T
-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130

Additive dose (Gy)

A 4.35  AsnlAudUTUSIERING ESR Intensity AU Additive dose wes@a9g13neY

113AAT%a SHA-028 1adAsIziiAUSuussdayay

Q{' 3 a ¢ A ! a v o o | P
NNINN 4.35 LJUNISILATIEALNBNIANUTUIUSIFFLAUVDINIDY1IYINDHUIIN

59%& SHA-028 Taetd unanins1wAudUNUS 521319 ESR Intensity U Additive dose

(%
v A

FAANMUFUNUS LU ULTUEU NNNNTIATIEIRHANUINTANUAUNUSHILENNIT (4.4) F1aT)

y = 0.06269x+0.95209 (4.4)

YBNINUANUAUNUTAINANILAAIFUUTEANTANFUNUS (RZ) 1INAU 0.9972 1ilaNansauan

[

Tuwnu x Avsgneiietuain 0 Gy audsgaiidunsindaunu x aziduaivanisl3unnsd

o

dvau Feannsaunuatlaananudunusauannis (@.4) laglvan y = 0 aglausuussd

AvauyinAy 15.18+0.51 Gy
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11

Natural

Hreccemacoasene >
10 5 irradiation

Laboratory
__________________________________________________________________________ )
irradiation

y = 0.05808x + 1.32672
R = 0.9895

€

44D, =2284+£0.76 Gy

al

ESR Intensity (a.u.) x 10

Sample code : SH5-253

®  Experimental point

Linear fit curve

ol
30 20 -10

—T T - T T T "~ T -~ T T T T "~ T T
10 20 30 40 50 60 70 80 90 100 110 120 130
Additive dose (Gy)

.’
0

AN 4.36 NTIMAMUFURUGTENIN ESR Intensity U Additive dose 9838788199188

113AATWa SH5-253 1iaIbAsIziAUSunussdayay

NAMA 4.36 1 UUNITIAIIZINaMIA1US U US IR aranvaIf198 199N a8 UnTn

5%& SH5-253 laend unaninsinaudunus seu3e ESR Intensity U Additive dose

[

FAANMUFUNUS LU ULTUEU 1NNNTIATIZIRHANUINTANUAUNUSHINENNIS (4.5) f1aTl

y = 0.05808x+1.32672 (4.5)

YaNINUANUAUNUSAINANLTAFUUSEANTANFUNUS (RZ) 1WINAU 0.9895 Li1aNaNTUIAN

[

Tuwnu x Avsgneiietuain 0 Gy audgaiidunsindaunu x aziduAivaniesl3unusd

o

dvau Feannsaunualaananudunusauannis (@.5) laglian y = 0 aglausuiussd

Avauiniy 22.84+0.76 Gy
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11

| Laboratory
10 IS e ST SGICRCEEOERIEERPE >

irradiation

y = 0.06214x + 0.83892 }
R’ = 0.9877 %

ESR Intensity (a.u.) x 10>

D, =1350%0.59 Gy

Sample code : SH6-140

®  Experimental point

Linear fit curve

0 4+———T"%— |: —T T T T "~ T T T "~ T "~ T "~ T "~ T 7T
-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Additive dose (Gy)

AnA 4.37  AsrlAudUTUSIERING ESR Intensity AU Additive dose wes@a9g13n0Y

113AA5¥a SH6-140 1aIAsIziAUSuussdayay

‘:ll 3 a ¢ A ! a v o o | P
NNINN 4.37 LJUNISILATIEALNBNIATUTUIUSIFELAUVDINIDY1IYINDHUIIA

59%& SH6-140 Taend unaninsiwAudunus sev319 ESR Intensity U Additive dose

(%
v A

FAANMUFUNUS LU ULTUEU 1NNNTIATIEIRHANUINTANUAUNUSHILENNIT (4.6) 99T

y = 0.06214x+0.83892 (4.6)

YBNINUANUAUNUTAINANILAAIFUUTEANTANFUNUS (R?) 1NAU 0.9877 LilaNansauan

[

Tuwnu x Avsgneiietuain 0 Gy audsgaiidunsindaunu x aziduaivanisl3unnsd

o

dvau Feannsaunualaananudunusauannis (@.6) laglian y = 0 aglausuiussd

AYEULVINY 13.50+0.59 Gy
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4.4 HAN1SINAMNULUANTNSIFVBY U-238 Th-232 wag K-40

10000 - . , . , . , . ,

] Sample code : SH1-010 (@)

1000 4
3 Np - 239, 277.60 keV

l Pa - 233, 311.90 keV

ol |

£
35
(@]
O
10 I
1 T T T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
10000 3 — T T T T T T T 1 3
1 Sample code : SH1-010 (b)]
1000 4 §
_ K-42, 1524.60 keV
100 - l .
_g ]
>
o

0.1 — T - T T T T T ~ T T~ T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)

A 4.38  annesusedunuuivesinvegindaviey SH1-010 (@) swgLsileuuaznelsey

(b) Inwnase
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10000 5 . , . , , ,
1 Sample code : SH2-123
1000 5
] Np - 239, 277.60 keV
l Pa - 233, 311.90 keV
£
>
o}
u W

10 -
1 T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
10000 E — T T T 1 T T T
1 Sample code : SH2-123
1000 - .
K-42, 1524.60 keV
£ i
3 7
S ]
“ ]

T T T T T T T T LI T T T T T T T T
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)

1
1000

A 439 anesusedunuinvesnviegnIaviey SH2-123 (a) s1mgisileuuaznelsey

(b) Tnuwnade
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10000 5 : , .
1 Sample code : SH3-248

1000 5 Np - 239, 277.60 keV
] Pa - 233, 311.90 keV

\

100 M

10 -

Counts

T T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)

10000 4 Sample code : SH3-248

1000
] K-42, 1524.60 keV

|

Counts

100 4

10 4

1 S e
1000 1100 1200 1300 1400 1500
Energy (keV)

— T T T T T T
1600 1700 1800 1900 2000

A 4.40  anesusedunuInveINviegnIavioy SH3-248 (a) s1mgisileuuaznelsey

(b) Tnuwnade
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10000 . , . , . , . ,
{Sample code : SH4-028
1000 4 i
5 Np - 239, 277.60 keV -
l Pa - 233, 311.90 keV
l -
> ]
@) 4
o ]
10
]‘ T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
10000 - I R S B T T T
1Sample code : SH4-028
1000 -

K-42, 1524.60 keV

100 4 l .

Counts

0.1

—r - 1 - T T 1 ~ T " T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Energy (keV)

A 4.41  anedusedununvesnviegindnviey SHA-028 (a) SwwgLsiilauuaznelsey

(b) Tnuwnade
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10000 - . , . , , ,
1Sample code : SH5-253
1000 5 Np - 239, 277.60 keV E
] Pa - 233, 311.90 keV
S 1004 I ” .
o) ]
S ]
10 —: =
1 L T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
T T T T T T T T T T
1Sample code : SH5-253
10000 -
1000 K-62, 1524.60 keV E
2 l
3
8 100 -
10 4 3
1 T T T T T T T T T T T
1500 1600 1700 1800 1900 2000

T T T T T T T T
1000 1100 1200 1300 1400
Energy (keV)

A 442 anesusedunuunvesnvesnIaviey SH5-253 (a) s1mgisileuuaznelsey

(b) TnnaLde
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10000 . , . , . , ,
{Sample code : SH6-140
Np - 239, 277.60 keV
1000 5 Pa - 233, 311.90 keV E
) ]
O ]
10 5 E
]‘ T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
] T T T T T T T T T T T
1Sample code : SH6-140
10000 -

K-42, 1524.60 keV

1000 - l

100 4

Counts

10 4

1

—r - 1 - T T 1 T "~ T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Energy (keV)

A 4.43  anedusedunuuvewnvegindnviey SHE-140 (a) SwwgLsiilauuaznelsey

(b) Tnuwnade
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100000 - : : : : : : : : : : .
i Sample code : SD1-010 @]
Np - 239, 277.60 keV

10000 Pa - 233, 311.90 keV

1000 -

Counts

100 -

10 T T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)

100000 4 Sample code : SD1-010

10000 3 K42, 1524.60 keV E

l

1000

Counts

100

10

iy

— T - T T T T T ~ T T~ T T T T+ T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)

A 4.44  anesuSdunuuvesitegwAuTeUvies SD1-010 (a) SMMgisilEuLAE RIS

(b) Tnuwnade



117

100000 - : : : , , . , . , . :
i Sample code : SD2-123 @)
e
10000 Np - 239, 277.60 keV
E Pa - 233, 311.90 keV E
5 1000 -
8 ] Y
100 4
10 T T T T T T T T T T r
200 300 400 500 600 700 800

Energy (keV)

100000 4 Sample code : SD2-123 (b4

10000 4 K[lz, 1524.60 keV .

1000 4 _:

42 ] ]

>

3 ]
~ 100 4

10 - _:

1 ]

. — T - T T T T 1T - 1T T T T~ T "+~ T "+ T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)
A 4.45  anesuSdunuuvesitegwAuToUviay SD2-123 (a) SMngisiluuLAEnaIs el

(b) Tnuwnade



118

100000 T T T T T T T T T T T E
1Sample code : SD3-248 (a)]
E———
10000 e
Np - 239, 277.60 keV
1000 Pa - 233, 311.90 keV .
£ -
> E 4
o) | ]
O
10 4
1 1 T T T T T T T T T
200 300 400 500 600 700 800

Energy (keV)

10000 4 Sample code : SD3-248

1000 4 K-42, 1524.60 keV .

|

100 4

Counts

10

0.1 T T T T T T T T I T T I T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)

A 4.46  annesuSEunuLvesiteg NANTOUVEY SD3-248 (a) SMngLsHlELLAE RIS

(b) Tnuwnade
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100000 Qoo :
Sample code : SD4-028 (a)]

Np - 239, 277.60 keV

10000 - Pa - 233, 311.90 keV |

1000 -

Counts

100 -

10

T T T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)

100000 4 Sample code : SD4-028

10000 5
K-42, 1524.60 keV

l
by

— T - T - T T T T ~ T T~ T T T T T 7
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)

1000

Counts

100

10

A 4.47  anesusedununnvesitegiusauriey SDA-028 (a) gL HEULAENEEBY

(b) Inunadey
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LOuUrILS

100000 5 T T T T T T T T T T T E
1Sample code : SD5-253 (a)]
Er——
10000 - E
Np - 239, 277.60 keV
] Pa - 233, 311.90 keV
1000 l -
100 4 q -
10 4
1 T T T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
10000 -

{Sample code : SD5-253 (b)]

K-42, 1524.60 keV

1000 - l .

Counts

i

1 —r - 1 - T T 1 T " T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Energy (keV)

A 4.48  anesusadununvesineg 1iusaurey SD5-253 (a) SWgLTENLAENaE B

(b) Inwnagey
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100000 : : : : : : : : : : .
i Sample code : SD6-140 (a)]
e —
10000 4 Np - 239, 277.60 keV 4
] Pa - 233, 311.90 keV ]
£ 10004
2 ]
8 Y
100 -
10 T T T T T T T T T T
200 300 400 500 600 700 800
Energy (keV)
100000 E T T T T T T T T T T T T T T 3
1Sample code : SD6-140 (b)f
10000 E
3 K-02, 1524.60 keV
1000 - Y -
s 3
>3
(@]
(@)
100 -
10 -
1 T T T T T T T T I T T I T T
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Energy (keV)
A 4.49  anesusadununvesiteg 9iusaurey SD6-140 (a) SWgLTEuLAENaRBY

(b) Inwnagey
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PN 4.38 uaz 4.49 Wuanasusdunumnitinldaniaegenuesindauas
fusournestnan deetadinanlaiuniserviinseusiomaia NAA FauAIAI
L59U9598unuNTTaldves U-238 Th-232 was K-40 AusIay 98uanInamnulsaues
$eAunuanfiaanesaidu Np-239, Pa-233 way K-42 muddu findsany 277.60, 311.90 uaw
1524.60 keV Fanan158uAnnuusivesssadnionuldasiluiasziusunannusuduves

g 19N NBYUNIALASAUTDUTINMBE IR MU R Usa LU
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4.5 wan133ausanaanudaduvassiniusiunsdsieisnisenuiiinseu

N137AUS IR TUYees R ANTund aunsavilaniensiiannsues
feghsmnrestindn uasAuseumnuesdavetusarinese lude 4.4 wvhnisiiaszd
ALV sdunuIT aanedalisnANTunsed Np-239, Pa-233 way K-42 findesnuy
277.60, 312.01 uay 1524.58 keV Lilefunavuimnamnudadiuyes U-238, Th-232 uay
K-80 Tngldmdnmaiieuiisudauiuidunumvessiegnetuasinnsg1udeds Jauans

AIP15199 4.5 WAL 4.6 UIDLAANIAINING 4.50

A15199 4.5 USUaUANILUNTUDY U-238, Th-232, K-40 way %W TumpgnsnuesnIn

o ANUAN Usunauannududuvassiaiudunded
FWaR9E19

(cm)  U-238 (ppm) Th-232 (ppm)  K-40 (%) %W
SH1-010 1.70+0.17 3.27+0.26 0.22+0.02 0.00
SH2-123 70-80 1.04+ 0.14 2.09+0.18 0.10+ 0.01 0.00
SH3-248 0.92+0.12 3.01+0.25 0.11+£0.01 0.00
SH4-028 0.93+0.14 3.02+0.08 0.12+0.05 0.00
SH5-253 w20 0.61+0.18 1.98+0.24 0.10£0.01 0.00
SH6-140 90-100 1.03+0.12 2.62+0.20 0.12+0.01 0.00

A15199 4.6 USUNUANULINTUUDY U-238, Th-232 K-40 kag %W TuRAusaugniagunan

Y. ANEAN Ysunauanududuvessniusiuned
SWER29819

(cm) U-238 (ppm) Th-232 (ppm)  K-40 (%) %W
SD1-010 3.11+0.12 15.72+0.20 1.40+0.01 0.00
SD2-123 70-80 2.13+0.13 7.15+0.18 1.48+ 0.03 0.00
SD3-248 2.65+0.14 8.80+0.18 0.96+0.02 0.00
SD4-028 2.67+0.14 13.41+0.13 1.13+0.03 0.00
SD5-253 5050 3.02+0.13 7.75+0.18 5.70+0.03 0.00
SD6-140 90-100 2.42+0.12 9.69+0.13 0.95+0.02 0.00

1NM15197 4.3 wag 4.4 annsailllgumeunugduvaiianuduiussening
USunuanududues U-238 Th-232 uar K-40 Auieg19enmesd1Intagsiieg 195y

Feanusauansr1ANuLAnNANeslayaluliasiagtlaeg1adnlau danimi 4.50
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—
oo

—
(o))
1

[ U-238 (ppm) [ Th-232 (ppm) (a)
=

: .

— [N
N =N
| |

Concentration (ppm)
o
|

0 i 5| i ] |
D\Q 9\9 /\q'b ,'\({’b 9/@ ﬂz&b /Qq(’b ,Qrf’b /ng ff?% ,\@ ) &
SRS S I S M ol Sl L™ S

Sample

[] K-40 (%) (k)

Concentration (%)
s
|

3

2

L

0 1 .--.H.—Iﬂﬂ.—. r-.ﬂ
S /{ﬁ? /@9 R 9/@ /Qrtb /Qrib oy 938? X /\@

M M G S S SRS S S SR S

AW 4.50 WHUNTUVIARIUTINAIDILTNYR () U-238 Uag Th-232 (b) K-40 ¥89

A208199NNNDYUIINLALAUTDUYINVDYUITA
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NA15NT 4.5, 4.6 war a1t 4.50 Wunannsieszdusinaenududunes
U-238 Th-232 wa K-40 lusheghsnnmestindauasiegsiuseusnuosinsn dremaia
NAA Famadnsusinamududuvesiogemnnestingn wuiniivinannududuves
U-238 Th-232 wag K-40 ogluszdumegiaiiuldda ileaninnisgads emmsmusssumi
vpaldenvesluusnaiudiiiedoatusiunnndedluusinandnies (Hess et al, 1977)

MMInsnuamNgayIEviag s deiluuFenlandumnuemmdududaud 1.5
f4 6 ppm Tnedidadewindu 2.8 ppm (Suhulz, 1965) dmsuANUgANANYTAlveIBLS LY
TuwdonlandvSunaaududusus 6 89 20 ppm Tasteds 10 ppm wazesifudvos
IwLmaL%amiumﬁaﬂiaﬂimaﬁalﬂﬂzaejszwdﬂq 0.24 §3 2.23 ppm nefiAads 1.18 ppm
(Bajoga et al, 2019) FamsAnuiluadefiusinannududuves U-238 Th-232 way K-40
Y0 sRUToUTINTMEuL3AliadEnAGEININNTTINBUNTITER N1 FaNadnses
USunamnnududulneindeves U-238 Th-232 way K-40 auddu favinfu 2.27 ppm,
10.42 ppm Waz 1.93% muanfu wid1usina U-238 way Th-232 Tu SD1-010 wuag SD4-028
WUANINILANANDE TR USRI 19BY 9 Gelauvninainnisiisiegieiu
91951 AYN1TULA NN 8198 U-238 waz Th-232 wiatiy Tumienduduusuna K40
fivsinannniiAedevedandnteos eswndegsmuduiumisrusdudadunmas
K-a0 77 (Riekstina et al,, 2015) @MU SD5-253 :ﬁﬂ'm%mmmmL%M@ﬂﬁﬂﬂaﬁ%ﬁﬁqa

NAAIUUTINGIBE1991Y 6 FeE19 aediA1UTunaanududuvesgisilon nosey wag

Tnuvaidon anuddu @ 3.02 ppm, 7.75 ppm, 5.70 ppm



4.6 Nan15LATIZVUSUNUSdseU

126

NASNSINANTNTN 4.5 LAz 4.6 Wunadas1eiusunuaududures U-238 Th-232

WAy K-40 ¥99A79871991N 198U IALASAUTIULINB8UIAN LLBlAAIAINEIIUIAILIAIAIL

niadae lkeya (1993) aglomusuasidnelusel uay Ysuasdneusndel uaviilgen

UsueuSsdsat nadl

4.6.1 Nan15As1zIYSUNUsdneTusdetlunled199nraenin

1%

a a v A o 1 o A
919N 4.7 ‘UimmiﬂamFﬂ,umE)U“UENGDE]EJ’NSU’]HM@EJUW@

!

!

!

svdA@d1e  A1NENn (cm) " ¢ O Y O

(mGy/y) (mGy/y) (mGy/y) (mGy/y)
SH1-010 0.35+0.04  0.40+0.09 - 0.75+0.07
SH2-123 70-80 0.22+0.03  0.27+0.04 - 0.49+0.04
SH3-248 0.23+0.04  0.29+0.04 - 0.52+0.04
SH4-028 0.23+0.04  0.30+0.12 - 0.53+0.08
SH5-253 5050 0.16+0.05 0.21+0.03 - 0.36+0.04
SH6-140 90-100 0.24+0.03  0.30+0.03 - 0.54+0.03

na3ei 4.7 Wuaiildannisiansandiunasdnslude It uiusdueari

U9 drusdunuuntuaslidiniansanilednindieg1elanunuiteunits1uaniseg

Nza1IIaLNLL (Reilly et al,, 1991)

4.6.2 NaN15AIITIUSUNUSEN18uanfallunlag19fusauIINiBgLNIn

a a v o | Y] I a S a
1957190 4.8 UIUUT9dN18UDNABUYBINDEINAUTBUYINDLUIIN

!

!

e AwEn D, D, D, Dece Dex
#209819 (cm)  (MGy/Zy) (mGysy) (mGysy)  (mGy/y) (mGy/y)
SD1-010 - 1.83+0.04 1.40+0.03 0.17+0.01 3.40+0.03
SD2-123 70-80 - 1.51+0.05 0.88+0.06 0.17+0.01 2.56+0.04
SD3-248 - 1.27+0.04 0.92+0.06 0.17+0.01 2.36+0.03
SD4-028 - 1.50+0.04 1.18+0.07 0.17+0.01 2.85+0.04
SD5-253 5050 - 451+0.10 1.86+0.09 0.17+0.01 6.54+0.07
SD6-140 90-100 - 1.26+0.03 0.93+0.05 0.17+0.01 2.36+0.03
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MnA5197 4.8 Wurildannsiiansanuiinaddneuendedituiusdin uay
wnsan dhudedueavhiuasldvunfinnsandosanduneunisinieusiegsmnuosinanld
NUNSRARIENSABLIRAN tenaNLABenansEnuAiv linanfeg s nuestinda inay
UNNTO 6?@@’;1%%3’@05%Lﬁmﬁ]’mﬂ%mmsumaumﬂw'%a%’a?maam LazdunauIINNITUN
A79819 (Durcan et al., 2015; Cano et al., 2019; Gomes et al., 2020; Olivera et al., 2020)
waziiloviumena1USunasdaislusazneuendel 910015197 4.5 uaz 4.6 vl laA

JSUNuSa@net FLanInan1199 4.9

A15199 4.9 USueusednedl (D,,)

SWEA20819  AIMNEN (cm) Di, (MGy/y) Dex (MGy/y)  D,n (MGy/y)
SH1-010 0.75+0.07 3.40+0.03 4.15+0.05
SH2-123 70-80 0.49+0.04 2.56+0.04 3.05+0.04
SH3-248 0.52+0.04 2.36+0.03 2.88+0.04
SH4-028 0.53+0.08 2.85+0.04 3.38+0.06
SH5-253 5050 0.36+0.04 6.54+0.07 6.90+0.06
SH6-140 90-100 0.54+0.03 2.36+0.03 2.90+0.03

9nnsed 4.9 DurUSinasdnelfifaannsumensswinUSinasdnelus el
(D,) wazUsunaussd neuensed (O.) weiulas1Usumssdself seduaudn 70-80 cm
Y9II9E1959a SH1-010, SH2-123, SH3-248 (70-80 cm) fIA 110 8199918 W1AU 3.36+0.04
mGy/y s?fﬂﬁmmlﬂa”lﬁsmﬁuﬂ%mm%’qﬁﬁia’?Jsuaqéﬁasiwamszmzﬁul,mﬁgﬂﬁuwulu%uLﬁ eafiudi
AUsEanns 3.27 mGy/y @infiauinsit 13 awan nsuRauing) dexnfiseiuanudn 80-90 cm
Y0351081959%d SHA-028 waz SH5-253 fiAnadewindu 4.97 mGy/y wazdiszauaiiudn
90-100 cm VOIRI0E195Wa SH6-140 dAninfu 2.676 mGy/y Tnednegswnmesiing e
SH5-253 ﬁﬁwqﬁqmwﬁﬁ’u 6.90+0.06 MGy/y LAz INMBELNIATHE SH3-248 Taw

ﬁqmvhﬁu 2.64+0.02 mGy/y
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4.7 Han1snuunRNgvaITINResInIndematiadianasaustuslouuud
NAANSTAINTSIATITRANUS U S davau (D,) Alumadla ESR 31n98 4.3 way
Usunaussdnal (D,,) 91008 4.6 31NNNTIATILHUSUIUAUTNTUVBS U-238 Th-232 uay

K-40 9lUg1N198U1ALASAUTDUTINNDEUIIAN1LNATA NAA L 9NIIUAINIADILA

aunsoagUategvewwINvestanviy 6 Meg1e Mmewmalin ESR R399 4.10 Al

M1319% 4.10 ANBEYRIINYREUIAN MmemAlla ESR

SYdR29819  AMMEAN (cm) D.c (Gy) D.,, (MGy/y) Tesr (y)
SH1-010 70-80 14.91+0.50 4.15+0.05 3,593+128
SH2-123 11.32+0.39 3.05+0.04 3,711+136
SH3-248 11.50+0.38 2.88+0.04 3,993+145
SH4-028 80-90 15.18+0.51 3.38+0.06 4,491+171
SH5-253 22.84+0.76 6.90+0.06 3,310+115
SH6-140 90-100 13.50+0.59 2.90+0.03 4,655+210

1NM197 4.10 uansUTInassdazan USinassdded wazAo1guosiiegsnn
worindemaila ESR aviiulddnfiog1asWa SH1-010, SH2-123, SH3-248 (70-80 cm)
fiAadsvosngwintu 3,776:136 y Ssrrorglasindeiilddianulndidsstuarongues
shegramynusiunniigndunuluduiendtu deldsunmraeudemaia TL wuindeng
Uszanas 3,367+336 y (@11n@auinsdi 13 @9wan nsu@aling) wazansneaunisiseneu
wiivearied 9mnesniademaia TL Wudwﬁmmqmﬁ'wizmm 3,582+562 y
RouR1881999d SHA-028 uag SH5-253 (80-90 cm) GALad e 3,900+143 y T afiaany
TndiRsstuanorguosiiegennesindadaeimaia TL wuinia1engiadsuszuia
3,769+562 y Wags19814 SH6-140 (90-100 cm) AAWYINAY 4,655+210 y iHosnnushegis
Gmm/iaaﬁéﬁmiuiséfuﬂawmﬁﬂﬁﬁﬁﬂawmauyidﬁaEJ JIVINNTATIVADULNYIUARIBE 1AL
%ﬂﬁﬂ@ﬂ&gﬁlﬁﬁ@ﬂﬂﬂﬂé’ﬁsaﬁ’ummqﬁuaqﬁ’sasmezﬂﬂwaaﬁfﬁmﬁammﬁﬂ TL wuindieneny
ldeUsyan 4,479+666 y Bansmil uavaumnune, 2558) mﬂﬁhl,a?{ammq%’wﬁuﬁuaﬁzﬁu

=2 & [y Y @ ! 1 YR N A & [y = Y1
ANHANYIN 3 FEAU LLﬁW\'ﬂ,‘ViLMU’JWF’HBWQﬂlﬂuu‘ﬂSQJF’]’W]M’]ﬂﬂﬂ@ﬁﬂiz@Uﬂ??Maﬂafl‘l‘U BN

lusieg9s¥ia SH5-253 avdldiongNueefign eosania1Usuusdnelngian 3einlv

Y 9

YY) 1

Aogfitesiliafisuiudiegedu q sgelstmuaniiuldinausunusdazauveiogi

Y s 1 A 1 [ Y @ R 1A d' = [y 1
SWa SH5-253 NHAMELIUNU WanglmALINYTeEeIAIlaNunNg Lo UeE 1SR FUNS

Y 9
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(%
(% |

A uAeg YR INee I NLMA LU IuAf LU e lseR Indu ey il aue

3,310+115 4 4,655+210 y fimugennd osfudeduiivgiuinegluggaiulvd adeneu

Ly

UsgiRenansdoundasn 6,000-3,000 Uneu wazdadunisBuduladninnisnuveslunguen

LY 1

wanslmiunansnssuvesnuluaiufinaiidei e e udaniauas e sutednuY

5%
) aa v )

mié’?qSugwuﬁi%’Lﬁuﬁﬁﬂﬁmsawaﬂ&Jam%’umi@umaéﬁmi \esniniwe1nss s
qmuauymﬁné’ﬁmmﬁqﬁw (@infAauinsi 13 aswan nsuAauing, 2553; Shuhaimi and
Rahman, 1999) uenaniaauiinanandsiiduisndmsuildduiivnfmiednlddu
fluditlemn Saan1sinwvivesgadanandiaenadosiuiuiiludminlndiAssesusenelng

warluuLaLge
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unil 5
A3UNAT3Y uazdalauauu

n9iselunssiliitngusrasdifio 1) efnuilassairandnvosminvosindadag
wafia XRD 2) WieAnwaruduiusseninsanuduvesdyaias ESR fuuSunasdfisedu
#19 9 #2835 Additive dose thlugnmsmusunasedazay 3) ileAnwiuiinunnududy
yossiusuniedlusssneR (U-238 Th-232 K-40) uax$edneaiin luiegweinvesindn
LarAusouiaog e nuosudad1emaia NAA dnlug nsuUTanasede ol uas
0) Wafwinmeyrasiiagssnesindadiemaia ESR nunasluTImAfiR s

Wiglsy v wnu Swinana Jsanunsaasunanisanulacail

5.1 agd

nansAnulasiad smdnvesenvesindnnada XRD wudn Wusialaseadiendn
aslnlud wazumaled Tneflassadramdnvesesinlufidy Orthorhombic uaslassastandn
yosuaalenduluy Rhombohedral m'amLﬁaﬁﬂmé’ﬂwmzLawwsuaﬁzy,zym ESR 983910
WoELN3A WuIgURUUvesd eI ESR neauaesed (0 Gy) Useneurdggunuudyayin
dosdnuwazmenufe dyaauuurniialazihuuiing nesUukuudyaaanvaennd Afliin
%uasgjtﬁm%’mﬁ%mm 9=2.000 szyindudygaiingn Mn? AlFdaunuidumisves
Ca?* 909lAsaas19As uaLLn T danadasrud ¢ 7 1.88-2.13 (Vichaidid, 2012) n15iiin
doyaaumniiasinaflamaunandunsisenlaoslniszninedd nnseualuiuiedes
alu (S=5/2 wag 1=5/2) vadbaaou Mn?* (Udomkan et al,, 2006; Seletchi and Duliu, 2007)
ﬁqfuwaﬁwéﬁiﬁﬁmmaamﬂé’aaﬁ’ugﬂqumil,ﬁﬂé’ﬁyapm ESR vesaiUnadulaeialuaes
looou Mn?* fiuzdulusnnesindn (Vichaidid et al, 2007; Engin et al., 2006; Sifiprom
et al, 2012) ﬁaué’wmzé’mﬁmmuwﬁmjﬁﬂﬂﬂgizua'wqﬁmmwmwﬂﬁﬂmaalaaau Mn?*
s?fqLﬁﬂmﬂdauﬁﬂuﬁugummmaL%amﬁumumiusmﬂwamfﬁﬂ Wunaunainnissiuda
sywirwaadeunsueiunifuaud (Seletchi and Duliu, 2007) sonilefiansanguuuy
vesdtyaal ESR vesfieginrestniandansSadunuuiivuia 120 Gy wuiiaudu
vesdyaaiinanlossu M2 lifinsfiad unieidsuudamudiinasdununiild
SRR Faldarursaurluldlunisiivuaeigle (Cano et al, 2019) Tumsnduiu
dayey1ad ESR %Uiﬂﬂggmwué’mmmﬁLﬁm%ﬂuﬁdaqaummjmﬁﬂ 349-352 mT é’dﬁ?ugmwwm

deyayed ESR Misuusnaivmiwiana 1ngmianiiansandmiunisimmvunene
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a a0 w =3 v [ = o A A
dgananmguaNnisAnwIanyedan e ESR LW@IGﬁUﬂ’ﬁﬂWMu@@WQ A N13La BN

ATwesivinzaNiuianfieganyiinising lnenmngegndinisidendimalulasin

3
=] 1

(Microwave Power, MP) Tu@nwidnweazdeygias ESR voswnneasindnlunssidlaldenan

o

Adslulasiand 1 mw ilssaniduminisiiwesnasnrdostastouldiudiogaes nilons

9

wanwuTulU (Oliveira et al,, 2020; Gomes et al., 2020) F391NN5IUIBUTBUS N YL 0

[

Feyaad ESR 999729819910 108U13A581I19 0 Gy Waz 120 Gy aaemadlulasian 1 mw

o

meldaunuauwaniugng 349-352 mT nuldnwayvesdeanad ESR NH1un5aNe5d 120 Gy

=

finsiuduvesdyaaegradiulddn Jsaunsassyviavesdyyufivssneusiedyaie
inanluanalessu SO, uag SO; NA1 g, = 20057 waz 2.0031 wagluanalosouvas
CO, M & ¢=20016 wag g= 1.9973 (Vichaidid et al, 2007; Cano et al,, 2019; Gomes et al,

2020) lanalosawsing q MAMTLIHY AnN1sAnwnuittuanalossures SO, uay SO; 1in

NJUATNIETENINTEUNULUAZEWIDUY (Impurity) Tegnelusinvestidaluguluana

lopauwes SO?’ (Miki and Kai, 1991; Kai and Miki, 1992) m'a:mLﬁaﬁmsmﬂmaqalaaawum

v a v 1

CO, ANINTUAIATENTENI NS uNUINAULART BUATUBLLA FINAT0I5IEAINE1I VNI
CaCO; WinAuunNTeady uazinliiinluanalosouves CO; wastindidnasou 1§
warswiunanefuluanalossuves COT 9nnduNaaINs@unuuinduasyils COy

gdelosuves 07 vliAnduluanalossures CO, Blackwell, 1998; lkeya, 1993)

dwfumsiurengluasailaionlddyann a dunis g = 2.0016 MAraNluaNa

o

'
a0 =

lovou CO, Wawniludygraunfiatad et 1@infisnuunia 2.02x10° a (Engin et al, 2006)

[
1a a

RN BUsudaN ¢ = 2.0016 uaz g = 1.9973 Fedaya s iliinanluiana

Y

levau CO, Fuilos1uaAININTUUDIAYQIad ESR a4 fiLue g = 2.0016 uaz g = 1.9973
wazSeuiisudygaieiientayadiniunisieneviausunasidasay wulndayyin
= aY Yo ¢ ol Y Al W a & v v eaa 1w PN
7 g = 20016 dlarrpranisaliilnalAssnazdanduuse@nd andunus v fnindey i
¢ = 1.9973 UoNAINTANUTNVBIT QYEIUUT I g = 2.0016 HAIULTUALA LA UlATR
mudSuusEnaedily wasimstududmiunisimunangvemesdndn (Engin et al, 2006;
Vichaidid et al., 2007) Lagunoenzia (Cano et al, 2019; Gomes et al,, 2020; Oliveira et al., 2020)

TiANuEdgsNanIsIUAeY wavAenelalrnuaenadefunuintnsAny
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gonnnesnuladuilivgluyieaiulnl afunsudseifaansdounds 6,000-3,000 Unou
LazanMsAnuieudmemaia TL Gandnt wavaumung, 2558) wasdaudunstudulasn
Inswuneslunguen wandidiuiisnssuvesauluatiosnandideimendua dsusna

Fdsdnuazn150 98 ugui 1L uli Wai a3 0d v vesnisiiunisaidnd 1lesannid

[%
o o W a

ninensssIunAngauanysallndtuuvan Eidnfalinsh 13 aswan nsudauing, 2553;
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N,, = 6.02218x10 "atom/mole x x 1mg x 10 "¢/ mg

39.0983 g/mole

- 256532 X 10" atom

D = 1.33949352 E,  (MGy/y) (n.1.11)

an (K-40)

USunnufsdneddmiusin U-238, Th-232 71 1 ppm Uz K-40 1 % dviuudazeynia

= v a Y @
waan1 Tnn warSadwnuun Weuladu

Dan U3 0'0628792E238 (mGy/y) (n.1.12)
D, iy = 002514FE . (MGy/y) (n.1.13)
Dan (K-40) = 133949352E40 (mGy/y) (ﬂ114)

o v v I (Y
A19199 N.1.1 WASIUSIUYBITIALDANT UATLATHNNN VDIDUNIUNTAAUAIVDI U-238

Th-232 way K-40

WA (MeV)

aunsu

Etotala Etotals Etotaly

U-238 42.806 2.270 1.753
Th-232 35.932 13.46 2.482
K-40 — 0.506 0.152

M8g1eNsAUINUTINAS ML ENTINIL 1 ppm INNEIUYeIstdLeaTi 42.81 MeV

AUENNTS (n.2.8) lanadl

D, (U-238) = (0.062879) X E_
= 0.062879 X 42.806

= 2.6916 mGy/y

v a1

%@Nﬂﬁ%']ﬂ@]’]ﬁ%‘iﬁ n.2.1 %Qﬂﬁﬂmﬁm’;mﬂ%mmﬁama"TJmﬂmiamaﬁwaq U-238 Th-232

7 1 ppm uag K-40 7l 1% Fapngnedi n.1.2
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v W v

M13199 N.1.2 ANNFuRUSIEnieUSInaANuduvessmiuiunSsdtuusunnsidsdey
Weasaineyniakean 9n wazdedunuun dmsvaunaduiundedvesey

nSUNNSEAN8AT U-238, Th-232 way K-40 Tusssuwns

Usunaussdnatl (mGy/y)

N13Ea9AVRENNNTUATE

Dy DB Dv
U-238 (1 ppm) 2.6916 0.14273 0.1102
Th-232 (1 ppm) 0.7371 0.02762 0.05092
K-40 (1%) - 0.67805 0.20287

o v Ql' ° a U a1 A o a Yy v
uwagamumi’]w n.1.2 Mqﬂ’]u"lmﬂiﬂiqmiﬂaﬁE]“LJIWEJ@'WB]EJU?NWQJ@’J']@JLGUNGUUSUENS’]Q

ALTUANSIARIUTITUIIR Anuaunis (n.1.15 — n.1.17)

D, =C,D,,+C,D,., (n.1.15)
D, =C,Dy_, +CyDyy + GO, (n.1.16)
D, = CD,_, +C,D,_ +CD,_ (n.1.17)

e C  Ae YSunaumnudutuvessiniudun Sednusssuyn

D Ao UsuwussdsioUvesseduiingig o

ANRIUAITINNA N.2.2 UBNAINALITAUNTT (M.1.11 — n.1.12) TUAISAIUIUAIAINA1ILEAN

anunsaldaunisaslddlunisAuiu

D, = C,(2.692)+C,, (0.737) (n.1.18)
D, = C,(0.143)+C, (0.028) +C,(0.678) (n.1.19)
D, =C,(0.110)+C,, (0.051) +C, (0.203) (n.1.20)

~ < a Y v = a 1
W Cy, Gy, ey Ck Lﬂuﬂimﬂmﬂ’ﬂumﬂ%u%a\‘iﬁ'ﬁmLiLu&MLLﬁ%V]E]LSEJ?,JSLUWLJ'JEJ ppm

wazlnunadedluming % Alaannmeila NAA

(%
o

M19197 1.1.3 USunaumnududuuessns U-238 Th-232 uag K-40 Tudiegiwnreginan

LAZAUTBUTINVOLINAN INUNAILUTIUARA UMY JnTnana

f29814 U-238 (ppm) Th-232 (ppm) K-40 (%) U3uauun, %W

SH1-010 1.700 3.265 0.220 0.00
SD1-010 3.114 15.716 1.400 0.00
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n.2.3.1 MsmudnUinadidnetvasitegrsnnvesinge
Usinassdnisluded (D,) iansanainadiiniulusodssnmestinie
wazUsInasidniouensed (D) fansanandedniinanesdussnevvesiuseusnmosii
39 FemUSunannudutures U-238 Th-232 waz K-40 Aildniunissdt n.1.3 thluunuen
Tuauns (n.2.18 — n.2.20) aansamuiamaUsunausdnetaesiogsmnrosinan uay
fuseumnuesinaslagedl

USunausednelusiad

D, o= (1.700X2.692) + (3.265X0.737)

Din,B = (1.700)(0.143) + (3.265)(0.028) + (0.220)(0.678)
Din,’y= 0 mGy/y

Usunusadnigusnsial

Dex,a: O mGy/y

Dex,B = (3.114)(0.143) 4 (15.716)(0.028) + (1.400)(0.678)

DeM,: (3.114)(0.110) 4+ (15.716)(0.051) + (1.400)(0.203)

AN5199 n.1.4  USunausadnielused (D) wazUsinuisdniguensel (D,,)

Usunassdneluset (mGy/y) Usunaussdneuannall (mGy/y)

Din,OL Din,B Dex,B Dex,“{
6.982 0.482 1.830 1.404
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WaRasaunUSunatinludie8 199N 1e8113n LaLAUSIUIINBYUNTA @NUNSOANUINUILNA

SedmeUntusunailaannaunis (n.2.21 — n.2.23) laaail

D, = D, /[(14149W) / (100 — W)] (n.2.21)
D'B= Dg / [(1+1.25W) / (100 — W)] (n.2.22)
D'Y: D, /[(1+1.14W) / (100 —W)] (n.2.23)
USunuSadneluseUiiiusunuin
D, o= Dg / [(141.89W / (100 — W)]
- 6.982 /[1+1.49(0) / (100 —0)]
= 6.982 mGy/y
D, g = Dg / [(1+1.25W /(100 — W)]
= 0.482 /[(141.25(0) / (100 — 0)]
= (0.482 mGy/y
Dy =0 mGy/y
USunudadneusndedidusunani
D, 4= 0 mGy/y
D, = Dp / [(1+1.25W /(100 —W)]
= 1.830/[(1+1.25(0) / (100 — 0)]

D,.,= D, /1 +1.14W) /(100 —W)]
= 1.404 / [(1+1.14(0) / (100 —0)]
= 1.404 mGy/y
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a a 1Y) ] i a - ! a Y] 1
M990 115 YSinasednngluelniivsinanh (D) uazdinusdniguenseUni

USunauih D,,)

Usunaufeiinneludetnfiviananih (0,)  Yanaudedansuendatndivsunai ©O_)

Din,OL DIn,B Dex,B Dex,’y
6.982 0.482 1.830 1.404
sty agldi
D, = 0.05(6.982) + (0.482)
= 0.75 mGy/a
D, = 1830 + 1.404 + 0.170
D = Dm + DeX
= 0.75 + 3.40
mGy/y

=4.15
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n.2 suuuumsnstasauasdundnasinlud-uaaled
n.2.1 jUuuumsiagauuvawanasinludludlegisgnieeinin

Date: 25/6/2014 Tirne: 13:30:55 File: CO2 Usel
MName and formula

Reference code: 00-041-1475
Mineral name: Aragonite
POF index name: Calcium Carbonate
Empirical formula: CCaly
Chemical formula: CaCO4

Cc lo hic parameters

Crystal system: Onthorhombic
Space group: Pmcn

Space group number: 62

a(?): 4.9623

b (?): 7.9680
c(?) 5.7439
Alpha (?): 90.0000
Beta (?): 90.0000
Gamma (7): 90.0000
Calculated density (gfcm?3): 2.93
Measured density (g/fcm*3): 2.95
Yolume of cell (10°6 pm*3): 227.11

i 4.00

RIR: 1.00

Subfiles and Quality

Subfiles: Inorganic

Mineral

Cement and Hydration Product

Common Phase

Educational pattern

Pharmaceutical

Superconducting Material
Quality: Star ()
Comments
Color, Colorless
General comments: Optical data on specimen from Bilin, Bohemis, Czechoslovakia.
Sample source: Specimen from Sefrou, Morocco,
Analysis: Microprobe analyses (wt %2): major Ca, and trace Sr(<<1),
Optical data: A=15300, B=16810, O=16854, Sign=-, 2¥=18(calc)y
Additional pattern; To replace 5-453 and validated by calculated pattern 2425,

See ICSD 15194 (PDF 71-2392); ICSD 34308 (PDF 76-608).
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Date: 25/82014 Time: 13:30:55 File: COZ2 Usel

Structure: Jarosch, D., Heger, G., Tschermaks Mineral. FPetrogr. Mitt., 35, 127, (1986)

Optical data; Dana's System of Mineralogy, 7th E4 I, 182, (1951)

Peak list

No. h k 1 d [4] ZThetaldeg] I [%]
1 1 1 u] 4.21200 21.075 3.0
2 o 2 u] 3.95400 22.297%7 1.0
3 1 1 1 3.39700 26.213 100.0
4q a 2 1 3.27400 27.216 50.0
5 a u] 2 2.87200 31.116 6.0
[ 1 2 1 2.73300 & 731 9.0
T o 1 2 2.70200 33.128 &0.0
8 2 u] n] 2.458100 36.176 40.0
9 a 3 1 2.41100 37.2865 14.0
10 1 1 2 2.37300 37.884 45.0
11 1 3 u] 2.34200 38.405 25.0
12 o 2 2 2.33000 38.610 25.0
13 2 1 1 2.15000 41.187 12.0
14 1 3 1 2.16800 41.624 2.0
15 1 2 2 2.10800 42 .867 20.0
16 2 2 1 1.97740 45.853 55.0
17 u] 3 2 1.95000 46,535 1.0
13 U] 4 1 1.88210 48.319 £5.0
19 F o F 1.87750 45.445 £25.0
20 a 1 3 1.86160 45.886 2.0
21 2 1 2 1.82750 49.859 4.0
22 1 3 F 1.51490 50.229 20.0
23 1 4 1 1.75950 51.917%7 3.0
249 1 1 3 1.74300 52.455 25.0
25 2 3 1 1.72900 52.913 i12.0
26 a 2 3 1.72570 53.022 16.0
27 F F- F 1.69540 53.943 2.0
28 U] 4 F 1.63630 56.145 3.0
29 1 2 3 1.63000 56.403 i.0
30 3 1 o 1.61980 56.791 2.0
31 3 1 1 1.55880 59.229 4.0
32 U] 5 1 1.53570 60,211 2.0
33 F 4 1 1.43330 561.5831 4.0
34 2 1 3 1.48910 62.302 i.0
35 3 2 1 1.47640 62 .898 2.0
36 1 5 1 1.46720 63.338 4.0
37 U] o 5 1.43600 64,851 1.0
38 2 2 3 1.41670 65.876 1.0
39 a 1 4 1.41320 66.060 3.0
40 3 1 2 1.41070 66,192 4.0
41 3 3 a 1.40400 66,543 3.0
52 U] 4 3 1.35040 67.839 1.0
43 2 4 2 1.36630 68.636 2.0
44 3 3 1 1.363%0 68.774 2.0
45 1 1 g 1.35920 £9.045 5.0
45 U] 2 5 1.35070 69,542 2.0
57 3 2 F 1.34870 69,660 3.0
48 1 5 2 1.34160 70.082 2.0
49 1 4 3 1.32900 70.846 i.0
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Date: 2502014 Time: 13:30:55 File: CO2 Use
54 2 u] 4 1.24270 TH.612 3.0
55 4 u] u] 1.24060 76.765 4.0
=11 3 1 3 1.236E50 77.066 6.0
57 a 5 3 1.22450 Tr.964 3.0
55 2 5 2 1.21490 78.698 2.0
59 2 4 3 1.20590 79.401 4.0
&0 1 5 3 1.15200 g0.760 3.0
61 2 2 4 1.15640 S50.974 2.0
62 1 1) 2 1.17110 82.258 3.0
63 u} 4 4 1.164z20 82.853 1.0
64 4 2 1 1.15000 853.219 2.0
65 4 u] 2 1.13890 85.119 1.0
66 a 1 5 1.13700 85.295 1.0
&7 3 3 3 1.13230 85.734 1.0
1=} 4 1 2 1.12740 S56.197 1.0
=] 2 3 4 1.12560 86.363 2.0
70 1 7 u] 1.10890 87.999 2.0
71 a 2 5 1.10350 85,542 1.0
T7a 4 2 2 1.09500 859.412 1.0

Stick Pattern

Imtensity [%]
100

Ref. Patl

emn: Aragonite, 00-041- 1474

|ﬂ Wy hlld Al Jq " |ﬂ|d“|m 1
a0 <] in al
Positinn [72 Theta)

[
90
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Date: 25/6/2014 Time: 13:28:51

File: CO2

153

Usa

Name and formula

Reference code:

Mineral name:
PDF index name:

00-005-0586

Calcite, syn
Calciurm Carbonate

Empirical formula: CCaly

Chemical formula: CaCO5

Crystallographic parameters

Crystal system: Bhombohedral

Space group: R-3c

Space group number: 167

a(?): 4,9890

b (?): 4.9890

c(?): 17.0620

Alpha (?): 90. 0000

Beta (7 90.0000

Gamma (?): 120.0000

Calculated density {gfcm*3): 2.71

Measured density (gfcm®3): z2.71

Yolume of cell (106 pm*3): 367.78

L 6.00

RIR: Zz.00

Subfiles and Quality

Subfiles: Inorganic
Mineral
Cement and Hydration Product
Common Phase
Educational pattern
Forensic
MNES pattern
Pharmaceutical
Superconducting Material

Quality: Star (S)

Comments

Color: Colorless

General comments:

Other form: aragonite.

Fattern reviewed by Parks. J., McCarthy, G, North Dakota State Univ, Farga, Ma

Dakota, USA, 42007 Gramtm<4ei1992).
Agrees well with experimental and calculated patterns.

Additional weak reflections [indicated by brackets] were observed.
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Date: 25/6/2014 Time: 13:28:51 File: CO2 Use
ICSD 73446 (PDF 81-2027); ICSD 79673 (POF 83-577); ICSD 79674 (PDF §3-578).

Temperature: Pattern taken at 26 C.

References

Primary reference: Swanson, Fuyat, Mat Sur Stana! (U E) Qe 574N, 51, (1953)

Optical data: Dana's System of Mineralogy, 7th Ed. I, 142

Peak list

No. h k 1 d [4) 2Thetaldeg] I [%]
1 o 1 F 3.86000 23.022 1z.0
2 1 u] 4 3.03500 29.406 100.0
3 u] u] 6 2.84500 31.418 3.0
+ 1 1 o 2.49500 35.966 14.0
5 1 1 3 2.28500 39.402 18.0
] 2 [u] 2 2.09500 43.146 18.0
7 o 2 4 1.92700 47.124 5.0
a8 u] 1 g8 1.91300 47.490 17.0
a a | 1 [ 1.87500 48.514 17.0
10 2 1 1 1.62600 56.555 4.0
11 1 2 2z 1.60400 57.402 8.0
12 1 [u] 10 1.58700 58.075 2.0
13 2 1 L] 1.52500 60.678 5.0
14 2 [u] g 1.51300 60.987 4.0
15 1 1 9 1.51000 61.345 3.0
16 1 2 5 1.47300 63.060 z.0
17 3 u] u] 1.44000 64.678 5.0
i8 u] [u] 12 1.42200 65.599 3.0
19 2 1 7 1.35600 69.231 1.0
20 u] 2 10 1.33200 70.238 2.0
21 b1 2 g8 1.29700 72.870 2.0
22 3 [u] 6 1.28400 73.729 1.0
23 2 2 u] 1.24700 76.300 1.0
24 1 1 12 1.23500 77.177 z.0
25 3 1 2 1.18690 80.933 1.0
26 2 1 10 1.17950 81.547 3.0
27 o 1 14 1.17280 §2.113 1.0
28 1 3 4 1.15380 83.767 3.0
29 2 2 6 1.14250 84.788 1.0
30 1 2 11 1.12440 86.483 1.0
31 2 u] 14 1.06130 93.072 1.0
32 4 o 4 1.04730 94.701 3.0
33 3 1 8 1.04470 95.011 4.0
34 1 u] 16 1.03520 96.165 2.0
35 2 i 13 1.02340 97.647 1.0
36 3 u] 12 1.01180 99,161 2.0
37 3 2 1 0.98950 10z.242 1.0
38 2 3 2z 0.98460  102.952 1.0
39 1 3 10 0.97820 103.899 1.0
40 1 z 14 0.97670  104.124 3.0
41 3 2 4 0.96550 105.846 2.0
42 u] 4 =] 0.96360 106.145 4.0
43 o z 16 0.95620 107.334 1.0
44 4 1 u] 0.94290 109.561 2.0
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Date: 25/6/2014 Time: 13:28:51 File: CO2 Usel

Intensity [%]
A0 Ref. Patern: Calcte, svn, O0O0E-0555

D! I| ‘ : MI ||||I|||| I|| |||.| | FETRY I

30 L] 50 l51] 70 =] 0 100 110
Position [*2Theta]
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n.3 nMsuseanauanuldinLiuauvenITNaass
msUsznamelaiudusuresnsaaesazuUseenidy 3 @ farolul
n.3.1 nsmaranuldudususlia A azvhnisfiansanainmanuadeunes
nMsnAaBIaInMsTaUSinaSidaranainns e UaLesoUSINSE waznsTae
Usuneusednel feaunis (n.3.1)

SD
U, = — (n.3.1)

A
Jn
1.3.2 n1sn1A1ANldkduauYiia B anuldwiususiniaziaisanann
AU LU UALNAINLAS B9 N LT NISNARBIAINSUNTISTUNIAUS LS B arauwazUS U

v a

SedreUazldaunis (n.3.2) uag (n.3.3) muaau fsil

UB = U((20»60 Gamma cell) T U(ESR Spectrometer) (ﬂ32)

Us = Ugpee) (n.3.3)

1.3.3 N1511AIAN kLU UBUSINYEA C 98NN15AINTUINNNITTIUNDU

999NN lUBUUUTEN A way B A9l

2 2
U = «/UA + U, (n.3.4)

n.3.4 nMsyiAranuldndusuveny @atgansuldinuiesas 95) dmsunns
AuAIANN LU LaUINEYINTIRAIUSUNMS IFdran (D) wazUsunusedsal (D,,)

2z sUszanalegldaunis (n.3.5) wag (0.3.6) MUAINU H91

Upac = K (Uc) (n.3.5)
UDaﬂ =k (Uc) (ﬂ36)

n.3.5 MIMAANUARIALATBUYBINTAUINADNY WialaAmITauTinussd
avay (D, warAUSuIusIdEnel (D) T3u99A1ANN LU LB UNAATUINNNITNARDILAY
1A399H091NTR N.3.2 FIUWIINIINIAIAILARIALAG DUV FambAaInaunis Error

Propagation LUUA15915 Feazidumuaunis (n.3.7) Ao

U
Frror T =T e | 22 (n.3.7)

ESR ESR




2.1
9.2

AMANUIN U 11]%%58\15'1531'19\5459'114

@130I%351U NIST (NIST SRM 1633b)

#17412331U Granodiorite, Silver Plume, Colorado (GSP-2)
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Certification of a new NIST fly ash standard reference material

Robert R. Greenberg', Jean S. Kane?, Thomas E. Gills?

' Inorganic Analytical Research Division, National Institute of Standards and Technclogy, Gaithersburg, MD 20899, USA
2 Standard Reference Materials Program, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

Received: 26 October 1994 [ Accepred: 8 November 1994

Abstract. In June 1993 the National Institute of Standards
and Technology (NIST) released the third version of
“Constituent Elements in Coal Fly Ash™ Standard Refer-
ence Material (SRM 1633b). This material is intended for
quality assurance purposes in evalvating the analytical
methods used for the determination of constituent cle-
ments in coal fly ash or in materials with similar matrices.
It has been certified for 23 major, minor and trace ele-
ments using ten different analytical techniques. For an el-
ement to be certified in a NIST SRM, its concentration is
usually determined by at least two independent analytical
techniques. The concentrations of additional 24 elements
are provided for “information only” purposes in the new
fly ash. Current plans are to certify the concentrations of a
number of rare earths upon completion of additional ana-
lytical work now in progress. Homogeneity testing was
accomplished using instrumental neutron activation anal-
ysis and X-ray fluorescence. This presentation summa-
rizes the preparation of this new material and the analyti-
cal results used for certification.

Introduction

Increased concem about the release of metals into the en-
vironment has twice led to the renewal of Standard Refer-
ence Material (SRM) 1633, Coal Fly Ash. Environmental
pollution from coal-burning can occur through direct
stack emissions, as well as from the leaching of toxic met-
als from ash which is disposed of in land-fills [1-4]. Well
characterized, certified reference materials (CRMs) are
required for quality assurance purposes when analyzing
such materials. There is also a need for both coal and coal
fly ash CRMs (which are certified for the same elements)
to determine mass balances of some key elements during
coal combustion. Two elements for which the need to
achieve this mass balance is particularly important are
mercury and fluorine. Neither element is currently certi-
fied in the coal SRMs, and only Hg is certified in the fly

Correspondence fo: R.R. Greenberg

ash SRM. New certification efforts are required both at
NIST and in industry to meet this particular need.

The rare earth elements, which have the potential to
serve as a means of identifying point sources of particu-
late emissions, have not been certified in any NIST envi-
ronmental or geological SRM. Certifying these elements
in the new fly ash should also prove to be extremely
valuable to environmental chemists, as well as to geolo-
gists. Rare earth elements can serve as excellent tracers
for the identification of point sources of pollution in
broad regions [5]. The rare earth elements are introduced
to coals as detrital material from the weathering of rocks
in the vicinity of the coal beds [6]. Since the coal from
different coal beds will reflect the mineral patterns of
source rocks unique to each bed, this detrital material is
an effective tracer to indicate the source of particulate
fallout even where meteorological transport has dis-
persed the material far from its point of origin. While not
typically viewed as a geological material, coal fly ash
has a chemistry rather similar to that of rocks. Therefore,

Table 1. Observed precision for 100 mg samples of Fly Ash, SRM
1633b, by INAA

Element Mean Is® RSD

concentration (%)
Al (%) 14.85 0.19 13
Vo (ugle) 294.7 4.2 1.4
Mn (ug/g) 132.0 L5 1.1
Na (ug/g) 2011 16 0.8
As  (ugfg) 135.0 1.0 0.7
La (nglg) 93.7 0.5 0.5
Se (uglz) 41.22 0.26 0.6
Cr (pg/g) 196.0 1.5 0.8
Fe (%) 7.71 0.08 1.2
Co (ng/g) 49.6 0.3 0.6
Ce (ug/g) 192.7 L2 0.6
Th pele) 25.64 0.15 0.6

2 Observed standard deviation for thirteen 100 mg samples
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Table 2. Comparison of analytical data used for the certification of Fly Ash, SRM 1633b

Element Method 1 Method 2 Method 3

As  (ug/g) 1350 = 135 (INAA) 1376 + 3.1 (FIA-HAAS)

Al (%) 1485 + 0.19 (INAA) 1523 + 0.13 (XRF)

Ba (ug/z) 720 + 13 (INAA) 701 + 5 (IDMS)

Ca (%) 147 £ 003 (INAA) 1.53 £ 0.04 (ICP-AES) 1.56 £ 0.07 (XRF)
Cr (ng/e) 1960 =+ 22 (INAA) 2021 + 7.3 (FAAS)

Cu  (ng/g) 113.05 = 0.14 (IDMS) 1114 £ 3.1 (FAAS)

Fe (%) 771 £ 009 (INAA) 7.92 + 0.25 (XRF)

K (%) 1.949 £ 0.022 (INAA) 1.961 £ 0.043 (FES) 1.93+ 0.04 (XRF)
Mg (ng/g) 4820 + 30 (IDMS) 4850 + 6D (ICP-AES)

Mn (ug/g) 1320 & 1.6 (INAA) 131.1 £+ 44 (FAAS)

Na  (ug/g) 2011 + 22 (INAA) 1995 + 80 (FES)

Ni  (ug/g) 1206 + 2.5 (ICP-AES) 1209 £ 55 (ETAAS)

Pb  (ug/g) 68.19 + 046 (IDMS) 68.1 + 4.6 (ETAAS)

Se  (ug/g) 1026 + 0.15 (INAA) 103 + 04 (FIA-HAAS)

Si (%) 23.02 £ 008 (Grav.) 22.99 = 030 (XRF)

Sr (ugfe) 1034 + 21 (INAA) 1041.1 = 4.7 (IDMS) 1040 +£32 (FES)
Th (ug/e) 25.64 £ 028 ({INAA) 2573 £ 0D.65 (IDMS)

Ti  (uglg) 7910 +120 (INAA) 7850 +210 (XRF)

U (ug/g) 8.61 £ 0.22 (INAA) 8.936+ 0.063 (IDMS)

Vo (uglg) 205  + 4 (INAA) 2069 + 65 (ICP-AES)

Uncertainties represent the estimated, overall analytical uncertainties at the 95% confidence level

certification of SRM 1633b for rare earth elements
should prove valuable for quality assurance purposes to
geochemists as well as to environmental and industrial
scientists. The observed precision for 100 mg samples of
the fly ash is shown in Table 1.

Experimental

This SRM represents the fly ash generated by burning bi-
tuminous Pennsylvania and West Virginia (Appalachian
Range) coals, and is a composite, rather than the ash
which would result from burning any one specific coal.
The fly ash composition of these coals is quite different
from that of fly ash resulting from Western coals. The pri-
mary difference is with respect to the calcium content,
which is considerably lower in Appalachian than in West-
ern coals [7]. Some of the geographical differences for
U.S. coals are based on the regional variation of the coal
rank. High-rank anthracite coal is typically low in sulfur,
while low-rank bituminous and sub-bituminous coals can
have as much as 32 weight-% sulfur (as the trioxide) in
their ashes [8]. Additionally, lower rank coals have a
higher ash content than high-rank coals [8]. Appalachian
coals are generally anthracite or bituminous, while West-
ern coals are generally sub-bituminous or lignite.

The fly ash material for the new SRM was supplied by
a single coal-fired power plant burning mixed Ap-
palachian range coals. Prior to bottling, the material was
sieved through a nominal sicve opening of 90 pm (170
mesh) and then blended to assure homogeneity.

A number of different analytical methods were used
for the certification of SRM 1633b Fly Ash, including:

isotope dilution mass spectrometry (IDMS) using both
thermal ionization and inductively coupled plasma; in-
strumental neutron activation analysis (INAA); wave-
length dispersive X-ray fluorescence spectrometry on
fused boratz disks (XRF); inductively coupled plasma
atomic emission spectrometry (ICP-AES); electrothermal
atomic absorption spectrometry (ETAAS); cold vapor
atomic absorption spectrometry (CVAAS); flow injection
analysis-hydride generation atomic absorption spectrome-
try (FIA-HAAS); flame atomic absorption spectrometry
(FAAS), flame emission spectrometry (FES), and
gravimetry (Grav). INAA and XRF were used to measure
material homogeneity.

Results and discussion

One of the most important properties of any certified ref-
erence material is its homogeneity. Obviously, each ana-
lytical portion at the recommended analytical subsample
size must contain the same, or nearly the same, concentra-
tions of each of the certified components. The primary ho-
mogeneity characterization was performed by INAA and
XRF. Using these techniques, no inhomogeneity in excess
of 1% relative was observed. However, IDMS measure-
ments on nine samples detected a potential heterogeneity
for Th of about 2% relative.

The agreement observed between analytical methods
used for certification of the new fly ash SRM was excel-
lent. As shown in Table 2, the maximum disagreement be-
tween techniques for all elements certified was < 4% rel-
ative; agreement for most elements was within 2% rela-
tive. The actual certified concentrations and information
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Table 3. Certified elemental concentrations

A SR 1653
Al (%) 15.05 0.27 Na (ug/g) 2010 30
As (ng/g) 136.2 2.6 Ni (jg/e) 120.6 1.8
Ba (ug/g) 709 27 Pb (Lg/e) 68.2 1.1
Ca (%) 1.51 0.06 S (uglg) 2075 11
Cd (ug/e) 0784  0.006 Si (%) 23.02 0.08
Cr (ug/e) 198.2 4.7 Se (ug/e) 10.26 0.17
Cu (ug/g) 112.8 2.6 Sr(uglg) 1041 14
Fe (%) 778 0.23 Th (ug/g) 25.7 1.3
Hg (ugle) 0.141 0.019 Ti (uglg) 7910 140
K (%) 1.95 0.03 U (ugle) 8.79 0.36
Mg (pg/g) 4820 80 Vo (ugle) 295.7 36
Mn (ug/g) 131.8 1.7

* Uncertainties are 95% prediction intervals — see text

Table 4. Non-certified elemental concentrations in Fly Ash, SRM
1633b, given for “information only”

Concen-

Element Concen- Element

tration tration
Br (ug/g) 2.9 P (nefe) 2300
Ce (ug/g) 190 Rb (ug/g) 140
Co {(ug/g) 50 Sb (ug/e) 6
Cs (uglg) 11 Sc  (uglg) 41
Dy (ug/e) 17 Sm (ugfe) 20
Eu (ug/g) 4.1 Ta {ug/e) 1.8
Gd (uglg) 13 Tb (pefe) 2.6
Hf (ug/g) 6.8 TI (ugle) 5.9
Ho (ugfg) 3.5 Tm (ug/g) 2.1
La (ug/e) 94 W (ug/e) 5.6
Lu (ugfg) 1.2 Yb (ug/g) 7.6
Nd (ug/g) 85 Zn (ngfe) 210

values given by NIST for this SRM are listed in Tables 3
and 4. Certified concentrations of Cd, Hg and S were
based on a single analytical method. The certified values
and uncertainties listed in Table 3 were calculated by the
method of Paule and Mandel [9]. The uncertainties include
allowances for measurement imprecision, material vari-
ability and differences among analytical techniques [10].
Each uncertainty is the sum of the half width of a 95% pre-
diction interval and includes an allowance for the system-
atic error among the methods used. A 95% prediction in-
terval predicts where the true concentrations of 95% of the
samples of this SRM lie [10]. Note that the concentrations
and uncertainties for this material are valid only at or
above the recommended minimum sample size of 250 mg.

Current plans are to certify SRM 1633b for a number of
the rare earth elements in the near future using INAA and
IDMS. The INAA measurements have already been com-
pleted, and the concentrations of 12 rare earths (lan-
thanides) currently appear on the NIST certificate as “non-
certified values.” IDMS measurements are in progress and
upon completion should allow certification of many of the
rare earths. The rare earth elements are a group of elements

having very similar chemical and physical properties. The
subtle differences in properties from one member of the
group to another, however, lead to partial fractionation of
the elements in important rock-forming processes. Those
studied most extensively involve the partial melting of
crustal rock through which molten lava is ejected during a
volcanic eruption, the partial crystallization which follows
as that molten rock cools, and mixing of magmas from dif-
ferent sources beneath the earth’s crust. Once certified, this
material will provide a better means of establishing inter-
laboratory data compatibility in crustal evolution studies
throughout the world-wide geological community.

Conclusions

A number of conclusions can be drawn concerning the
certification of this material. First, the large number of el-
ements certified, combined with those given for informa-
tion, makes this one of the best characterized NIST inor-
ganic, environmental SRMs. In addition, the inter-method
agreement observed for chemical analysis of this material
is among the best observed for any of the NIST natural-
matrix SRMs. Also, the current information values for
most of the rare earth elements, and the planned certifica-
tion of many of these elements, should make this material
extremely valuable to scientists in many fields of study.
Finally, this Fly Ash SRM, along with the other NIST Fly
Ash SRMs (SRMs 2689-2691) will cover the full range
of major oxide chemistries (for coal fly ash) likely to be
encountered in the analytical laboratory.
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9.2 #190199§7U  Granodiorite, Silver Plume, Colorado (GSP-2)

PRELIMINARY - U.S. Geological Survey Certificate of Analysis
Granodiorite, Silver Plume,Colorado, GSP-2

Material used in the preparation of GSP-2 was collected by the U.S. Geological Survey, from the Silver
Plume Quarry, which is located approximately 800 meters west of Silver Plume, Colorado. This is same
location used to provide material for GSP-1. GSP-2 is a medium grained hypidiomophic- granular rock
consisting essentially of quartz, plagioclase, microcline, biotite, and muscovite. Details of the
collection, preparation, and testing are available (Wilson, S.A., 1998).

Element concentrations were determined in a round robin study involving 20 international
laboratories. Recommended values are listed when analytical results provided by three independent
laboratories using a minimum of three independent analytical procedures are in statistical agreement.
Information values with standard deviations are listed when at least four independent laboratories
using two independent analytical procedures have provided information. Information values without
standard deviations represent information from a single laboratory or analytical procedure.

Recommended Values

Element Wt % =3 Oxide Wt % -
Al 7.88 0.11 Al:Os 149 0.2
Ca 1.50 0.04 CaO 2.10 0.06
Feu 3.43 0.11 Fe:Os 4.90 0.16
K 4.48 0.12 K:0 5.38 0.14
Mg 0.58 0.02 MgO 0.96 0.03
Na 2.06 0.07 Na.O 2.78 0.09
P 0.13 0.01 P:0s 0.29 0.02
Si 311 0.4 SiO: 66.6 0.8
Ti 0.40 0.01 TiO: 0.66 0.02

Element Hg/g + Element Ha/g +
Ba 1340 44 Pb 42 3
Ce 410 30 Rb 245 7
Co 7.3 0.8 Sc 6.3 0.7
Cr 20 6 Sm 27 1
Cu 43 4 Sr 240 10
Eu 2.3 0.1 Th 105 8
Ga 22 2 u 2.40 0.19
La 180 12 v 52 4
Mn 320 20 Y 28 2
Nb 27 2 Yb 1.6 0.2
Nd 200 12 Zn 120 10
Ni 17 2 Zr 550 30




Information Values
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Element Hag/g + Element Hag/g +
Be 1.5 0.2 Ho 1.0 0.1
Cs 1.2 0.1 Li 36 1
Dy 6.1 Lu 0.23 0.03
Er 2.2 Mo 2.1 0.6

F 3000 Pr 51 5

Gd 12 2 Ti 1.1
Hf 14 Tm 0.29 0.02

Certificate Information

Denver, Colorado
November 1998

Dr. Linda Gunderson
Central Region Mineral Resources Team
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L. saNAgaU 1478 (g)
A9E19 L
79819 1 2 3
SH1-010 A 0.22532 0.22686 0.25354
SH2-123 C 0.22800 0.24275 0.24112
SH3-248 J 0.27025 0.23158 0.24508
SH4-028 B 0.25522 0.22766 0.22047
SH5-253 K 0.27949 0.22298 0.23564
SH6-140 F 0.25418 0.24111 0.26274
997t A.2 afeddunndouseurnestInililnsziiamain NAA
o shanagau 178 (g)
A9819 L
19814 1 2 3
SD1-010 P 0.24274 0.25766 0.25074
SD2-123 R 0.24670 0.26804 0.25194
SD3-248 Y 0.23233 0.24200 0.23275
SD4-028 Q 0.25372 0.24566 0.23245
SD5-253 Z 0.21223 0.20546 0.21635
SD6-140 U 0.26507 0.26767 0.25564
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AT A3 1aaansEaBanmTgIu NIST SRM 1633b (NIST) Aldiiasgsideinaiia NAA

IWEAIDEY 17a (g)
St1A 145.98
Sti1B 138.78
St1C 138.97
St1F 149.32
Stil 143.59
St1) 148.91

A19°99 A.4 1IAE1TOWB NI Granodiorite, Silver Plume, Colorado (GSP-2) Mlg3tassH

AEnALA NAA

SWEAIDEY 17a (g)
St2A 205.46
St2B 146.26
St2E 138.44
St2H 140.60
St2l 148.68

St2P 136.62
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This research aims to compare the dating results by thermoluminescence in comparison with the electron spin
resonance techniques. We also intended to resolve the discrepancy on the precision being measured between
these two. Based upon the archaeological evidence, six portions of freshwater fossil shells, used as samples,
contain calcium carbonate polymorphs acquired from six locations in Pa Toh Roh Shelter archaeological site,
Khao Han cave, Satun province, Thailand. The approach requires two important quantities for accurate dating,
namely the annual dose and the accumulated dose. Using neutron activation analysis, the annual doses of the
shells from different depths were found to be 2.64+0.07 to 7.27+0.11 mGy per year. The accumulated dose
is evaluated from calibrated TL and ESR intensity versus accumulated y-dose. Linear regression was used to
fit the dependence of TL intensity on dose with a linear saturation function. The TL intensity at 350°C was
used to estimate ages of the fossil shells from all depths. The ESR dating would be also available for aragonite
calcite shells using the ESR signal of g = 2.0016. The accumulated dose was found to vary from 10.49+2.09 to
22.50+3.99 Gy and the calculated ages of the shells were between 3,094+551 to 4,479+666 years old. These
results confirm that the freshwater fossil shells in the area date back to th solithic period ar

similar to those
found in the nearby archaeological sites. In addition, the dates are in agreement with those results from the

relative dating as reported by a government agency.

1. Introduction

Thailand has various archaeological sites located sporadically
throughout the country, both prehistoric and historic. The study of
cultural evolution in prehistoric times in southern Thailand was started
by archaeologists as early as 1912. Archaeological evidence in the area
dates back 40,000 years to the Pleistocene period in the Satun province
in southern Thailand. The archaeological evidence indicates human
settlement and ancient communities in the prehistoric time around
6,000-3,000 years ago, the Neolithic era. Moreover, there is direct ev-
idence of human presence, namely human and animal bones, color
paintings, earthenware, stoneware, and fossil shells [1, 2, 3]. Various
items such as pottery, coarse-grained and fine-grained for both basic
and decorative patterns on the surface of the container. This was also
found in a striped rope pattern and a trace of soil watering, includ-
ing a striped rope pattern and a trace of soil watering. There were
also polished and smoked animal bones, both fired and unburned bone

* Corresponding author.
E-mail address: tidarut.v@psu.ac.th (T. Vichaidid).

https://doi.org/10.1016/j.heliyon.2022.e10555

beads and shell bracelets. However, absolute dating is yet to be done
in this area. There are a variety of absolute dating techniques that
yield accurate dates for fossil shells, e.g., radiocarbon, electron spin
resonance (ESR), thermoluminescence (TL), and optically stimulated
luminescence (OSL) dating. Radiocarbon dating is a destructive tech-
nique that is widely used for dating fossils whose ages range from a
few tens of years to tens of thousands of years. Unlike the luminescence
techniques, it requires organic compounds. The number of unpaired
electrons trapped by inherent crystal defects is critical for TL, OSL, and
ESR. Nonetheless, while these unpaired electrons are caused by radi-
ation exposure in the environment, they are evicted by other external
sources of energy such as heat, light, and/or pressure. Therefore, it is
essential to control our samples in the light of environmental protection
[4].

Each of these techniques uses a different approach in counting
the number of free electrons. In ESR, microwave radiation propagates
through a sample and undergoes the absorption process causing the
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electron to change its spin state. Hence the intensity of transmitted
microwave is correlated to the number of trapped electrons [5, 6, 7,
8, 9]. TL and OSL, on the other hand, are similar in their underlying
processes, i.e., stimulated emission where trapped electrons in crystal
undergo transitions from metastable states to the lower energy states
as a result of thermal and optical excitation, respectively [6, 9, 10].
However, TL has advantages both in sample preparation and lower the
instrumentation cost as opposed to those of OSL and ESR [11]. TL is
commonly used to date pottery due to its composition, mainly compris-
ing of quartz, that has a pronounced TL signal. While quartz shows a
clear and strong signal, calcium carbonate also displays a strong signal.

Nevertheless, its contribution comes from two crystalline forms, cal-
cite, and aragonite. While calcite is thermodynamically stable, arago-
nite can transform into calcite under the appropriate heating condition.
The phase change is seen in a glow peak around 400°C [12]. Even
though these structures give off the thermoluminescence signals, the
natural aragonite itself is a poor TL source [13]. Therefore, most TL
studies on calcium carbonate have mainly relied on calcite. The glow
curve of aragonite without pre-annealing has the most substantial peak
around 340°C These TL signals were found in shells, corals, and lithic
objects. On the top of that these crystals were essential parts in deter-
mining the absolute age of these samples [14]. TL was possibly sug-
gested for dating shells as early as 1967 [15]. The work focused on the
feasibility of TL for dating by using mollusk shells as samples. Later in
1971, an attempt to utilize TL for defining the age difference of soil lay-
ers using paludina shells [16]. This study was aimed to understand the
physics of sedimentary formation. One of the earliest TL-dating works
dedicated to Pecten shells was conducted to compare with the ESR re-
sult. It showed that they were all in agreement with each other [17].
Besides, the results also revealed the feasible dating range, from 5x 10°
years to recent. Nonetheless, the TL results done by the experts were on
the dating of various shell species, including Pacific oysters, from mul-
tiple places in Japan [18, 19, 20]. Nonetheless, the TL dating is more
suitable for structures with quartz found in pottery. While for shells or
others with calcium carbonate structures like calcites or aragonites, ESR
seems to provide a more precise result in a specific age range. However,
several papers use both techniques, TL and ESR [17, 18, 19]. The de-
gree of precision does not only depend on the structures of material but
also the age range.

In this paper, we aim to measure a sample with TL compared to
the ESR. This will answer the discrepancy between these two tech-
niques, provided it will give us a guideline on how to use each type
of measurement to determine the exact age of the material. We apply
TL dating, and ESR is dating to aragonite-calcite crystals in freshwa-
ter fossil shells, e.g., a bracelet found on the female remains, in Pa Toh
Roh Shelter archaeological site in Khao Han cave of Satun province, in
southern Thailand. Scattered around that area are shell remains which
are inappropriate for dating due to possible alteration of soil layers.
Other grave goods also include potteries, animal bones, and stone or-
naments. However, they are conserved by the government agency due
to scarcity. On the contrary, tip-removed fossil shells were abundant
and generally used as ornaments for noble ladies. The results of ab-
solute dating found in the fossil shells indicate that the area is in the
Neolithic era, around 10,200-4500 BC when people started to gather
in a group of communities either temporarily or permanently. The out-
come also agrees with a relative date given by an authorized agency,
the 13" Fine Arts Department. Moreover, this result is also comparable
to those nearby archaeological sites [3]. This study will help us fill up
the gap of human being in the prehistoric period.

2. Historic site

The samples consist of freshwater fossil shells and surrounding sed-
iments that were collected by personnel of the 13'" Regional Office of
Fine Arts Department Songkhla at the archaeological site of Khao Han
cave, moo 7, Ban Pa Toh Roh, Khuan Don District, Satun Province, as
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Table 1. Sample information and codes used in this study
and shown for reference, as assigned by The 13" Regional
Office of Fine Arts Department Songkhla.

Sample code Depth (cm) Level
T sH1

SH2 70-80 2

SH3

SH4

S 80-90 3

SH6 90-100 4

All samples were tip-removed shells but collected from dif-
ferent depths and locations.

shown in Fig. 1. The inset of Fig. 1 shows the map of Thailand, while
Satun province is shown in red while the enlarged on the right is Khao
Han cave indicated by a red star located 46 meters above the sea level
at the geographic location 6°48°20.2”N and 100°6’20.3”E. The site was
unearthed for the sample collection on May 27'", 2010. The excavation
plan was displayed in Fig. 2. The inset of Fig. 2 shows a side view of the
sample collecting area, where TP1 is the sample collection hole. Fig. 3
shows a close up of the female skeleton remain lying supine in the ex-
tended position oriented in the east-west direction. Locations and types
of offerings are indicated in Fig. (a) and a real photo is illustrated in Fig.
(b). This kind of inhumation can be found in prehistoric archaeological
sites throughout mainland in southeast Asia. Grave goods being found
included pottery, animal bones, fossil shells, stone flakes, stone tools,
and indigenous soil. These suggested that the burial site was for a no-
ble lady in the society at that time. Geographically, Khao Han Cave was
embedded in a limestone mountain. The cavern is about 30 m long and
16 m in height. The north and south ends are connected to the shelter
and natural forest. The eastern boundary is next to a natural forest and
rubber farms, while the western border is adjacent to the cave. Nowa-
days this location is active with local villagers who earn their living by
collecting bat guano. However, this exploration was carried out before
the settlement of those villagers.

3. Materials and methods
3.1. Sample collection

Archaeologists have discovered large numbers of artefacts at Pa Toh
Rock-Shelter archaeological site in Khao Han cave Satun province. Such
archaeological evidence is found from the depth of 60-100 cm. It in-
cludes pottery fragments, beads, animal bones and fossil shells. Shell
bracelets were discovered at the depth of 70 cm. As the excavation went
deeper to around 80 ¢cm, human bones were located as well as shell and
lithic ornaments. The actual depth of the site is 160 cm but there were
nothing achaeologically interesting.

The excavation site is displayed in Fig. 4(a). The site is 2 m wide
and 2 m in depth. The excavation was carried out layer by layer in
10 cm steps. In this study the freshwater shells were used for dating.
We collected samples at Levels 2-4. The samples were then labelled
for simple identification, as shown in the first column of Table 1. In
addition, the sample codes assigned by the officials from the regional
office of fine arts department in Songkhla are also included in column
3 for future reference.

In Table 1, summarizes the samples (fossil shells) as shown in Fig. 4.
SH1-3 are the sample codes located in level 2 at 70-80 cm in depth.
SH4-5 are the sample codes located at the 80-90 cm in-depth level, and
SH6 is the sample code at level 4 of 90-100 cm in depth. This table also
found that level 2 has the most enormous amount of fossil shells in the
same excavation site.

3.2. Preparation of specimens

Freshwater fossil shells from each site were divided into two parts.
The first part was prepared under dim red-light for the determination of

171



T. Vichaidid and P. Saeingjaew

0°1007E 90°20'0"E. 90°830'0"E.
N " L

DO°40"0°F
L

Heliyon 8 (2022) 10555

DO°50°0"F: 000E 100°1007F
' N L

N King Manang District
Khuan Kalong District
19 Khuan Don District

7°10'0" N

7°0'0"N+

6°50'0" N

6°10'0"N+

6°50'0" N

N
A Fr100mN
FTo00"N
F6°500"N

[6°40'0"N.

[6°30"0"N

T T T
90°10'0"E 99°20'0"E 99°30'0"E

T
09°40°0"E.

T T T
99°50'0"F. 100°0°0"E 100°10'07E,

Fig. 1. Archaeological Site of Khao Khan Cave, Satun province.

Duson Canal

Fig. 2. Location of Archaeological excavation site of Khao Khan Cave, Satun
province [3].

accumulated dose (A D). The second was prepared under ambient light
for evaluating internal annual dose (D,,).

The freshwater shells were washed and cleaned in an ultrasonic
bath, followed by etching in 5% HCI for 1 hour to remove soil and
the surface portion, which were exposed to a-particle irradiation in the
sediment. Then they were cleansed with distilled water. After that, the
samples were gently ground with a mortar, and the grains were sieved
in order to obtain the fraction between 90-150 um. The granules were
again etched in 0.5% acetic acid for a few minutes in order to suppress
spurious TL emission [21, 22]. Specimens with 90-150 um particle size
were then washed repeatedly in distilled water and allowed to dry at a
temperature of 40°C. All the sample preparation steps were performed
under a dim red light. Each sample was divided into 9 aliquots, ap-
proximately 300-500 mg each, and all the aliquots were irradiated for
TL measurements. Then Each sample was divided into 10 aliquots, ap-
proximately 0.50 g each, and all the aliquots were irradiated for ESR
measurements.

1. Pottery fragments
2. Stone ornaments or tools
3. Freshwater shells or shell

ornaments
4. Animal bone fragments and
fangs

Fig. 3. The female skeleton lying supine in the east-west direction with its grave
goods. (a) a sketch and (b) a photo of the remain are depicted with the positions
of the offerings in the grave [3].

Artificial y-irradiation was carried out with a cobalt-60 source (GC-
220E), which delivered 3.404 Gy/s of gamma-ray radiation in the Office
of Atoms for Peace in Thailand. As for samples of the accumulated
dose, nine artificial aliquots of freshwater fossil shells were exposed
to y-irradiation with 10 Gy increments from 0 to 80 Gy. The weight
of a sample was about 150-250 mg. All the TL measurements were
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Fig. 4. Freshwater fossil shells collected from Khao Han cave archaeological site. (a) the excavation area and (b) the freshwater fossil shells. [3].

carried out at room temperature. The TL was induced by heating the
sample at heating rate of 5 °C/s up to 400 °C in a high-purity nitro-
gen atmosphere. The emitted TL was recorded using a Harshaw-3500
TL reader. Before entering the detector, the photons were filtered by a
neutral density filter with an optical density of 0.5-1.5. All the samples
were analyzed for response at 350 °C due to the heating trap of arago-
nite [23, 24, 25]. As for samples of the accumulated dose, ten artificial
aliquots of freshwater fossil shells were exposed to y-irradiation with
10 Gy increments from 0 to 120 Gy. The weight of a sample was about
0.50 g. ESR measurements were performed at room temperature utiliz-
ing a pulsed ESR Bruker EMX premium spectrometer. The ESR spectra
were recorded at 9.8 GHz (X-band) microwave frequency, 1.002 mW
microwave power, field modulation of 0.1 mT.

Signal intensity from TL and ESR measurement for each accumu-

lated known dose was used to construct a calibration curve. The accu-
mulated dose is determined from the signal intensity assuming a linear
calibration relationship:
I=lu[I+(%)]. m
Here I, and [ are the observed signal intensity before and after irradi-
ation, respectively. AD is accumulated dose, D is the annual dose and
1 is irradiation time. The term D X 1 represents the additive dose that is
crucial for the determination of accumulated dose [5, 6, 8].

The freshwater shells grains were instead sieved with a 90 um mesh
sieve to obtain a particle size range of 0-90 um. Uranium, thorium, and
potassium contents in the shells were determined by neutron activation
analysis (NAA) [26]. These contents allow us to calculate the internal
annual dose (D).

The surrounding sediment was prepared in an ambient light for ex-
ternal annual dose (D,,) determination. The sediment samples were
gently ground with a mortar, and the grains were sieved with a 90 yum
mesh in order to obtain the particle size range 0-90 um. Neutron
activation analysis (NAA) was used to estimate external annual and
internal annual doses [26]. The sample codes for surrounding sedi-
ment were SD1-SD6. They were used for determining concentrations
of U-238, Th-232, and K-40 in SH1-SH6. The results are displayed in
Table 2.

The annual dose (D) is composed of three parts, namely internal an-
nual dose (D,,), external annual dose (D,,), and cosmic ray dose (D,).
The internal annual dose is the result of radiation originated from U-
238, Th-232, and K-40 contents in the shell itself, while the external
annual dose is from radiation by the surrounding sediment. Each con-
tribution was evaluated by measuring the concentrations of radioactive
elements: decay products of U-238 series, Th-232 series, and K-40 are
alpha (a), beta () and gamma () radiation. Moreover, the cosmic ray
dose (D,) was also included in the annual dose. The cosmic rays were
governed by longitude, latitude, and elevation of the area of interest
and these three contributions were lessened by the depth of the sample
[27]. The annual dose can be determined using Eq. 2 [8, 22].

D=D,,+ D, +D, 2

The contribution of internal y-rays can be neglected since the shells
were too thin to absorb y-rays emitted by themselves. For the internal
annual dose calculation, we assumed the efficiency of the defect pro-
duction (k-value) by a-particles in aragonite to be negligible because of
the coarse grain nature of our samples. As a result, the internal dose
solely depends on the § dose rate [5]. For estimating the external an-
nual dose, alpha particles can also be neglected since the shell surface
was etched [28, 29, 30, 31]. The internal and external annual dose rates
can then be written as

Dy, =kD],+D); 3)
_p

D, =D+ Dj; @
The effects of moisture or water content of the surrounding sediment

and shell must be taken into account since the materials were dried

before the analysis [8, 22]. The dose rates of alpha (a), beta (f) and

gamma (7) (D, D;l and D), respectively) with the water content (%W)

can be written as

Dl =D, /[l +(149W /(100 - W))]

D= Dy /[l +(1.25W /(100 - W))] 5)

D; =D, /[1+(1.14W /(100 = W))]

In Eq. (5), D,, D; and D, can be determined using Eq. (6). In the
following equation, for example, C;, is the concentration and Dy _,,
ak.a. a conversion factor, [5, 28], is the a-particle rate emitted by U-
238 [28, 29, 30, 31]. The water content in this work was zero since the
weight of each specimen was constant.

D, =CyDy_o+CryDypq

Dy =CyDy_s+CryDryy (6)
D; =CyDy_, +CppDypy +CxDg_,

The concentrations of those radioactive elements are then used to
estimate D, and D,, based on the online Dose Rate and Age Calcu-
lator (DRAC) using the conversion factors from G. Adamiec and M. J.
Aitken [5], a- and f-grain size attenuation factors respectively from W.
T. Bell [32] and B. J. Brennan, et al. [33], and f-etch attenuation fac-
tors from V. Mejdahl [34]. D,, the cosmic dose rate, is derived from
the geographical location and elevation of the site. Its value for each
collecting site is nearly identical since they are in the same cosmic ex-
posure area, with the mean square deviation of 1% The combination of
the three doses is the total annual dose of the fossil shells. The TL age of
aragonite-calcite was estimated by dividing the accumulated dose (A D)
by the annual dose (D).

4. Results and discussion
4.1. The X-ray diffraction (XRD) result

The structure of aragonite is orthorhombic, with higher density and
better durability than those of calcite, while calcite is rhombohedral
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Fig. 5. The freshwater fossil shells are composed of aragonite and calcite. (Arag-
onite, A; Calcite, C).

[35, 36, 37]. Typically, calcium carbonate has three structural poly-
morphs: vaterite, aragonite and calcite. All three polymorphs can occur
simultaneously in some types of shells. In the nature, aragonite and
calcite are the most common forms. Therefore, expectedly these fresh-
water shells mainly contain aragonite and calcite. Fig. 5 shows the X-ray
diffraction (XRD) result of our shell sample. It consists of mostly arago-
nite and calcite. The aragonite structure dominates in the shell sample,
This can be seen in the peak response of the glow curve.

4.2. The thermoluminescence (TL) results

The glow curves of a gamma-irradiated shell sample, SH6, are pre-
sented in Fig. 6(a). Dose usage ranges from O to 80 Gy. The inset,
Fig. 6(b), shows the plateau, which could be derived from the ratio
of the unirradiated sample to the irradiated ones at different dose level.
The plateau shown in here is corresponded to the temperature between
325°C and 375°C. In this paper, we selected the signal responded to
350°C to normalize the signal responses to the irradiation varying be-
tween 10 Gy to 80 Gy as shown in Fig. 7. All curves have peaked around
160°C and 350°C, where the maximum TL signal is at the latter, pos-
sibly the response from aragonite [38, 39]. The former is likely to be
the response from puny calcite. However, these temperature responses
are tricky to identify for their origin since many studies have stated dif-
ferently [40, 41, 42, 43, 44]. In many cases, shell samples include not
only of calcite, aragonite, and vaterite, but also dolomite (CaMg(COs),),
strontianite (SrCO;), or smithsonite (ZnCOj3), in addition to additional
minerals that cannot be identified by XRD (its threshold is 3-5 percent).
All of them (dolomite, strontianite, and smithsonite) exhibit a signifi-
cant TL emission that is consistent with the CGD results of the Ca-rich
samples that were used in this study, with maxima peaked at 175°C,
275°C, and 350°C (as shown in Fig. 6). [45, 46, 47] Deconvoluting all
glow curves yield three peak responses around 175°C, 275°C, and at
350°C. A glow-curve deconvolution (GCD) for general orders of the ki-
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4.3. Electron Spin Resonance (ESR) Result

results on f fossil shells powdered samples from
electron spin resonance, the ESR spectra corresponding to a laboratory
radiation dose of 0 Gy and 120 Gy are shown in Fig. 8 The characteristic
signal for dating is observed at about g = 2 (Field Center 348 mT)in
the middle of sextet of hyperfine line. Scan range is 70 mT and 1.002
mW in microwave power.

The g-factors and assignments of these centers are related to or-
thorhombic COJ (g.. = 2.0016 and g,, = 1.9973). The signal with
g=2.0057 is related to the free rotating SO, the g=2.0031 is related
to isotropic SO, while for g = 2.0056 is related to free rotating Co;.
The signal used for the dating is that at g=2.0016. Our results are in
good agreement with those of previous works [22, 49] Fig. 8. The sig-
nal amplitudes of these centers increase with dose. According to the
X-ray diffraction results, Fig. 9 shows the peak-to-peak amplitudes at
g§=2.0016 (COJ) versus dose. The CO; line was used as an indicator
of dose because this signal is characterized by a long lifetime. Usu-
ally, the mean lifetime of the trapped electrons for the signal at g =
2.0016 is estimated to be about 2x10° years, the average temperature
of 15°C. This estimation is good enough for equal to/more than one
million years [22] (Table 3).

4.4. Neutron Activation Analysis (NAA) result

Table 2 gives a summary of all the data from experiment in com-
parison with the calculation [50]. The radionuclide contents, U-238,
Th-232, and K-40, are the results of the NAA performed on the sur-
rounding soil and shell samples. The abundance of uranium in earth
crust ranges from 1.5 to 6 ppm, with an average of around 2.8 ppm
[51]. For thorium abundance, the range is from 6 to 20 ppm, with an
average of 10 ppm, the percentage of potassium abundance is generally
from 0.24 to 2.23, with an average of 1.18 [52]. Our NAA results also
yield accordingly. On the average, the uranium being found in soil sam-
ples is 2.27 ppm, 10.42 ppm thorium, and 1.93% for potassium. These
numbers are in reasonable agreement with those of earth crust. Though,
the amount of thorium and uranium in SD1 and SD4 show a distinct
difference from others. There are possibilities that the soil sample may
contain earthenware debris that might carry additional uranium and
thorium as indicated in the values of D,,. The amount of potassium, on
the other hand, is slightly more than that of the world average because
the soil samples are partly clay of which is a good source of potassium
[53]. D, for SD5 is significantly higher than those of others since the
radionuclides 3.02 for uranium, 7.75 for thorium, and 5.70 for potas-
sium at this location are more concentrated, 6.39 mGy/y, than most,
particularly potassium. The impact of this phenomenon mainly causes
the predicted age to be younger, even though it was on the same layer
as SD4, as seen in Table 2. For the fossil shell samples, SH1-6, all ra-
dionuclides are markedly low since natural food uptakes of the shells in
the area contain minute amounts of the radioactive nuclei [54].

The electron spin resonance (ESR) results were compared with the
TL (Table 4). In this research, ESR techniques were applied to fossil shell
samples SH1 and SH2 to compare these with TL techniques. Plotting
the peak-to-peak amplitudes at g=2.0016 (CO;) against the additive
doses allows one to determine the accumulated dose, as shown in the
x-interception. For SH1, the accumulated dose was 14.91+0.92 Gy and
11.32+1.09 Gy for SH2, result of age value with the ESR technique are
shown in Table 4.

netics is then employed to fit the curves based on those p

[48]. The area under the curve of such peak gives the total emitted
photons. Plotting the area under the curve at 350°C against the ad-
ditive doses allows one to determine the accumulated dose, as shown
in the x-interception, according to Eq. (1). The linear relation between
the mass normalized intensities and the additive doses dominates in all
samples. We, hence, obtain the accumulated dose for the samples as
illustrated in Fig. 7.

B fossil shell beh as an open system, the radioactive dis-
equilibrium is exhibited Preusser et al. [55]. The leached elements can
produce the over-estimation of dose rate. Therefore, ages in this study
were possibly underestimated. Nevertheless, our dating results show
that the excavation site dates back to about the mid-second millennium
to the late beginning of the first millennium BC, the New Stone Age or
Neolithic era, in agreement with the archaeological evidence indicating
the sedentary settlements. Though animal farming and agriculture are
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Fig. 6. (a) The TL spectra of laboratory irradiated SH6 sample with 0 to 80 Gy doses. (b) shows the plateau, which could be derived from the ratio of the unirradiated
sample to the irradiated ones at different dose levels. (¢) A glow curve deconvolution (GCD) for general orders of the kinetics is then employed to fit the curves

based on 175°C, 275°C, and at 350°C.
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Fig. 7. TL analyses of accumulated dose (AD) for SH1-SH6 are displayed from (a) to (f), respectively, based on TL responses at 350°C.

believed to exist in this era, we could not find any clear evidence to sup-
port this. The lack is common in most Neolithic sites located near caves
or rock shelters in the mainland of Southeast Asia [56]. They were used
as campsites, asylums, or burial grounds for foragers since the findings
incorporated charred pottery fragments, bones, and a female skeleton,
as well as an infant remains [57]. Occupations were likely occasional.
This argument is in contrast to that given in the government excavation
report that states the area was residential [3].

5. Conclusion

The aragonite and calcite in freshwater fossil shells from Pa Toh
Roh Shelter archaeological site in Khao Han cave, Satun province, in

southern Thailand, were studied by Thermoluminescence (TL) dating
and Electron Spin Resonance (ESR) techniques. The TL sensitivity is
better than the ESR by one order of magnitude. The TL applies to date
fossil calcite shells younger than 1 x 10° year [19]. Therefore, the age
of fossil shells found in this paper is in the order of thousand years. The
result from TL is quite reliable based upon our data collections which
are reasonably sufficient for the precision in this measurement.

The samples were found to be 3,094 +551 to 4,479+666 years old for
SH1-SH6. These age estimates are in agreement with those reported by
the 13" regional office of the fine art department, Songkhla, Thailand.

The results from ESR and TL here also agree with another relative
dating in the archeology [3]. The age of the freshwater shells at the
archaeological site of Khao Han Cave, Satun Province, was found to be
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Table 2. The contents of U-238, Th-232, and K-40 in nearby soil (SD) and shells
(SH) required for estimating annual doses (D). Calculated D,, and D,, are in-
cluded [50].

Code  Concentration D, (mGy/y) D, (mGy/y)
U-238(ppm)  Th-232(ppm)  K-40(%)

SHI 1704017 3.27+0.26 0224002 0.49+0.10

SDI  3.11:0.12 15.7240.20 1.4040.01 3.37+0.02
SH2  1.04+0.14 2.09+0.18 0.10£0.01  0.28+0.07

SD2 2131013 7.1540.18 1.48+0.03 2.63+0.02
SH3  0.92:0.12 3.010.25 011001  0.29+0.07

SD3  2.65:+0.14 8.80+0.18 0.96+0.02 2.35+0.02
SH4  0.93+0.14 3.02+0.08 0124005  0.30+0.14

SD4  2.67+0.14 13.410.13 1.10£0.03 2.81+0.02
SHS  0.61+0.18 1.98+0.24 0.10£0.01  0.20+0.10

SD5  3.02+0.13 7.75+0.18 5.70+0.03 7.07+0.03
SH6  1.03+0.12 2.62:+0.20 0.12+001  0.30+0.06

SD6  2.42+0.12 9.69+0.13 0.95+0.02 2.34+0.02

9.830097 GHz

Table 3. Cosmic dose rate (D,), annual dose (D), accumulated dose (AD) and
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TL age as a result of the online trapped charge dating [50].

Sample D, D AD Age(y)
(mGy/y) (mGy/y) (Gy)

SH1 0.17+0.01 3.86+0.10 12.13+1.56 3,142+412
SH2 0.17+0.01 291+0.07 10.57+1.36 3,632+476
SH3 0.17+0.01 264+0.07 10.4942.09 3,973+798
SH4 0.17+0.01 3.11+0.14 13.82+1.95 4,444+659
SH5 0.17+0.01 7.27+0.11 22.5043.99 3,0944551
SH6 0.17+0.01 265+0.06 11.87+1.74 4,479+666

2010 2.00¢

2,000 1.995 " 1.900

2.000 1405
g-factor

2.010 2.005 1.990

Fig. 8. EPR spectrum of the shell samples after irradiated up to 120 Gy and ESR
spectrum of irradiated shell (120 Gy) showing the dating signal and the A,
peak-to-peak amplitude used to build the growth curve.
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Fig. 9. Growth curve in shell sample (SH1): experimental, show the best fit
curve. The intersection of the best fit curves with the x-axis provides the values
of the accumulated dose which are reported in each subplots.

in the Neolithic period. Within this approach, the dating of the fossil
shells at the same level as the human bones should be a descent criteria
to conclude it was in the Neolithic epoch. In other words, we investigate
the dating of the fossil shell to infer the human epoch in our study.
Furthermore, the evidence found at this archaeological site, such as
the female skeleton, potteries, and personal ornaments, also confirms
that the site is in the New Stone Age. The settlement, however, might

Table 4. Comparison between TL and ESR ages.

Sample TL age (y) ESR age (y)
SH1 31421412 3862+338
SH2 3,632+476 38904467

be occasional. The area was possibly a regular campsite or asylum for
hunting expeditions since it has an abundant natural resource close to
the water reservoir [3, 58]. Besides, such locations, rock shelters, or
caves were typically used as burial grounds. The prehistoric period we
obtained from the measurement is in accordance with those found in
nearby provinces in Thailand, even in Malaysia.
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