msﬁmuﬂmqwmLﬂéaaﬁuautmLLazLﬂﬁanwaaﬁﬁﬂé"wwmﬁﬂgﬁLualﬁuueﬁ
INURAILUTIUARLNIHINIAAT NINYTY IIRINFIVAN
Dating of Pottery and Freshwater Shells in Thoud-Ta Thoud-Yai
Archaeological Site at Cave Songkhla Province using

Luminescence Technique

Yg25504 1azmn

Piyawan Latam

31/|mﬁwuﬁﬁlﬂudqwﬁaGuaqmsﬁnmmwé’nqmﬂ%wuzyﬂ
eAansunIUugn arvdgndnduszana
WA INYIAYFIVATUATUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Applied Physics
Prince of Songkla University
2566
AuBVSvR WM INgdUEATLASUNS



msﬁmuﬂmqwmLﬂéaaﬁuautmLLazLﬂﬁanwaaﬁﬁﬂé"wwmﬁﬂgﬁLualﬁuueﬁ
INURAILUTIUARLNIHINIAAT NINYTY IIRINFIVAN
Dating of Pottery and Freshwater Shells in Thoud-Ta Thoud-Yai
Archaeological Site at Cave Songkhla Province using

Luminescence Technique

Yg25504 1azmn

Piyawan Latam

31/|mﬁwuﬁﬁlﬂudqwﬁaGuaqmsﬁnmmwé’nqmﬂ%wuzyﬂ
eAansunIUugn arvdgndnduszana
WA INYIAYFIVATUATUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Applied Physics
Prince of Songkla University
2566
AuBVSvR WM INgdUEATLASUNS



(2)

yaIerdwus  nsivuaeigeeas el uduiinasiudanasuninsteinaile
AT AR UENWAEIUTIUARLIANINIAAT ALY Faninaeuan

AR WA Y8330 Yiagein
#1019 Wanduszgnd
219158NU N I dnusvan AZNTIUNNTHDY

..................................................................................................................... U5¢51UNIIUNIS
YAYY) (599F@MS19158 M9.5790 TARTLAT)

........................................................ N33UNNT
(Heans1anse ns.3ainid Idefug)

........................................................ N33UNN3
(A9.8U1T UANIA)

Jaudindnende uamInerdeasvarunsuns auddliduineidnusadull
(3

udumilswesnisfinwanundnansuSyainermansundadio awinidndussynd

(§928Nan 31158 AT.L0Ae WARSIYH)

(% a

SAWINITWNUAUUAUUTN A INYIAY



(3)

Y95U599731 NaUATeUNIINNSFnYITevetinfnwies uazlduaniauveunuyanaid
drutImtens

(§928ans1nse n3.5a3nil Idefug)
919138 NUTN W INeNTNuS

(U981 EITTU aza)
UNAN®



(4)

131995 U59971 KauIdeildinedudiunisluniseydfuiyailuszavlauineu
wazlilagnldlunistuveaydiusyayntuvuel

(W19 TUE3550d razen)
UNAN®W



(5)

Foinendinus  nrsimuaoiguonad esd ufunuaziudennesiindasinaia
AT AR UENWAEIUTIUARLIANINIAAT ALY Faninaeuan

FLUeu WNEAIVEITIN VaEH

#1019 Wanduszgnd

Unsfnw 2565

UNANED

wdslusuadifianmae mnets Smiaawa dudvgudosiuindy
uwnaslunaadluganeulssifmansnsnmaldvesssmalng ilosnAunundngiumis
lunuadunuelaun sniudenves gnda lasinseanuuwd nseandnd wasiAuvnivue
st udunn swiddedaulatinsesiarengdromadagiiuaeudluiieguay
wdesiiuusnuassniudonesinin deieeiaaeseglussduduiuieatuie 50-60
cm ilensanaeulassadamdndemaianisdenuuuesssdiond (X-ray diffraction, XRD)
wuhdheghaedesiufumnfiataundiilasesaduninaond wagsoghadiennesihing
Tassasrafuezsilnluduazunalesd nszuiunsivunegsamaiagiivaigud uiaduy
gosdufe USuusedazan wazUiuusideal Tudirunsnnuiinanisfnwidiogis
wdasiiufumndemeada TL oaumQifl 180°C wnzandigalunisisuneny TasaAUTuna
$sazvauiad veeiiegald ity 12.4940.12 Gy warUSunnsddsauiad svosiiogng
wiestuiumndewaia OSL dewinfu 12.56 + 0.10 Gy Tuvariivsinasdavauves
fhegradenvostndadematia TL wuiiguvndil 350°C wngaufigalunisfmuseng
AUSunnSsdarauvesiiogadenrosiindnddwinfu 30.49+0.05 Gy ludruiiassde
UnasvdreTvesietundasiufuen uasiudenvestnina Fdinmghanuiinuny
Wutuvessngsiilon (U-238) naiseu (Th-232) uazlnunaigey (K-40) veeiiog1auay
dandouseusiiogns saiefidneaiin Tnstaumnatisiunniwddfessuuingadunumn
s nmesundonuiansqe (HPGe) uaznisiinsizdlasnisetuiangeu (NAA) nuin
UsinadedsoTunsiegnaniostiufumniawiiiu 1.139 + 0.11 mGy/year uazvosiiogns
Waanwestn3aflAindy 3.360 + 0.20 mGy/year §991ANANTTIATIZRUS U 9804
EZ'J’Nﬁummmﬁﬁmﬁmmmmqmmﬁaaéﬁﬂﬁﬁaﬁj wiostlufumniieszsidiemaia TL
way OSL fiA118iy 10,930 = 1,090 wag 11,031 = 1,165 years A1ua10u hagp191e
vouUFonvosindniifinszisemaiia TL Aty 9,067 + 531 years wuindianguas
winstlufumnuaziudonvestinindenyiilndidesiunn daduluaudeduivgiuii
fhegafieglutuiussiufeitunisiiongfilndiAsstu uazarongilndifsatutfause
Budusigvesunadlusiuadiianiving mageladninduunadusiuailuganou
Usz¥Rmansass nanisnvivanianunsadenlestuse Simans aldvesusaindlneds
Wudhwnewanuesnsfinyiide



(6)

Thesis Title Dating of Pottery and Freshwater Shells in Thoud-Ta Thoud-Yai
Archaeological Site at Cave Songkhla Province using

Luminescence Technique

Author Miss Piyawan Latam
Major Program Applied Physics
Academic Year 2022

Abstract

Presumably, Thoud-Ta Thoud-Yai Archaeological Site, Songkhla Province,
is a prehistoric archaeological site in southern Thailand. Due to the discovery of
numerous archaeological artifacts, including fossil shells, beads, human skeletons,
animal bones, and pottery fragments. The objective of this study is to analyze the age
of pottery fragments and freshwater fossil shells using luminescence. Both samples
were at the same soil depth of 50-60 cm. Using X-ray diffraction (X-ray) to investigate
the crystal structure, it was found that the extracted pottery samples had a quartz
structure. Freshwater fossil shells are composed of aragonite and calcite. The dating
procedure using the luminescence technique is Divided into two parts: accumulated
dose and annual dose. In the first section, it was found that the most suitable
temperature for age pottery was 180°C, which was determined by the TL technique
applied to samples of pottery. The average accumulated dose of the samples was
12.49 + 0.12 Gy, while that of the OSL pottery samples was 12.56 + 0.01 Gy. The
accumulated dose of freshwater fossil shell samples using the TL technique was best
aged at 350 °C. The freshwater shell sample dose was 30.49 + 0.05 Gy. In the second
section, the annual dose of the pottery, samples calculated, and fossil shells from
freshwater environments. The concentrations of uranium (U-238), thorium (Th-232),
and potassium (K-40) in the sample and its surrounding environment determine this,
covering cosmic rays. Using gamma-ray measurement equipment using a high-purity
germanium (HPGe) detector and neutron activation analysis, radioactivity was
measured. The annual dose for pottery samples was determined to be 1.139 + 0.113
mGy/year, while that for freshwater shell samples was 3.360 + 0.200 mGy/year. The
following can be used to determine the age of the samples, based on the results of
the two analyses mentioned previously: the ages of pottery determined by TL and
OSL were 10,930 +1,090 years and 11,031 +1,165 years, respectively, while the ages of
freshwater shells determined by TL were 9,067 + 527 years. The ages of pottery and

freshwater fossil shells were discovered to be very similar. This is predicated on



(7)

the assumption that specimens found at the same depth in the soil should have ages
that are comparable. Additionally, similar age values corroborate the age of the
Thoud-Ta Thoud-Yai archaeolosgical site can also say that it is a real archaeological site
in the prehistoric era. The results of these studies can also be connected to the history

of southern Thailand, which was the focus of this investigation.
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Aunumuuvadusaafivhinmsaaey wiielildmegiidudiaviidaou wiud uas
UnFeiie wwfesdinsimunengidsduysal (Absolute Dating) dsagldrrengdusdianii



Faaulaglaisnsninenanstunisnsiadau (Marwick, et al., 2017; Solheilm, 1970)
ndngrunaluuedifunuasuastuTund liun einves gnila lasinszanuyud
nszandnl LaztAwAruAdsaduRuen Wudy (@1dnRatind 13 nsuAaulng, 2553)
mAteisaulalumsfnmnstmunoiguesihegiaaiesiiufumn wasiudenvestiin
wnstlufumndundngunslusuaidssinnnisigndunumndudaioneu
UsgiRmandiSosmnuiadoUse iimandidundnguinandiiiuiase i iamnnisves
uywdtwReatuicUssividu 1 1wy wdeallefiu gniln aideud Wudu wiedesdufuen
duffunumidyludinnuysdundausaielumaudedagTuueniinandued odldly
asuFeunddniudud wlswansanug Wunufals wandudydnualnieimusssuves
naNYUAE (a319, 2547) SnwnrvenadesuRummatsUsemsndulselonisonsan
malusiand Aefinuudausmumuasegliuin uazdnnulunmadusiaediaue danveus
nsudndudunoudeutamed Medlisuuuugunssmnaemaianmananiiuandtstulu
usiaeTaussan uaskiazgealie wdestufueniafundngrumdunuaivssnnmilsiisn
gnihunli@nwiiendudseiianudiuin mausudisuaengasis uazizeasnyniuves
uywdluofn uardnudngruiigndunuldvosmuuvaslunueituifowdonmoy
Wasnvesdenduvdngumalunaueidnuszinymilafimuddqduedrsannse
Ms@nwiszuuiing anmwandes wazvinvesesiluansaiusenlumuaninwandesd
Wi anAuNsisaTtin druvealionudinisuenidulasiaiiwesasiuyulneaudivos
feaonadostuuinafuiiuvadunueiifismiam mage Sminama Addnuundy

¥ '
=] ]

fufianfiuyu @iinfatinsi 13 nsufauing, 2553)

nsivuaengsemadagiaisud (Luminescence) Wunilslumaiadildlunis
fvunegiuuduysal (Absolute Dating) sz iudiegsiiilassairadundn (Oliveira
et al., 2020) fenaeestuiuniieldfunisnsaaeudnunslasadiavesfiodiadae
MAlANMSEIINULeISIELonT (X-ray diffraction, XRD) wunillasesasradundnaiend uay
Waenvesidndlassadandnerslnlud uasuaaled wadngfiuaeud (Luminescence)
Fudumaiefiomnzauiianlunstnuengresinedislunidded dmsuisnsdmunoy
shemaingiiuaisud (Luminescence) Usenauludie 2 daufiddny drutsnagsinnas
AAs1ervsunusednal Taen15As1erUsUIuAINNNIUYDY U-238, Th-232 hay K-40
vasiegundosduiumn Wienvesinin dwindeuseun frete wazsawldnis
Ainswnssdnoaiindae diwdiaes smsiessiviinasdarandiomaiagdiuaisud
(Luminescence) nésntuagiinlugnisduniioTinsgionguaaiaogns (Aitken, 1976;
Hassaina et al., 2002; Shimada et al,, 2002) Andilsaziduddiavitauaiunsaily
Fouloadessmalsyiamans wagnsurongiwiaTawesnegaiidnule

fegraedosbuiumn uaniudenvesihiadlfidusegsnunadusmniiien
yne mnens Sminawan gnaafutazsusmlagdindatingd 13 awan nsuAating
NIENTITWUSTTU ANWATNWNENNVBIUNEINUTIUARLTINHINIAAT NINETY JINTRFIVA



Frogluanmituiiin uazifiuyuduuuideainandinaon dnvandufisndalaudiu
A0 NlAgTeU Ha1MIEAIUTTTUIRFANIUAIUNUILAIHY 21ANITAITID NUNENFIUNIG
TustaaRunune 1wy savusAusussnnidefu Judunszgndnd gnila vanudiu
\3osfloandnilusm waenves udu wasdnluuedldduivsudniuvadunued
wisilJuundsunanfafoieulss Yimanslagldnstinuneng dauisuiiou (Relative
Dating)

1.2 N13ATINBNENT

msivuaegsemadagiiiualeud (Luminescence) lumadaiiinisldiuaga
univianeuaglduauieuinegaenuutudenaudstiogiu useenidu aes Ussian
Arefufe wmAANSUaaIIINIsnTEAUMEAINTeY (Thermoluminescence, TL) wag
WATANISLUALaI1nIT NTes uAd8uas (Optically Stimulated Luminescence, OSL)
Suusnlud a.e 1953 Daniels et al. (1953) dudufidouauusniiiausuuznnsldinada TL
Tu Usggnaldniemulunaadlunisinuneny Inenwidevesmnuissyliiiuiasiisns
sssuvAvansrinaansadesuadilaglifeddsdendluresfifing fuyudilngiiua
WursuadnudmgouasuunsengSouduneng q luisdinasUassuasdvnivsodduaing
Hunamagiuniindanniignilidounesfuaudmnnldsuanuieudundsfiaesasl
Uaosuadla 9 sonunsn ndeniuldinsanie sfuuisaursiuasnannisunindives
a15Bun3s FaldFumsfigaivansaaunngiaiveresnisdouaninausoufionsiii
LAzUSsIRENe 9 feunnsewemdnvieduiovu MAnannansenuvegisiion neiSen
wazsIgfusiuasaddy 4 ufiu wnwddimsauouuglildineadamesTugiuawudlunis
mnusnengluddudaly vdeainnisigatnannisnisimvunetgmemalin TLuddladnsls
wadaditusgraunsuaslunasdssnaiiilan uidosinvesnaiinTLAsazRadldfoned
fusinaannlunsadaions wazidumadeiiviharedaegne dounldinsfmunlagnisly
wasunuanufouiennaiaiin wadan1nuauainisnsedudsuas (Optically
Stimulated Luminescence, OSL) wmadla OSL 1iumadiafifinszuiunisadrendetumnaia
TL widsuanmsliamdeudunislduauny annismeasswes Wintle and Murray.
(1997) uandliiiiuinneufiaziinnsazausivesmneufignitanumutiidinnzn suagldsy
uasuanog1ufuiidaiivsneiiavaudedyuidaulideuasauisszdunisiuasll
anunsnavdgaeentd endiegrsUssmenifunadusiand visaauiinialusiaaid
ddnilimetagiawudlunstmunoy il

Tl 1996 Abdel-Wahub et al. (1996) ynsAnuadesd uiumnlusuanms
nzunnideslaveeiinia Nazlet EL Semman iesiign Useinadgus 91w 3 drees lag
yin1sane$edn 10 20 30 wazdo Gy ilegnisiasunlaseans v TL 9Nzl
USinausedavanueaiiegnangf 13.716 14.504 uaz13.976 Gy Usinasadsiedegil 3.27 +
0.07 mGy/year A19180g NI 4218 - 4992 years %amqmaam%aﬁuﬁmmivmmﬁ
Anmwvidhemaia TL aenndestuorgfidnlumunivssanunisetly Snvadanunsar



anudladugiuinervosauluadvefniiondeeyluninadlddnde doulull 1999
Hagihara et al. (1999) aernvsuaraLduesnsnanmaniuUssmadiudunsuania
yhmsnwuasdeulomguiludesilaensldineda TL lumsimusoigueanmluma
fnaindunsnuiusnildlunisveoumdn annsiinseiorgueansemaia TL
wunaniiongUszanal 935 + 62 years ndsntuiiaiineiifiouifssoigueinis
Nanwansely

¥ 2006 Cosma et al. (2006) l#ins3Eunsldmeda TL lunsasiaaeusiyves
foglurntunsusnlulssmalsinde Tasvhnsesraevengressninanunadusimnd
2 Wit Ao Alba-lulia waz Zau de Campie 31nNTIlATIERUTINUS @R UTAWYINAY 2.7 -
3.7 mGy/year WaIATIENA1D18UBIRIE90E T899 5321 — 5850 year 31NN1TNTIUAN
pigrasegaAmmATosTuRuETLAUTUT NN 2 Wiy wuhildududisnan fausss
Weaiu AoTmusssy Petresti Tud A 2013 James et al. (2013) lavinn1sfinwisadinly
maflulszmaefuaulasnsldinaiaTLingvinsmeguesdaoganuan1udisng o 1wy
Tnsefiuldgan Inssiuuinagau Wudu wuianmsiesginsmdyanu TL gumgiii
wanzaslunisimuneigiiemaila TL vosdet1eegil 350°C 01gfiliogil 7980 years
ndsaniulull ae. 2014 Nilo et al. (2014) Ivhmssnunengiegiaedosdufuman
wUla Useinauin@a lagldmella TL 1wwifedny 1ngn15mnaoivesniniuiduiuLsnay
yhnsnaaeunails (Plateau) lilemangaumgiiimnzauildlunsimuneigazegi 300 -
370°C ndsnduthdegndlaedd WAZIATIENONEATLAIGU IINNITAATIERAIRIENUT
wostiufueniiongussana 895 - 1142 years

Tull £.61.2020 Joseff et al. (2020) lénanfenismorgvanadasiiufumainunds
Turandgiun Tuvssmas tagldinedeTL Fannisnwmuiesaeiestiufumiie
anmooniniilassairadundnaiend ovinismaaeunanle (Plateau) nuitgamgii
250°C WsNEANRBNITNNUADNY é’aﬂ?umsyuaqLﬂ%@ﬂﬂyuﬁummﬁasjswdw 1200 fi9 1240
years Tulhenifutu Cosma et al. (2020) I¥namfamsmengvenesdnlunmanisude
mewadaTL anmmeaesdldatidiegneainledlsiu 2 wuitlassadwweaesfindundn
mend 1igamgiil 250°C uagldenguszana 1849 U uazlunaldvesuszimalneld
mMsAnwIRIfunIimuneIgvesingluaseiduiy Tl wa. 2557 ldfinsimunong
vosgnvestdnuazAulil vinauadunueidue vy Smiaaga FewmadaTinui
mqﬁlié’ﬁﬂ'ﬂmqﬂﬁzmm 3,383 + 733 years Wag 4,455 + 447 years AMUAIAU 21NNA
ﬂwsﬁﬂmmmiaaqﬂlé”iﬁut,wWIWﬁmiﬂ’Uﬂmﬁuﬁaumawaaﬁﬁm (lodu, 2557) waglud
2021 Vichaidid et al. (2021) ¥inmsmmuseigiunaiieuniaswaisnigmailaTL 3naude
inlinsuAeny waza1duman1sainisasne denusuiunadiotitawals

feuddunada TL asmngandufieaadesdufumn wimada osL Aflaanw
wanzauiiagldlunismvunerguenad ssuAumnduieatu dofveunaia OsL 7
wiloniwmaia TL fe Wumadediliviiaresogns uazimada OsL Adumedafildiuainu



Henlunisivueeigliuwiinada TL we wu Tud 2013 Nilo, et al. (2013) lavinisimua
019v0st udAT s AL INLIETUT AR Hatahara lumuinnewwsoulnsimaia TL
OsL wazwaila EPR dumeuusnmininagldinaianisdenvuresdediandlunisinu
lassaawdnvesiiogrmuinilassairadundn aronddansimunengiinanudonle
Analdaenndosiunsimunoigmalusiunivesunaslusiand Hatahara 71435013
Aneiduiu TieogUusvanm 571-718 year ludruveanisimuaengresdonuessae
wiadla TL tu memaldvessamalngldfinmsidoientuidestivuiy Taglud wa. 2557 lu
i, (2557) ¢ @nwiAeatunsivunenguesvestiinnnuudsluuafifisnuilfs1se
Jainaga Lﬁ@%Lm']zﬁmmqﬁﬂﬁmmdwmqmmLﬂﬁaﬂmaﬁmﬂizmm 3,100 99 3,500 U

nAdeTduansbiiuInsimueegienalla gliuawudini s
T fuegsunsnarsuunatsdud Jwihlveryildannisldnadadfanuundede
annsaldddumnnsalmasy SRemansaiddnle

1.3 I9QUszaeAvaINITIdY

1.3.1 Wlefnwlassadandnvonaiosdufudemaianisdeiuunesisdiond
(X-ray diffraction, XRD)

1.3.2 Wfie@nwAnuduiusseninemnudues ”aujapzuqﬁLuamu%ﬁ’w%mm?ﬁﬁ
szausng 9 dlugnismuSunusdasay

1.3.3 Wiefnwunamnududuressinfusiundsdves U-238 Th-232 uag K-40 Tu
fregaadasiiuiunn wWisnnesihina uardunndeuseusogafiotludnmamnuiina
Sedial

1.3.4 \fiodumameiengresiiegaaiestiufumn wazdenvestindaanuvas
LUsIUARLTININIAAT MAgIe Fardnasuan

1.4 YaULUAIUIRY

1.4.1 Anwsethaniosiiufiumn Wasnweihdn uarduindousouiiogns 41519
wasiiusegdladindatingd 13 nsuRauing nsenieTaiusssy

14.2 n5IAs v nwuzdgy o TL wag OSL 99310819403 oel uAUET waz
Waonwesian

1.4.3 mﬁmeﬁmmQmaqﬁaaémﬂ%qﬁyuﬁum wazldennesnInannumas
TUTTUARLNHINING NIAENE JININEaN



1.5 nafinninezldu

1.5.1 151UA1815 209810819003 09 uAumT LaziUFenuesunindeinada
GRISIGIRANL]

1.5.2 ansnsaifieuifsserguessiognniesiiufiue uasiudenvesihiafuegues
UnaaluTIUARASHIIAAT MAENY Tavinasvan

1.5.3 ansnsameunsnasiAdeliungiiadasnumsnulusung



UNN 2
a a o P
VIE]‘ISJ{] LLASLANA@1TNLNYIVDY

Tuuniagndnimgquiuazuidefifendos feludmremnuiazusznouludie
wnaslusuafisnInInan maee Swiaasan 1l esdufumn lassadrendnues
sostuiun Tassadandnvenddonvosinda masuunengnidlusiuai masisuneny
argmadagiivaiwud n19ieeiuTiusdavay mﬁl,mwﬁﬂ‘%mm%hﬁ&faﬂ 13
Sissilasnsoruianson madeseiiemadamsdiuudidnd fulinsfinm was
nATefiAnates nefineandoadwiolui

2.1 %angIUNNLUTIUARIINUNEILUTIUARINININIAAT NINYTY FJININEIVAT

wiasluTaaRfismnn mnens segluaniniuii uasfiuyu fufiuisdaugn
sumuluthadrannsiuyedidlumvesmazyat i Mnnsdsasasiuiogng
wangu dninfatingd 13 awan Idvinnsyaduunaslusuedlasfmuarguyadusiuiu
2 viguyafuseinaiuUszanal 1.5 m 1fun vauyadu TP1 wag TP2 gunsaifildlunisynduy
A9 LN389 90U LFY Imaﬂ'maaﬂiﬁuaﬂﬂimumuaa ﬂuamwmumawumumﬂusmﬂm
nEnguSlUTIUARTINY wazanwALRa TR UTUNTIARY 91NNNSYARLTA 2 uYn
Funundngrunislusundfiddn Toun Judieiosdiuumn udnlasnsegnuyud
FudrunTosdielanefiviainvin wWienves gnila WWusu wansfanind 2.1 Taediin
Tunaafldduingiuergidosduiiundslusuafuved G uundslusuafadeon au
Useifemand sadedaulaiias@nudmednmdngiunislusund 2 fegrsdaedu fe
fhegraniestiufium uazidonuesinda szauiinlunuedldseylidedis
w3ostuAumfusegiidunulddes wariegrnadectuiumniiauddalunsuen
d@desnufndugaaieldegrsdniauannsdaunsifauinisvesanas wayTagililu
msvuasstuRmenTnuusameiveuraryaay wardndegnaie fedaddenes
1hin usegaiinuluseduduiudeatusuedosdiuiunn Woyhmadmunoigisas
i?f’aasmuﬁ’ammqﬁlé’%:ﬁmm%’mau wazwiugregaunn (@indAalinsi 13 nsufauins,
2553)



awdl 2.1 wdngumnalusanifignduny (@) 3 estufumn (b) Wisnnesinda (©
Fudulasansegniunyud (d) Tudmiedosdielavy () noansegndn () gnila
(9) lnsanszgn
({fan: diindauinsd 13 nsudatns, 2553)

2.2 13aatiufuin
m%qﬁuﬁmmLﬁuﬁﬁﬂgmmﬂusmﬂﬁﬁQﬂé’uwuméﬂLwiaﬂ’sjfiautlisi’ﬁmam'ﬁ
FovunuiaoUsyiRmans Lﬁwé’ﬂgmﬁmmaaLLamﬁﬁi'mmﬂ']smaamuwéé’?qLwiaﬁa
lusaaudstagiu wdostufunuenanasduededlineluniugs Sadundngiuiiuans
anuzyadsay uazdydnualnsianssmvenguey eandiSnman Uuuy JUnse
waranaefineutraduendnuaivosusartausssy Tanuudeuss nuniu fady
m%aﬁuﬁuLwﬁmﬂwé’ﬂgmmﬂmmﬂﬁﬁﬂﬂ%gﬂﬂﬂmﬁﬂmLﬁaaﬁuﬂizi’aﬂaﬂutﬂumn13
Wsuifisuieny uazidessnvesyusluein (@i, 2507) Ussinnueaiedosdufumniing
Mnmsdrauvasunaniluiminawa wazaga e we. 2553 vesnsuAauingd 13

dsvan wuslendu 3 Ussuavlug) o fedl

2.2.1 3a9UuAUNIUSEANIURRAU (Earthen ware)
13 9t uAULNNUSELAMLaAY (Farthen ware) L1WuULAS 99T UAULNITI LA e
919513 1,000 - 1,200°C Heunanvesiu Arenduasiumniey ddnvazilonunasiden



Wiy 1Anungu aadudile wenudtlinasufaiuain inseslufumussnniinundngiu
gIUNUASLAATENEUUSEIRAERS AudsataUseiRaans uwaaanaenuesnlUluurazalivfe
IUNTE anane wazwadansanusa Wudu @nindauinsy 13 nsuauins, 2553)

AN 2.2 F198190AT99 0 URAULNIUTELANAUNNWAAITUSIUAPLRININIAAT NINENE
(#u1: @in@atnsy 13 nsu@auing, 2553)

2.2.2 1A529UUAUNIUSZANLLBLNSY (Stone ware)
A5 99T UAULKIUTELAMLIIBWNT A (Stone ware) WuLAS 9t URAULKITALNIA28
amndl 1,200 — 1,300°C Hdrunanvasiuluilofu 50% fdnuwaziiloudandailosainids

aq Y v 1 v v 1
fuazanginniu Wrldanunsaduniule wIsalufumiussnnidinssuiunisnanidugaunin

¥

Uszinnillodu Usingiessesnangrudamaulugisarvadeneoudseinmans audvade
UseThrans (§rdnfiauinsi 13 nsufauing, 2553)

dl U 1 ‘ﬂl Ly} a l&" 1 U a a qoj 901
AN 2.3 §19819A39TUANNIUTEAMLBaWNTIALAEILUS1eUARLNSHIUN L (181AsA)
(#iw: drdnfatnsi 13 nsu@aunng, 2553)



10

2.2.3 wdastuiuwussimidianszios (Porcelain)

spstiufumusziamidenssilos (Porcelain) iuadosiiufumniinandae
funisrden dnvuiefuiaunmiidunauvesigmdniios lugedu Tudua
grunpifldazannninssnniounss uvdsdninunandssmaiu infestufusndssand
finsfunutiessinnulztuegiuiedosiumunusznnionu wanieunsdluumadusund
afreulsyifeans uavadeuseimans Jadundngruiuanddidudenisdranldiug
YosyuinadatieulseiRemansSesnauiaiosy fimans @nindatingd 13 nau
Aiaung, 2553)

D s

d' L% 1 t-ﬂll 3 a r-glj ‘&J 1 a a LY 2
MW 2.4 fegrntesdufurnUssinnilenseiiosnunadlunanfiianiuningu
(u1: @nAatinsy 13 nsu@aunng, 2553)



11

2.3 1AS9a519NAN VAU UAULKN
& & Idl 1 (% [~ a d' I3 & 1 a a
mammﬂmwmamLﬂwuwummqmaaﬁmLWamamiuaq’Lu‘wumw RUNTNDU
a v a a a = ] 1 Lo ] I aa d' v aa .
Ausnd Auuds uaziunilen usnguaendilunsnaudfinanusenaumedaneu (S) way
20n@1au (0) 1usirUsenauleeg1ien Fudulsnin1sdndag19uadlasiasananii

12 v

19 oA a . . 4—
Usgaaunalaen1sdusenseiingiuaiund ey (Tetrahedron, (Si0,) ) Aagfiuies lag
a N a gqui v oA a oA v ] cu a & = A o Ao
pandlauynitseiialdsiuiuiiszlaiinume usareadiniiaidunanunma ey sindduila

wenanuuusmIadduduusinuanigavesudenniy (Preusser, 2009)

2NN 2.5 1AS9E519UDINANAIDAD
(#137: Ikeya, 1993)
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2.4 Waanvaeiin

meytihiaUsznaulufenesiifier uarnesao wWisnuiadulasainwosans
Fuyuinaqualussnefiseuaimiivdnie Untdessrsnenanslu nesdidsiuniay
Feurnauiduuning widmuindivesifivdenioudrenuduuiniogine medoy
veadenvesiinanatsetisienisisainvemesuar Ufduiusiudnidu o vesaoril
Wenaestuidonintusgielasaisvesduiitaveulfidudnunsiid @y ldluntssuun
yevtidnvedlnefinnumainvansvesalddgenn s ifeafisauinniafiou 300 i
uitligiunuimessuiunilsegluanzgnanamaudguyiuslussduviesdunds aung
ndnuaniutegordegnrans W undsihsssumiuesnsdidivesalddineiu laiday
HuvesyFednidu q Snanszmilasnss warenathlugnisanyiusvomosinin

dusuidonnesindafivuninsideluaded Wuidenuesdifie fdnuasu
n3ans78 uazhaseidutudentu Uasanteaudondusonunaudafu uazdndudiueon
vouUden (Apex) iugaiinesduaaudonduusnifntudusnesieglusyes Sugouls
Foni1 2ausn (Larval whorl) delisuifieufutinnme venaniifivaeanvesnsaavineas
fidomiogdaieidumsliimenfivaatuesnueniudeniienit deadadenuietin
\Waen (aperture) 50U 9 Unnwaeniveu 15und1 veuliniUden (peristome) wazdidqu
Uansununanlng q duunidenasisuseuss (umbilicus) vievdruuniiunulanied1Un
gauUdan (Operculum) IngunAravesldennesazidsulilumaieriunisnyuready
uRniFondn Beurn (Dextral) uifivesurswiafifivdonidouluiianansstu Sondn
Agudne (Sinistral) (§u17 uagAny, 2538)

/ 1AUDA (Apex)

Jrem—
500D ] 99 (Spire)

JTHINN
(Suture) Ngamy
a4 (Height) (Body whorl)
soubana "
¥ ¥oulla
(Umbilicus)
(Aperture)
, R

AW 2.6 anwazTlUvevesl R
(M: @v1F wazAny, 2550)
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2.5 Tnseadandnvaasudenvestindn

g1nv9d sfiTIndurnfivuameslaluiarfusviagayiugluudiusvindad
Fimuniseeautedagiu 1‘Hﬂ’]iﬂ1‘w‘u{ﬂ@’]EJSZJENGEI’]ﬂHQN%DMUUHiuU’JUﬂWSLiumumﬂﬂ’]iLﬂ@
LUuezmawmmLLauaJmiawanmsuaqaLaﬂmauauﬂiummﬂmmmmmuugﬂﬂﬁuummuu
Hunaudsiudennfstgtulinadidnasouiifleglusnasdfinanag o
Sudnaseufiavautudausidudunndaidin aufsdagtulusndesidiulsznoues
La@ouAndUBLLA (Calcium carbonate, CaCOs) fiUsznaudunnanlassadisudnensin
lud (Aragonite) wazuaalan (Calcite) wpaldanaisusiun (Calcium carbonate, CaCOs) 1Tu
wilaealumusssumafiintuluanmundouifivhuasiidadevusns q wasnuldets
A31suauuiuialan samﬁ%tﬂuaaﬁﬂivﬂawﬁﬂmaaL‘Uﬁam/iaa (Mollusk shells) Ugn15s
(Coral) wuﬂu (limestone) ¥ nouan (Speleothem) (Kai and Miki 1992) Tagtanizly
Waenves wavesthinuazesnzianuimesdeiailunadsasusiun (CaCo,)%o8

az 95-99 \uesAUsznaundn (Seletchi and Duliu, 2007) LazkAaTEUAISUBLUATNIS
Jaseeimlusssuvidiey 2 wuu Ao a3lnlud (Aragonite) uazuaales (Calcite) lngunaides
Afusiunazanndnldlassaiialaesssumdnouldsuauieusylusesilnlud 7
TassasreiliAoeifuszifou (Udomkan et al., 2008) 91nN3MsIvERULATIET1ANAN VB4
Waenvesnuinddenvesiignasnaeudewaianindsvuresiviiend iudonuesly
sssumeeiilassairsvesunaiBouaiveundundn dedndnidunuvozalnlud (@gans uas
Atz, 2558) uazifleliinmuieuganin 500 °C Sanulassadrsveauaaidouaisuesiun lag
Wasugusdndunuuuealed uazidleldiunuieugsauis 900 °C azlifulassaiandn
wuuuealgeteanlen (ans uazaue, 2556) warlunisiiiandnsssuvifasilessuvedlans
NIIUBTU WU Mn?, Fe®*, Co* ndelovauratlanzdu q iWiluunuiinssiumiwes Ca?
Uiy feasdiniswuriludonvesestianasesneia (Udomkan et al., 2008)

Aragonite

?97A — @ Calicium e Carbon O Oxygen

A 2.7 Tassadenanuuuesilnlug
(#137: Ikeya, 1993)



@ Caicium
* Carbon ?
(O Oxygen

AW 2.8 Tassadeuanyesuaales
(731: lkeya, 1993)
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2.6 FaN13AruABIeN1lUTIUAR (Dating method)

ns@nymesnlunuefidudaforiansnidedeaiossvesywdluefniy
Hagtuddedu nadeulsadessivesyraliodifetuazdomsuaoigvesingiu 1
fou WleddummmsnidAyineiiatunuds msfmuaeiguiseendu 2 35 Ae

2.6.1 MINMUARILLUUAUWNS (Relative Dating)

NSATURDIERUUELTNS (Relative Dating) Wunisfmuneigidadsauliiay
flinsergfifusnutidedsdmay Wunsieudeusswinmdnguedieosasdiu
fululngagnsuiisrindulniogunnirulaeisufesnamdnguiinaveny (Gaur,
2020) faundngrumslunandfiiudiaunisvesmsuyedlfogudaau uaganse
thanisuifisuoigasn 1 isafuiasuieneuentd Aoedesiufumnienisugium
weadestiufiumnagiianmeiitaaunugeass lasgaduusnastugioaudl dauna
fukartusuifisainiu dewnfimaiuananslifiaumeny fnsldianidenuammily
n9vi Wusiy

2.6.2 NM3snmiuALUUaIgduYIal (Absolute Dating)
n13iruAeesduysal (Absolute Dating) %QLﬂumﬁmeﬁLﬁauaﬂmq

yeandngldregduiiaviuiveulagliifndinemans msfasdenlinedelunis
Mnuneigfeaidawinvesdited1aiie 1w inallnnsueu-14 (Radiocarbon) Wiuwmatia
fvnzfufiegeiidudunioing fretrsivanzan loud dudiu i nszqn wWienves
wadalnunaid su-o15neu (Potassium-Argon) Al At Lz Fuf108 197 TU5 o
Inunafeunsudiea loun Aunsengnauvesdiguuili inadanisdusesilydu (Fission
Track) Wumaiafiwungfudoiaman nieusuiavie ldun eoudifiou (Obsidian) uay
lun1 (Mica) tnadiagfliuaieud (Luminescence) inunzAudaeg 197t 1 uoznenves
ansusenouvaauds Iiud wnFesilufuen fiu Wienves wasmalindidnaseualiuslouud
(Electron Spin Resonance, ESR) Wiz fuiieg1sveswsmidunaaifsunsusiun Taun
Uzn13s vee Waenly Wudu (@ueuidndlneg, 2562)

dmsumadenltinadelunsimusergiilénanutasiu fegriaganusaten
fnw Tadefidfny 3 Usenns fe dsengiivangan Wesnmsivuaenglundazivaie
fhagheiiu ffnenwlumsimuneglursengiiuansneiu uidlesandediiaudazinaia
Faamil 2.9
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Amino Acid Racemisation

Electron spin Resonance (ESR)

Luminescence {TL, OSL, IRSL)

Fission Tracks
|

U-series

Ph-210

Radiocarbon

Dendrochronology

ki B B L L

Iﬂﬂ I['"[-'[-"]n...l — .......|['ﬁ. ——rrrrr — ......I‘]“I E—
Age (years)

— ]

a ' ' ac ° a oMY 1 a a
AMui 2.9 FaeglasUssinalunsagiinisivunengnannsavildegediusydnsam
(#111: Colman et al., 1987)

AnUsen15nils ABAIAIURANAIALULARLINATANUTA1ANURANA NN LANANIAU
soniAuediudiduinveusuAmanuiiananiintulsuntesiiieda danini 2.10

100,000
E 1,000 - Luminescence /
2z
f 100 — adiocarbon : .
E Li-series
= o+
3
S 1

Dendrochronology
[}'I'_ T T l'||III| T T T T T 1177 T T T T T TT11T
1,000 10,000 100,000 1,000,000

Age (years)

d' U a ! a o
AN 2.10 mmmmmwmm‘[mwizmmﬁlmmazLwﬂuﬂmimwummq

(‘1'7im: Colman et al., 1987)
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'
v = = U 1 =

wazgavineidudeniddyiian Aofegriiundnwiiewindiegrmislusiund

o
= dl 1 U d!

WAENINETINYINLASIFS NNANNLANANAUT LA AT TLALAIUNUZFUAUNATANITAINUA
91gfwanseiueenty Aan51en 2.1

A13199 2.1 AN@1N1sbunsUTEENAITNSAIUARIE A UM 19819195 IR INe LAY

TUsTuARYTnAIN 9

Materials
9
] a .
E £ g 8 &
Dating Method S v 8 v v c 0 ® £ 2
a ) c = o o c S T ]
> c Ll [0} — £ S +
O o e (e} = — (8] [ +
9 @& £ » O ©® © ¢ 5 Q2
= o w o § @
- o 3
>
Amino Acid Racemization * oo
Electron Spin Resonance *xooxx Kk ®% *%
Luminescence ** xx RS
Fission Track *XH R
U-series *% *% * XXX * X¥%
K/Ar, Ar-40/Ar-39 *xx
Radiocarbon e *% *%
Dendrochronology oex
(#131: lkeya, 1993)
NUE): * wneds  danuulimingaudunisiivunengiu 9
* el mamsimueegueesamelanaruisasiliiinela

e pnede Januuausaimuneleiuisnsimunetetiu 9 laeens

a =

UszdnSamianuineiieas

D
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2.7 MImuuaegilgmnatiagiiuaigud (Luminescence dating)

Msimusegfemadiagiiuaeud (Luminescence dating) iWumadiafifinnsléiu
pgaunInasLagldSuanudounogieuutusefnauiiatu wseendu ans
Ussaneeiupe madanisiasuanindsnseduameainuseu (Thermoluminescence, TL)
wazinaian1siaaasaInisnsedueieuas (Optically Stimulated Luminescence, OSL)
Suusnlud a.e 1953 Daniels et al. (1953) dudufidouauusniiiausuuznnsldinada TL
Tumsvssendlimaiulunaadlunisivunens Inenuidevesmnissyliiniuuasus
5WEsIHAvaTinaunsasesadlalaglidedddsidiondluesuminig witedninves
waila TL Aeazdedldfegefifiuiinaannlunsainiiegne uasilumeadaiivihanedietig
doulafinswamnlaonislduasununnudeusonmaiaiin wadanisiawaninis
nseRuA8Las (Optically Stimulated Luminescence, OSL) inafia OSL WJuwmadandl
nszuIuNNsAdneadsiumaiaTLLAUA suanmslianufoudunslduauny ainnis
NAABIYDY Wintle and Murry. (1997) uandliiiuinnoufivziinisazausvesnzneudigniia
WINPT dinnznouagldunaanagrafiuidufivmefisvavdrsduaadidaulase
wasauiseiunilafiuadliaunsoavdyameanld

ndnmsfiugiuresnsfinunegiemaingfiuagud (Luminescence dating) 9
Tiwdnnisiinisimuneigues 9 udsle 9 %uagﬁuwﬁquuﬁgﬂLﬁuiﬁ (Joseff et al., 2020)
Tnganunsnesungldmenuudaemguiuoundse luuusiassdisedundsnuiifendos 3
JEAU A ALAUINAUG (Valence band) waum 89913 (Forbidden gab) waguaun1sud
(conduction band) @slukaudasinu (Forbidden gab) Huaglsifiszdundssnila 4 agluty
uiingilassasananideldiundanuanisding @ andunedeuasiidounnsosanan
(Defect) MvilAnnsdsuulamedidnnseunslundneninauauinaud wazuouns
11 (Creagh et al., 2000)
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\\\e NN\ \\e N\\
\ \\ Condluctlon Band \ \
thermal or
Eqa optical
release
Trap ~©s— -
2) 5lanasaugnANLALIU 3) Slanasaunnns:=Au
D HauAnIAUBLanasaU dooprudoundouas ¥
2%.%,,
% %
0; eo"}
< ‘9;) )11,
\'6"} O"o &‘\’0‘ 4) iiamswavuav
(2
N%, —— light ""\’\8_"’\'\’
N\ ”o,) emission
AN
‘\
o=@ \\\ \\
\ Valence Band \
AW 2.11 WNUATWRUUTADING Y O UNFIY

(Fi: Creagh et al., 2000)

SofmpildsusedandunadeuyinlfiAnanuunnsewemwdn Bidnnseudaseiloglu
wauaudiindsnuiissmesgluanuggnnszduaelouanuauTiaudluduaunisd vin
TiAamqu (Hole, H) Tunauiiaud wididnasouiindanuliiifismediazeglunaunt sl
yrlsBidnnsoudumilinduganusiuiud wayBndrunilignuoududndidinasou (Electron
trap, ) utelf Sidnaseuiineglunauiusnazdnsegiituaunitesldsundsnuiio
weflazgnuaosoenin adagiiuaieud alindsnuuning slkdidnaseuiinnegluuay
fudnfndsnuiismaiianisnssfusaznduganugiiu uazmendausen (L) lusUes
Laafinmeaiueanin (Creagh et al., 2000; Aitken, 1985) Msfivune1gsssaiingmie
nelusiuafsenalagdiuawud (Luminescence dating) & 2 dufi gy ldlunis
AAsesi Ae Arduiudidnaseuiignnszdulilueglunquiudndidnnseu vieusuased
avay (Accumulated dose, Dyc) ’Ludauﬁﬂ%’mﬂ%’mwﬁﬂ TL way wala OSL Tunsimsies
Feagldmatianisusuiioussd 2 33dedufie Additive dose war Regenerative dose 31
dunilsrersnsnisussddelvessniuiundsdludunndonseusiedn videUsinmsed
#oU (Annual dose, D.n) §01¢ (Hubert et al., 2001 .; Vichaidid et al., 2008) 33uidanld
WAlANITILATIENE1A875N1591UTIM50U (Neutron Activation Analysis, NAA) Tun1s
Ans1er ndutheildumiluaunsii 2.1

ac

Accumulated Dose (Gy) D
TL Ages (years) = =

= (2.1)
Annual Dose (Gy/ year) D

an



20

2.7.1 35n15 Additive dose
Additive dose fanistaassdiiiudnlulusegrsazuisiogrsoandudiu
Tnousazdruarldinawiiy mndulnadadunuanUsunaeng o Wutuegeseiios vl
aruduuasiivandeseeninduuiliinfivtusandulimafussinasailasu (Q) wang
Al 2.12a

fvusls AD = Dt uaviile Q = D't agly

Q
I=1| 1+— (2.2)
D
ac
Wo  louwaz |l A AILTLEY M TL AouuazndInIsiaassa
Q fo  Usnaudedildsuannnislaa
Dac R USunauSsdazay (Accumulated Dose)

[y

nsdlaududyin TL Augaumgifiuwilduduiuudus (a i 2.12b) azle

Y

—(D't" +D /SD)
|—|—|(1— ) (2.3)
e Ao AduTUdyI TL 919u6)
SD R U3U1UN1581USIATMNDIUAT FILAWINAUNNTU
%98 D'wart®n (lifetime) MAnn5dUF T,
Past; tfka) Future; t' (h) Past; t)(ka) Future; t' (h)
|
I = I,(1+D't'/AD) e
AD "
AD | %
1/ | = |[1 e\D’t'.AD}-/‘)D
- # " :
- 1’
T ™1 T T T T T

-10 0 10 20 30 -10 0 10 20 30
Dt Additive dose D't (Gy) Dt Additive dose D't (Gy)

(a) (b)

Amd 2.2 aswlanuduiusseninenududayaaTLAuTnas@unuun ity
99133 Additive Dose (a) Wisuunltuanuduiusidunuudadu
(b) Woww ltuanuduiusifuuuudus
(Fia: lkeya, 1993)
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2.7.2 35015 Regenerative dose

wadan1siunlue (Regenerative dose) L umaiafildiiag1susarond
sssumAfianalaluin LL@BR)’]ﬂijjw/loﬂﬂ’]iaUéj’]ﬂﬁJiyiyﬂmfﬂ’]ﬂ@T’mdﬂﬂﬁiimﬂi’]aﬁ]uﬁﬁ’]L‘f]u 0
Mnifutheglueusadiinsuailumie (Gy) thanindwiudidnaseuiifieglufiosig
uazadansmanuduiusseninTnaaraniifeglufmesuardnnudidnaseui fnle
sl InedunsmasSuduain 0 wasifindiuses o audnduiionusdlituiodn
Mnidounsmenudiusseninefieg1ees TR (N) fusegnefiiun1saudadnyn
il ensUsTiuUTIEE uazmAtengsiely (Takashima and Honda, 1989)

A 24 pum-2 alpha 20
x 2.2 Gy beta 215 Natural
Ty — Natural =
O - =
Q 2000 8 w0 2.4 ym-2 alpha
w D Aap Proccreemee=s
= w
(7]
Q 1
£ 1500 A
<= )
(@]
O
=
‘@ 1000
(g
2
=
500 -
0 1 T T T 1
0 20 40 60 80 100

stimulation time (sec)

04 OSL AU 1381

o

AN 2,13 ASANUAUNUSTENINAN U,
(#131: Antoine, 2012)



22

2.8 M5As1EAUSUNSIdazan (Accumulated dose, Do) Aaemalia TL

Uunawesnisandudianmseundsiunssnudndiurenislaased lneunfesdiiu
anvateiuantuing LﬁaqmmﬁqaﬁuﬁLﬁﬂmau%ﬂ'aa 1 vaaanfudniidnunnduiies 1
LarAgIandsaenndesiunsanUdosdidnaseuaindusin (veafia TL) amnsadannléiuy
Fuldsasuasivdosoonuuiisuivgaunnd dufuguitsweaduldndouasisasiouds
fruuteunniemeslassarndn uasosnouvesdniovuuszneng o vesing wazlu
aNYMELANIEYBIINg (Aitken, 1985) fagavasdyyIM TL wanIRanIngl 2.12 3idnmseu
1uﬁuﬁa§umm3aQﬂﬂamﬂa'aaaaﬂm"LﬁT,msmé’mumm%’auqmmﬁﬁaq uwadianmsouluiv
fnanazldsundanuiigaiivanelunszuiunislimdanunuieunuudy Sidnnsenlunay
Audnvzene 9 Mgnag1et a1aviliiAnn1savesdygiails 91n91W3deed Olivera et al.
(2020) Seeuilasaiandniiduuumendiinsnevausvasdayaia TL Ysznaulude
4 fiavdn Reflgamgisous 110-375°C

110°C
2 A
E|
8
k)
=
&
3 170°C
325°C
375°C
Red
glow
0 100 200 300 400 500

Temperature ("C)

AW 2.14 fhegadyain TL
(#111: Creagh et al., 2000)
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2.9 M5As1EAUSUNSedazan (Accumulated dose, Dy) AaemAiian OSL

wAila OSL Lﬁumvs]ﬁﬂﬁﬁLLmﬁmﬁug'mLéziuLﬁmﬁ’Umﬂfm TL umnenafuingasmd
Tnsvdudidnasouszlfuasunuanuiou fegravgnnszduseuadiinimenaduans
vufinsinnsuamansiafianuenadufiwandiatu lunistdou osL dwlwgnnsiaay
dudunislulvun CWOSL Inefidaeg1sazgnnszdusieanuiduvesuasnsiiuazinigih
Aanunisudesuadlussnitansnszdu lulnaddnsesdndufouenuerseninuasild
nszdufunasivdeseenin uazifiedosiulilinasnseduiinszdnnsznadndaeiesmsady

[

dyIuNI9i50uas Inguniudy OSL 9QNATIde U UNMUauraInilanas aunseNs

L2 =

Fuaureunaseauna denaliiadulasnisaanesives OSL (Thomsen, 2004) WaAAIHINING

T

2.15

OSL intensity (a.u.)

Time (s)

AW 2.15  feg1ansnnIsaanediives OSL Nlaanndiedswaniswale
LAYUINNALNOUAU
(#111: Thomsen, 2004)
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2.10 msUiuiisudsunauazniae

desdlusssunAiauiisenfunanvesiiegnasiiansieleundanulitundn
feehlaeivsnavemdsusemaiindniegisganauld Fund1 nsgandussd (Absorb
Dose) fuhendu 136 (Gray, Gy) Uunaudad 1 Gy isuwhfundanused 1 J fidegremin
1 kg ganduenly IneUTunausdildsu 1 Gy Wisuwiidy 100 rad

1 Gy =1 J/kg = 100 rad

AUNSIuve93ed agldmietadu Sidnnsaullad (Electronvolts, eV) wasanu 1

a v ™V YV o 1 a a '3 ¥ 1Al a 6

eV datesun tnevaldaglaidudiuiwivesdianaseulias wwn dladianaseulias

(Kiloelectronvolts, keV) ngdiannsaulias (Megaelectronvolts, MeV) #1115 unuI8u89

n1snmunenglussavaina Arengilaaziiviae U (years, y %38 annum, a) N30lA70E139

Anupenagniivauslunaiuwuetgaziiaunesnuiluniie Alaweud (Kiloannee, ka) Ly
nzloull (Megaannee, Ma) uagdnglouil (Gigaannee, Ga)

2.11 ANTUANINTIE IUEIINYR

$@lusssnnd azgnuasUassoonunannunasidavatounasio iy wu $sdin
nusnlaniitnainiilnainn9e1fing 15en11 Ssdreadin diuidanlan laun nsuussd
musssnnAnnlelelnvessigfusiunisding 4 fananunasindaiidudmuusznoves
Tanléud Au fiu 1 wasuia Wy neiSey (Th-232) gisiilon (U-238) uaglnunaidey (K-40)
lelalnuusfundadfinanundredu agdvsiaunndistusenly muunasiiiavessis
FsnanazaanefmundnAssiin (Half-life) uazlusywinamsaaneinazunsdoanunlugy
voafeduean Un wazunuan lelelnvgisilley waznoSoudulolelnusedfidnisaanss
daiendunileiFoniteunsy wazarludugad lelelnufiiafiosdmnsedl 22-2.3 uas
dmdu K40 floglusssumd 0.012% fiA1a3edin 1.277x10° year aaelvieyaiadniida
A39970 1.4x10°year naneidu Ca—40 Tindsau 1.311 MeV uasiinufAzenisdu
3u8nmseu (Electron capture) nanendu Ar-40 #ifla3e%3n 1.19x10%° year uazlanuasesed
WALIWE 91 1,460 MeV §edldnsimisaanefafenini 2.16 Feiusedninudldiundn
feogsamnsanvandulsniusdaned (Annual Dose) 1# Tnan1sitasizsianyIunu U-
238, Th-232 way K-40 GﬁqLﬂui’]a%’aﬁ’wﬁ’ﬁgﬁ%ﬁﬂﬂ%ﬂsﬂwﬁﬁumiﬂ"mummqmqéfm
Tusund
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o o o a v o = | = Aa
NI 2.2 @Hﬂiuﬂqiaaqﬂﬁn NAIULRAYUDITIALDANT UM LLaZNUUT LALAIATIYIA

YoaswiuiunTadluennsugsey

wvaznad (2) Hdlean  n1sdEatena  ASITIN (Tiw)

WA (MeV)

E,, Eg E,
92 U-238 o 4.468x10°a  4.198  0.00815 0.00136
4.149
90 Th-234 B 24.1 d 0.0506  0.00935
0.0249
91 Pa-234 B 1.17 m 0.8253  0.018
92 U-234 o 2.45x10°a 4773 0011 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 a, B 3.05m 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 o 1.64x10%s  7.685 0.00008
82 Pb-210 B 223 a 0.0042  0.013
0.0161
83 Bi-210 a, 5.01d 0.3889
84 Po-210 o 138.4 d 5.297
82 Pb-206 stable
Erotal oror, By 42.81 2.27 1.753

(ﬁuw: lkeya, 1993)
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A159N 2.3 BUNTUNITARLHT NANIWRFETDTIEwDaNT TA1 LasUNULT LAZAIATITIN

Yoe39iudundadlusynsuneisey

wvaznad (2) ddlaan  nasaatena AN (Tiw)

WA (MeV)

E, Eg E,
90 Th-232 o 1.14x10*a  4.010  0.0104 0.00130
3.952
88 Ra-228 B 5.75 a 0.0104
89 Ac-228 B 6.31 hr 0.4516  0.92870
90 Th-228 o 1.913 a 5396  0.0184 0.00322
88 Ra-224 a 3.66 d 5.674  0.0021 0.00989
86 Rn-220 o 55.6 s 6.282 0.54970
84 Po-216 o 0.15 s 6.779 0.9060
82 Pb-212 a 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 TI-218 p 3.07 m 0.2147  1.20589
82 Pb-208 stable
Eootat of o, By 35.932  1.3462  2.4860
(ﬁuw: lkeya, 1993)
0K
(1.2504(30) - 10° )
P e /
/ ’ A
10.55(11) % {.2(1) gjqf 86.25(17} %
Q = 1211.07(11) keV
1460 keV EC /

0.00100{12) % ot

= 1504.69{19) keV A

oF v

04 ¢

AN 2,16 WHUAMNBUNIUNTAAIVRIS AT UA STl nuna gy
(#w1: Pradler et al., 2013)



27

2.12 Wiy wazaulfvasayniawaan Unn uazdedunuun

dlefinsaansshvesiuiundidlusssumidmalitinisUandaosSsduean 9o uas
wnun W lundndegadinsagdendsnulunssuiunsiindunsiseriudidnaseuluy
NANYBIFREYNIAARANUUNNTBIVRIHANISENIN wauUAn Biannsoulrvazausiluiuan
3idnaseu MTandsnuvessiduean a0 wazunuaniidwiundniieteer Saidefised
annsaisulUlundnieds dmsuiidvesseduoan I waswnuslusiegefidainy
VUL 2.6 ke/m? (keya, 1993) uanddaninii 2.17

2.12.1 aynAvsaednaani

v o ~ va & Y = ' ~ A 2 o

Fedueavhdautriidusynia vNATIRLSENT ayn1Akean Fadaa1asien
LATUIANIN H81U1aNEaneatni lm'mmiamqmmqmuﬁmﬂ’qﬁaﬂszm%ﬂé’ Ndyv0Isad
LoavhAzkUTRUA NG wazTandinanasedndeuniiiu dmsusidieannindsnu 4-
5 MeV Jfigauszunas 15-20 um 5@ iaaninudlUlundniieg19asiindunsnsen
111999710 NsteesludvinldAnAMuUNNTDIUIEILTUTIUNEN HIUN15AN8TaUNSINUNIDIN
sy ULEAnEY wagn1svuwuuliganguy uddiulvgaziinnsaigloundsnuain n1svu
wuuldiganeu WeoruTannidurugugnaavwin 2-10 nm dwaliinanudemewnian
16 Tngianizegnesluiiaangvesiduvsiisnsnsaydenduulaeniodontiessesnig
d“v =) d‘ dl Gl % :.J/ o :j o Y] o 1 QIIQI v A 1
N9dindoun (dE/dx) vsenasnungagags fely dmsudtegniniivualngadueariagl
aunsanzauule Isiinanaiin1eusnveeiIg 1wty

2.12.2 ayn1an3adeding

Seddanfinuaudfmiioududidnaseu dududszquinizdeniiindnseu &
AU IIAULEs de1unavganzaniiunaansanzgnzaruimiuwas dusunsey
Manen dmsuseddnmdanuuszann 0.5-1.0 MeV IiduUszanas 0.7-1.5 mm wazd1ua
nzqnzalsgsgn 2-00 mm Weladeudisinululuiansnansdiilasegluiuaziinnisannou
AMLENNTOLUNTNEANEANUTEUN 2 mm TFYY0TEUMITUUTHUAUNR I ULAE TaR)
fnanedissdindeuitiuuiieiusduoarudsnanzariuesisdinganituean i
ANISIINaLABaLE

2.12.3 Sedunuun
v [ = 1 [ 9 1 1 1 s
Sedunuuduaduuivdntnin ldldeynaeynia lufine waglifivseq und
nauNNan derunanggnealigenitdaduearuazin Sedunuuindannuy 1.2 MeV §
WAgUTEUN 6-9 cm wALSIUNANEaNEAINEIEA 20-30 cm TuiuAuSdlNNaNT R Ussaa
40 cm szoziilunalissdunuundnlngunanduadeuunnituiandeginiieglufu
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Ener (MeV)
@ 1 > 10° 10’

Range (mm)

EEE T i1
103 105 108 17 K

Energy (eV)

(b)

:fa ~J
Sofas @-ray T3 Beray SN y-ray

7 ’\.___ M

AWl 2.17 (a) dpvosounausan Tan uazssdunuu Jaduileiduiundanulumioe
MeV v84398n1u555UY5 wag (b) nnUsenauunudsdmiuidevosaynia
woavh Tnn uaz¥edunuunesniswifadnanielu (gnasiu) uazaneuen (gnes
Use) vaanszgniiileglunznoufu

(Fia: lkeya, 1993)
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2.13 n1sw1d3unasedsiat U-238, Th-232 wag K-40 31n5554%6
nMsfumMUIun TS duTunSadfdegluiieg1sieinnseny
fansou nadwsiildves U-238, Th-232 fuheanudududu me/ke w3e ppm way K-40
mheanudududy % awnsavinsdsundasildlieglumhevesinuinussdne U1
o113 Ao mGy/year (keya, 1993) fiswazideadelui
Usinudeddeduesdaegamuialianndanuadildainnisaaisdivessin
Audiunsed (6) Tuniig MeV dnsinisaaneivessiudunsed (1) lumhe a’ wazduu

avnaNYaIsniuunSad (N) lume kg’ sieil

MeV
D= ZANE,
kg - year
o | ] s €V
= TANE X1.60218X10 | —X10° ——
eV ke - year
—19 (Sy
= 1.60218 10 (ZANE,) | ——
year
D= YANE X1.60218X10 " [mGy / year] (2.4)

[V

Tned AN Ae snsmsaanesaredanunsaruinldanaasedin T, $9i
AN =(n2/T N = (069315 /T, N (2.5)

e Ty Ao AIASITINYOISINNAANEAIRIGUT | waAT Ty, NlAansIaNaas
FINAIVTHANININITINN 2.1 hay 2.2

(% ]
v v o o [y v aa

ety dnsusaiuiuddnedluanizaunaiudunssdves U-238 Weulmiy

AN =A N =& N (2.6)

i i+1 i 238" 238

dlo A, /e dnsimsaanesh was Nyss Ao Sruiuszneuvesstn U-238 lundnshetne fatu

USnaussdnelvossnn U-238 audulunuanns (2.7) iledmuasiogeists U-238 oy 1
ppm (1 mg/kg)

D = 0.062879 X XE. (mGy/year) (2.7)

LLazLsu'ulﬁmﬁuﬁumiﬁmﬁmwé’ww'ét“uéf’sasi’mﬁﬁﬁm Th-232 8¢ 1 ppm (1 mg/kg) wag K-40
Tu 1 % azlansaunis (2.8) uag (2.9)
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D =0.020514 X 2E. (mGy/year) (2.8)
D = 13394935 X Y E. (mGy/year) (2.9)

lunsaanefInusITuYIAveIaUnsY U-238 WAy Th-232 azlanuaegdeduaatly

391 WazwNNINTINGIUAN 9 AIUASI9T 2.2 kA 2.3 AUEIRU F99InnTaaIefITes
aunsuRInaausatluAwuAUTIIusEvesdwoan dan uazunuun Nnau
N13aR1eAIRIvBINAaroYNIALUENIIEIURD 1 ppm %30 1 % Va3sRnuTunsId lanans
P37 2.4
M9l 2.4 arwidfusseninauiinueaduduressiniuiunadiuuiinasidsetides

neynAkea Un1 wazsadunuin dvsuaunadudunsedvesounsunis

danefn U-238, Th-232 uag K-40 Tusssuv i

Usuussddel (mGy/year)

N138a8AIVAEINNNTUASE

D, Dg D,

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

(#u: Ikeya, 1993)

] a ° ° \ a o a =
AN91NAN5199 2.4 9zt buAuINMIAIUS IS Idveaweant UnN wavknNun G
anansaAualaaInaunis (2.10), (2.11) wag (2.12)

Dtx = CUDU—OL+ CUDU—a (210)

Dy =CDyy + Sl + CenDrroy (2.11)

Dy = CUDU—y + CThDTh—y + CKDK—y (2.12)

So Cy, G wae Gy Ae USuaumdudutuuessts U-238, Th-232 wag K-40
D, ,Dp uaz D h) USunausadnaUninnanseduwaani a1 wagwnuun

Y
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2.14 YadeivinldRansaanoussd

dmuaUiinasiddetidesnneymauear Tan wazedunusn iudmsonuad
viderfueniild 100 % laedlalldsunansenule sliiduammliiAnnsaamouvesdyaia
wiegsla wilumsfiRdutladovesnisannousdrouiinassddediogvanstadudaeiu
u nsasmeuvesdyyaidiesaInuLATetHIRzNEURY wazmsaveuLosnyTinai
vieruduiitoglufumusssumnd ushy

iesnnaasnioeunia Mdudnszdudidnasou 1Wu synaleant synadni
wazdedunun Tuuseveynienieaasiu Sanuannsolunmealdluses 3 cm Tuvae
floumenoavhiauannsalunsmeanzaindios 0.3 mm widu fadu Tuenidetn
firsanlaofiuiegidundenluszesdad 30 cm lnefdegnsmnvosirdadugudnans
gy Sadunuunisedniamdanisneaneaisle 100% drusunindniuazieanign
anvoulununvessadianznaufuiognelifndouiy

UaNANERIINNTANNDUANAITATUNINSEAuSULIT B AN INA AT ITLA
pzneuRuLidsiadefiddyBnodnsie ViinavesiviouTunueuduiidedludedn
AINTITUBIR (Water content, %W) BuU18AIIUIN US1nauth viomnuty ﬁm‘ﬂu%’aaazﬁag
Tutesrimesiu FeszAvsnmnmsannouresinegisfiiiuiinahasisuanmstuluusas
oumA laefluean 50%, LN 25% uazinusn 14% (gARa, 2549) Fannil 2.18

Pottery

(a) (b)

AW 2,18 AsaAnBuANANINsAlUSNEgVEAIYRsEyAA ANsunnndsd Wosnan
aruduluiioge (a) UssAvBnmmsmzqueaiesaynia Weldsusanansd
ftdusaduszney (b) UssAvBnmnangangansuesoymaidiosudianaed
fuhfussduszney

(fan: Aitken, 1985)
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a1u50vnUSUNuva9 (%W) Tusledranlaanaunisasseluil

(W, - W,)
W= ——— X 100 (2.14)

d

Ao USuanilusiegng (Water Contents (%), %W)

ool W
W @ wamegiaden Tumie kg

W, fe wadegieuiis luniie kg

a a

ANUTUNITUIUSUIUTIAT

[

AINNITANNBUABUTUIUUT KBTOAINUYBIRIDE

Y

L
anunsamualaanaunsannilederas lkeya (1993) Asaunis (2.15), (2.16) way (2.17)

D' =D,/ [1+1.49W /(100 - W)] (2.15)
D; =D, / [1+1.25W /(100 - W)] (2.16)
D; =D, / [T+ 1.14W /(100 - W)] (2.17)

' '
a av J

TunsA IS IS I86aTUAINA09A1L9D9AD DRNTINITAANDUAINNEINITANS
NITAUVBIVUIARNZNOU ANYUNITBUTUIUYBUNTUAIRENUTTINYIA FINTINITANTAN
UsgdnSamvesanuunnseddunindlegeiinnain suniauea Ua1 wagsadunuun
o A ' ~ =3 o | ) Y] Y ' v o a U a1 A
Jupe AR k F9azdiawananeiuluduiunansngns g9ty USunusadnel (D, ) @115
Amurlanaunsaenalull

D, =k, +kD +kD (2.18)

lngaiulngazyinisaziua k dmsvsuniadniwasSedunuumssdianviinu 1

(k[3 =k, =1) Fat aunng (2.18) aznanutdussannis (2.19)

D, =k,0D, + D; + D; (2.19)

lgAn k dmsuayniaweant mlaandnsdiuseninausuusdazanainnisany
$edunuan (D, ) Au YsunauSsdazauanmsanededuear (D ) Asaunis (2.20)
Y 03

k= — (2.20)
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2.15 BuidedneTvasiietaiasiuduniuaziudanviosindn

desnigeuedesiufuminaziddennesinin Weegldfunusssurday
F3uUTnassdansssuuaiussontnansaluiu wayidsssuwAniuieonunainsialu
fhets FeftohmssinunengdmiuseghasfinsananmeanBendail

2.15.1 Ysuuiednnely (internal Dose, Diy)
lagnanusingnisainisunsedlusssumaniutoanu1ainsis ludled1sluy
$ax 3 cm veseun1Alnn wavluseil 0.3 mm veseuMAkEaN Fallanuduiusauaunis

(2.21)
D, =D/ +D; (2.21)

2.15.2 Ysuusednneuan (External Dose, Dey)
lunanusngnisainisur Sadlusssumanuneanunansigluaulusad 30
cm vesssdwnuI warlusail 3 cm veseunAdnn Falanuduiusauaunis (2.22)

4 4
D, =D, +D/ +D_, (2.22)

€

A

At Usunausadnel (D) dmsunismeny Wulumuaunis (2.23)

D =D +D =kb_ +D . +D +D +D (2.23)

an in ex in,a in,p ex,B ex,y cos
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2.16 nM5ATzilagn1sauiiansau

NMTAATINSINMEITN150UTINTEU (Neutron Activation Analysis, NAA) gnauny
1Y a.a. 1936 tnetininerrnsaevinuiie w3 (Hevesy) wag w3 (Lev) nuindegafid
smaaeulienuisriinagdiudunnmisdgmanndudaiuunasiniaiimseu 913
Funadl winasevidnldegamaiiiadneninvesnisldufaseduedessuiaegng
mushonsiafuunnmiadivioniniionislinsszyesduseneuvessndisleglusedng
ﬁgm,%a@mmmam%w‘%mm (Glascock, 2014)

luniseuiiinseu Uﬁﬁ%m&hu’tmgLﬁmﬁuﬁzijﬁaLﬂﬁaamaaﬁmﬁ’uﬁamauﬁﬁ
wasauen visewesiaianseu (thermal neutron) 3unin UATe1nsdudianseu (Neutron
Capture Gamma ray) 4 slalAdBaazganduianseu udrvanUassssdunuuiennsn
T¥dydnuaivesufAsondu (n,y) wandlilunwi 2.19 nanafe Wedwsewiuiizendu
fupdeandn (Target nucleus) lunisvuiukuuligavgu Tuafeadusznau (Compound
nucleus) Tuan ugnsesu nawunseduvesiiadoave@1susenauinannaseude
wilsrwesiinseuduiundua dunduadesznovazaansanududuluriuiluguuuud
wafosninlagnsuaseedunaunnidnuuslanzoaieeviei Tunanensd nsfvuae
TmidvinlhAndundeatuiunnindsdddinseduionaiei dennsldes Sadununiia
Snwazlamzndsimieninndi walusnsidindminaueis@inanizvesiaioa
Audunnnsed

Prompt ¢ Beta
Gamma ray Particle
Target
Mucleus
-
X

Incident Ly

NeutV’ e
\

—

Radioacti
T
¢ ‘{:‘,o: Nucleus
"o ¥ %Y Product
}c';.f.\'t Nucleus
Compound Delayed
Mucleus Gamma ray

A 2.19 UFATeNTRTeU - unua (n,y) IINMTAATIRRLAENTEIUTIETINTOU
(M111: Glascock, 2014)
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2.16.1 NSNALAZAISEANYAVDIEISNNLUNS9E
desndnsmahliiislelslniuiundsdtuey fusiuuozmennassn
mmf?qé’mdaumaaﬂ%mmaaﬁmﬁuﬁﬁagﬂuﬁsimﬁ ANENN50lUNNTIVTINTOU wazAIY
Faosinsoudld (umissa, 2542) Fadouduaumslésed

P = Nod (2.24)
lupl P fe  desnsiinlelelnuiudiunsad
N fe  dwsueznenvessgivinuiserduidnseu udniadulelelny

Auliuns9d

c Ao A1ANAINsalun1sTulingeuvedss (Neutron cross section)
fvheidu bamn

¢ Ao mnudnvewangfansou (Neutron flux) wieilu n/cm?/s?

1%
[

AU N5As UL AT IUINREMBUYed el iU LT URSIE MAATWINNNITDIU
fnseu awnsadeulugvaunisladu

BMIINTUABULUAY = DRSINTSIAN - DRTINITARNYA?

d
—N(t) = P - AN() (2.25)
dt
44' d a o e{' v o o aa
e —N(t) R snsnaasunlasvedlalelnliuiunssdnale o
dt
A Gh) Aasiinsaaefvedlelelnyiuiunsed
N(t) R Tuuszneuvedlelalnuiuiunsed w aila 9
AN(t) R dnsnsaateivadlelalnuiudunssd a naila 9

[

Wethaunis (2.25) vinnnsduiinge azleduaunis (2.26) fadl

P -\t
N(t) = —(1—e ) (2.26)
A
dle t Wusveznaniflélunisenvddonseu
AN =P1-e™) (2.27)

dloruusavesddinaile q flo A(t) = AN®) Fefuagléi

At) =P(1-e™) (2.28)
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dlounud P a1naunns (2.24) asluaunis (2.26) wazaunis (2.28) aglasaannis (2.29)

NG

N(t) = ——(1—e ™) (2.29)
A
Alt) = Nod(1 - e™) (2.30)
dlosan
WN, f
N = (2.31)
M
deo w 9 UIAVDWRYN (9)

a1 1 U 23
wYehinile dAwwiiu 6.02X 10 atom/mol
dnausosazvalolalniiativsvesinlusssuyf (%abundance)

=Z
>

D D Db Db
®o o

®©

HIRDFBUYDNDR

f9tiy NENNIT (2.30) @unsaseulyiledn

fod

WN, .
At)= ———(@1-e") (2.32)
M
WN ]c ¢ OA69315t
- ;
At)= —2—@1-e )
M
W MA(t)
- 069315 (2.33)
N fop (1-e " )
MA(t)
W =

0.69315
- t
T

(6.02X107) fop (1-e > )
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2.16.2 walian15aAgilagn1sauiionsou

N15IATIENLAENITENUTIRTEUAINTAYILA 2 3T Ap MRS IEYikULYINaTY
a13m0819 Aun1Feseiiuulivhateasfedns mwamaaﬁqﬁ

2.16.2.1 NM53ATIZARUUINAEAIDENS

n153As1eilnseulaen1uISnisuenniaadl (Radiochemical

Neutron Activation Analysis, RNAA) unsiinseidhiansiedauaransunsg sty
NIZUINTNILAL LU N3NAU M3afn MIanaznou N1911aza18 LAy nsuaniae
lovou \udu Wousnwiiavessaiidosniseoninnou wdsniwhniseiuisitmsounda
TN IIVRITIEVRIEN IR 1 UAUAN TN

2.16.2.2 N5k livinanefiagi

nsieseviiinseulagldiadesiotiussd (nstrumental Neutron

Activation, INAA) LﬂumﬁLﬂswﬁﬁwwé’ﬂmsm%’wLﬁEJUéf’;@&iwﬁ’umié’wﬁqmmgm
(Standard reference materials) W19 1u5s@nSouiundrinauussidunuuveslolylny
$sdveasafidesnismsulinandssuiiisuivaisersdannsgiulaenss lnenisin
sududeddindesdiofuinidfanusosaniaiunadusesdunuanmuauiandsaiusig 4 e
e e taananuiduressadiAatufraunsaduuiinusniidegluasiiogsld
wilunaufuRasensiiasenusunasinluansdleg1efionldisnele 2.16.2.2 Tdwannis
WIHUEUfIag 19 Uan 59198 91IR g 1Y

muAtediFenldiEmude 2.16.2.2 el neimuiinusngaden vede
wazlnunaiden shldlnsnnsidegrdluenumessdidanseunuuyaniedingnainduiuin
Tanseussiniosufnsnidauades MlnAndunsiserduiedi ieesneuvedlelelny
wadeslisuianseusrnareidulolalnuiidusiniusiunfsd Fsudessdunuuneonin
lelelnussaniinanniseruinseuiiedinszsivimagsion noiSon uazlnunaidoy
Andunsiserdaanns (2.34) (2.35) uay (2.36) wagms1eil 2.5 wansandAnainadofuay
foyaifertunseruiamseuveslelelny U-238 Th-232 uag K-40

U-238 (nyy) U-239 —2— Np-239(2.35 d) (2.34)
Th-232 (ny) Th-233 ——> Pa-233(27.4 d) (2.35)
K40 (ny) K41 ——> Kk-42(12.36 hr) (2.36)
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M99 2.5 andaneduedesuaztayaiiediuniserviinseuvedlelalny U-238 Th-232
wag K-40

3
=

- o o o o oan WALUSFHNUNT  USUauiiindu
519 f7lpannudunsed AS9TIA

: UanUaeas (keV) Tusssuv @
U-238 Np-239 2.55d 277.60 14.1
Th-232 Pa-233 274d 312.01 33.7

K-40 K-40 12.36 h 1524.58 17.9

(ﬁm : El-Ghawi et al., 2005; Solimam, 2006; Vichaidid et al.,, 2008)

Wipthansfegnazase1edwnsgueusdionsounsouiu a1ntuwinig
TPALLIIVDITIANETEUUINTIERNULT (HPGe) YINN15UT8uliieuiuansonedannsgiuues
A | ~ o ) o A a aa a
ANsIuLakUNeU (Ruil, 2010) d1msunsuTuisuUsuIivessnlaeisniseruiinseu
a11150AIMLANENNIS (2.37)

sample sample

- (2.37)
Nstd Astd
W9 Nsample Ao ANULLTUTDIT RS OU TN VD519 b SHIDENS
Natd AD ANUTUTUYRITWVTOUMTINYDI5 19 LA 5919891195
Asample h) USHNuS@vSenuilenavesansi g
Astd Gk USunausedvsenuilafinuedaso1909u195gIu
wive1adaulidu

sample

Nsampte = Nstd X (238)

std

2.17 wnuananlnsalnl (Gamma Spectrometry)

MM sieg A dunndeuseuiiegamniinsiinsgisnieisnnsey
fnsou Aasidiedieiades uaransssdaunsgiuriinisTndemaiaununanlnsalnd
LﬁaﬁﬁmezﬁﬁhmmLLiaﬁuaa%’a%ﬁﬁagﬂu&hasm wazidloluunuluaunis (2.38) fafina
11 zlarAUSunaaututuvedelnuiudunssdves laun U-238 Th-232 wagk-40 Tu
Frets udthlvimszvaUinassdnetlusdudalyssuunmsinfisendt wnuananlng
w3 Wugunsalmsfuindsdianne Usinadadunuanfinnnssyuiaia dedeamsunds
Y05 AunuIuazanvazn1sanewm nasuliiumiaananasundseny feuflazdile
A5TuYesind sududeudladnunsianseessdfisenisiauazmsiinduns
Asevesddfiusiedne SulseaziBundal
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2.17.1 msaangallisadunuan

SedunuuinInnIsaaefivesiduafva naInAsaatefdli aune
weavhwieaaneileymadni Tnefundeadsogluaniuznsedu (Excted state) Wlondug
an1ugiiu (Ground state) avUanUdesndsusenuluguaduwsiminlaing Fonin $od
LNLAN LAZDIALAANTEUIUNTOUANLNEN 1 nsdsufunielu (Intemnal conversion)
wazn1snangn1glu (Internal pair creation) lngn 1saanedalvsed unuunves dundeaiina
MNMIBARLTIINAIUENEINUES () indantuzaindt () wdseusadunuinianain
NATNIWE AU 2 anusiAnnisAsunassdianduly suaunis (2.39)

hv = AE = E, - E, (2.39)

::4' & a o =
LB A% Ao AANUNVDITIALANUN (HZ)
A

H 0] AAaTivaLnass (Plank’s constant) Wiy 6.62X10 > J/s

2.17.2 NM5INSIALNUN
Sadunuundusidminainnisilasunvameinndssneludedea i
AuandAdund uwdmanluia (Electromagnetic radiation) ueanu1tuzulnnounie

mousu wdsnuadeuiilueinadauyiniduanusuas Ae 2.998x10° m/s laifluszqluiin
Liflina nsindsdunuaniadiosendonavesdunsizonvesadunuaniundndogs iesd
unuuIadvufuREndiegseainmsuiuiiundea Sidnnsoundsvuaziinnisgaide
Wiy Sunsierasfatuldiuuszneuludietiafe 2 ege Ao wiuvesisdunumuas
LveeRaNTRINANTI8819 SunsATeIiAnd useninadsdunuunfundndeg1aivans
Usingnisaifetu wiivilmAnanisnisgapdendanuiiiiss 3 usngnisaividudidunum
anudAglun1sinsidde ysingnisallnlandidinnin (Photoelectric effect) Usingnisal
NEnNaRdLannIeU (Pair production) Uswﬂgmiaimim%ﬁmumamﬂs‘i’u (Compton
scattering effect) ilesanndanuesdsdunusniitinanmsaaneivesinduaogluiide
Faust 0.01 - 100 MeV Fatfutsngnisalluladidnninag sRalEATUT AL
Tut23 0.01-05 MeV danusngnisaludanagasiafuddunumndany 1.02 Mev uld
wazUs1n)N138in19n LI uuAN JAustAn AU EWNULING Y 0.1-10 WNE MeV wand
AnuduiusFasnnd 2.20
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T T T TTI T T TTI T T T 110 T T 110
120

oo L

— Photoelectric effect Pair production =
80 dominates dominates —

Gi)

Z of absorber

Compton effect

40 dominates

1111 L1 i 11 11iun
0.1 1 10 100

Photon Energy hv (MeV)

Al 2.20 Tenaveamsiiausingnsallnlladidnysn Usingniselndanagdidnaseunay
Usingnisainisnszidawuuneudsiu
(Man: Helmuth, 1998)

2.17.2.1 Uningnisailaindidnn3n (Photoelectric effect) Usngnisaiil
TomadnldmiieSsdunuufinainudlugiassana 0.01—0.5 MeV vhdunsisentuaansi
fianidaormeugs Usingnisaiitindudledsdunuunnssnuaasudnismndanuiianun
vinudidnnseu mﬂwé’amuﬁﬁwmqqndwwé’amu%mﬁm (Binding energy, Ep) U934
Sidnnseunsiiu Bidnasouazuamoaniinesaeuldiiondidnaseufivgaeanuidn “Tnlls
818nm38u (Photoelectron)” fanmdl 2.21(a) Tnefindsnurativinfunasiaseninamdeny
Y0e598unLn (hy) fu ndaulaumideivesdidnaseusaunis (2.40)

Ee =hv - Eb (2.40)

a1lifinnsagymevesdidnaseunasiuvemasulIatvesdiinaseussdaisuwndu
NEIUVDITIALNUNNANNTENU TIanInsINANUFURUSAanIng 2.21(b) Andlendudia
LAY ILNUNA I UTIAUAVDISIRWNULNANNTENU



a1

Photoelectron
-

ansInstiu
Incident -
ray

| ¥ ,
T WA (keV)

anil 2.21 Usingnisallileadiannin (a) dnvazvesusingnisalias (b) infilaainnis
AANAY (1311 Helmuth, 1998)

2.17.22 Usingnisalndnnagdiannsau (Pair production) dunsizeni
Aevwilefedunuuindsuasiudlvluiieia Sddunuuinnnsenuazgnaanay
ndunmuadswdusynirdidnasousarindnsou e nuiavesdidnasounay
Ingaspuiiguwiniu wasnu 1.02 MeV atiu Innaudesdindanuegetay 1.02 MeV vn

o ' o . a & q‘ 2 o ¢ a
WFRUUINNTT 1.02 MeV waseuduiuidazivdsuiundsnuaadvesdiinasounas
ngnseu dianaseuiinvuaiunsavitufisenlasn wu viliesneulndidesnndandug
loseunioagluaniuznsziu dulndnsourzruiudianaseuddu udnvaewlu 2 nau
Ao o Y = 1 a =t = ' a
NG9 0.511 MeV (Wasnuiliisuminiavesdidnasounilounia) 5end NMsinueu
8@ du (Annihilation) vianlun1ssaudiiduunn e1ananledn Msiinneuiigiaduilaviin
wiou 9 AuusngmsaindanagBiannseu danInil 2.22() Usngnisaindnnagdinaseud
lonainlaundu Welwmeuiindanuaunazilenainuiniu Wevindunsiseniuaansi
fiaug0zneNgadeanmi 2.22(b) uansfinfliandunsiseinisndanandianaseu

Electron, e-
e r* as as
DATINTITUY
Incident y-ray hv
>1.02"NIEV
_ Positron, e+ mge”

"k,

y Y 0.511 MeV

Y0.511 MeV WAHTUY (keV)

AW 2.22 Usingnsaindenagdidinaseu (a) dnuvaizvesdsingnisal wag (b) fiedldann

Y

gunsiseINIsHARNARBIaNATOY
(M1: Helmuth, 1998)
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2.17.2.3 Ysangn1sainseidswuunauddy (Compton scattering effect)
Usngmaniisadunumdsnudunaadisuiudidnnseulueznon Sadunuundvjsruay
drawndsnuuidiubitudidnaseu vilidianaseungaoenainielaastuficnisiyy ¢
fufimnisnsiedeuilinye 3 sdunn L’%‘ﬁﬂ&ﬁﬂmauﬁwqmaaﬂiﬂﬁdﬂ rouddudiannsou
(Compton electron) LLaz%’q?1mem’rﬁqﬁgL?wwé’mmlﬂmqmuﬁ%mzL%qwmqm q AU NAN
Fisl Tnendanuvesdianaseu (€_) fingaeenlufidviiiunasiisve g Buduvessed

WL (hv ) AUNSIUYISIEWNNET (hy') Inseideeanty Asauns (2.41)

E_ =hv-hV (2.41)

Lz

Jadednsiindunsiseniidunsuluudaveu wasnuressdunuuninssidseanunduly
ANEUNTT (2.42)

. hv
hv' =
1+ ; (1 - cos 0) (2.42)
m,C
2 P ' ] PN a |
LD mOC 3R] mwaamumam‘uaaaLﬁﬂmammﬂu 0.511 MeV
Ao yunIzifawessadunuin
D=0 b=n hv

\/ E.
Compton continuum

- B
- -

I 3
L J

Comton electron
ol

hv N /’é

Incident y-ray w Ctllﬂptt)]] E:ti}_‘:'.'
hv' e A A
0

Scattered y-ray En ergy

No.of counts

A 2.23  wansusingnisalreudsiu (a) Aennewesssdunuun (b) n1snsyanendeny
vosdidnaseuluusngnisuneudsiu
(a1 Helmuth, 1998)

wirnvesBidnaseudildaziaegsreiiedlunsdiiyuvesnisnseidanam
Usingluiain daust 0 fandsnugega T fanmdl 2.23 e E. Ao desicvomdsiugaan
vesdidnasouinsuldsiundanuvesisdunimiannszvu WelrnouiindanugsUszaim
0.5—3.5 MeV Sunsfzenilifintuléd uifndanuredineuiinszidsooninduunnned
aziinUsIngmisallnlndidnnin druusingnisalneudsu Slanasouazindsauiiiy
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WEIUYDITIFUNUUINNTENU AUAENSTINUTAUTEIVDIDIANATOU LASNAIIUVDITIE
LANN1nszidanndidnaseululsingnisalaeuddudndsuaadfiuinnei o9y
dunsnaenau q seldladn

2.17.3 @UNAsUUDITIERNUNN

nsinanasussdununniieidostudunsisenvessadunuunduiaia Ao
Usingnsallnladidnnsn Usingnisalndanaadianaseu wasdsingnisain1snseidawuy
ARuUAY Lﬁaﬁwé’qmuqqsﬁuﬁazﬁiammﬁmﬂﬁmgmmiwﬁmma@jﬁLﬁﬂmiauLLazﬂsWﬂgﬂWﬁai
nsnszAmvuandiufivty widunumdsnusiilemaiausngmsalnlndidnnin
8un Tuusingnisallnlndidnnsndedunuanagaremndsnuianunld fuaan syl
BidnaseunanoeNINBEREY MINWIIRaN1sagANE unasusdunuuwazdidnaseulila
e lidandusunsiseniiiatuilown SudemsenanenSefinuagl gy aoenu
WIgUVINAUNANUUISIFLNUNT F0819 195U InTIALNULIUDY Cs-137 TATIALNUIINANY
0.662 MeV fiidouly 3 4o Ao shiaganduseduninnldfmunliifi¥duenmiionndiags
dgsiate Tififyyrasunile @ Beduainvaeaniguuas anedussdununasdsing
3 18y Auansdndsnusdunuan 3 a1 fannd 2.24 (a) anasufiuanamdnuvessa
wnunsendn Tlafia (Photo peak) s1uruvedulniind uiundseudadunuun fojy
Cs-137 T 1 Wlladie wilupnanduasldannsatnanasussdunuanldmudouly 3 dof
nauldiiosnndunsiserfiiatuneluiiadeut sdudoututundenuressd vunn
#in warvilavesinda anafuilddslsnguavesdunsizendu 9 uinane faniwd
2.24(b)

Ld
T < |
= =1 ®ee® *s .e ®e
= o see ' * * .
= = s e,
~ - . L
"~ ~ . L]
= = [P L]
=] 2 .
o ~ .
0 0.5 1.0 0'5 o
Enegy (MeV) Enegy (MeV)
. . Llas
Theoretical gamma spectrum of '"Au Actual gamma spectrum o Au
(a) (b)

A 2.24  adnesuadunuanves Cs-137 (a) awnasuiiianumgud (b) awnasuiiie
MUt URIUURANTS
(M1n: wiaad, 2553)
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2.17.4 ssuudafedunuuuuumsisininiiamesunionuignige

szuurinsdunuluauifeildssuuindsdununuuuasiein ia
L9851 Lﬁamu%qméqd (High-Purity Germanium, HPGe) 7ifilassas1svidnlauanidoa
(Coaxial) Watauvuiifsusradunssnssvonuasidosininsinars witasinlauoaiden
wangdniuldinddluuinaiiiuwariiiafidnnanizuedenluiinumn viduan
wAneesudengunssnszueniifuuenszunssediion diusulugnlessuves
TusouSoniiinsdvied (P-type) vioidundnisesuiflonsunsanszuen Gaunsseaiiiou
WiRasulu drushuuendgnlessuvesluseuden siavdinbu (N-type) fifinauningasnn
Tassaisozmenanshsiniwiaae funidonuigvdaeiomnisgamgisi Wesnihiamesin
WeuiiY99319 (Energy gap) WAUUTZUIAL 0.7 eV ﬁuﬁaﬂﬁiﬁﬁﬂﬁu‘uﬂﬂﬁﬁﬁlﬂLQIEJ%&HLﬁEJiW]ﬂ
vilgliamnsadufiunisldigamaiives msy ammwmummwam gindloniliveana
n¥suinnazuadalua (Leakage current) fau nmsdiiunsindsdseiiamosunien
foiliigumgivesiniasas ileannszuasilunadanan sadudyaasuniufidmals
AuaLnsalunIsLenNaii (Energy resolution) ffieras Wiefiassnwndniindasos
wililuannzlulnsiauiigamgd -196°C Tagld Dewar daiduauiu uansianinit 2.25

a

a L = o o a s IS a
AN 2.25 WIINFNINNAIUIYUALID TN N UGN UIENEEN

Y

#inazussglugunsaivaeifu dudugyamaiedestugumgll 91n
pmAfundoumemidnly wiimazfindadnuuuyes Dewar Ssussylulnsiauman nénnis
vhaulaggevesiinuuuiaesuiioy de efedunumndlulundn Minazdana 1iAa
loppuifiuszquinuazuszqau laud Sidnnseunasloaifiduaumii 9 fu waziile
Hltihasstundedifuninauagdu asviliinszudludiim vinliudndudaunlni
Aty lovauntesymeaiifuszalihiufazgnaaldsdaluih lesoufiintuasdu Ufna
ﬁuwé’wmﬁqmlﬁﬂﬂiumﬁﬂ LLasLﬁ@@iaﬁﬁﬂLL‘UUL'«J@%MLﬁamfﬁmzwﬁumaé’iy@wuas
MCA faguft 2.26 Aazanunsansrainuariianeiviinaiuiiunded lddoyafingrainesnsn
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awoglugunailewdusenineduiuyeses MCA wazdnnudestduntdulaaniiinluus
a¥999u83 MCA 138071 AlUnATUNGIUYDITIFUNLIN

Lid for open and close

14— Lead wall (6 cm thickness) Canberra
. . Model 727
Plastic shelt to place sample o0
Detector Canberra Model 2007 (2x2) inches
T Printer
> Preamplifier »| Amplifier » MCA

Y PC computer
Canberra Inspector 2000

High voltage

'
L3

a ) ) o o Ao w
AN 2.26 szuumsinanasuvesiidunuanuazaunsalndfay
(11 WIANE, 2545)

2.18 MAnTzRdaemaliansiaguuvesisdiend

N9 BuuYeeSediont (X-ray diffraction, XRD) LﬂuLwﬂﬁﬂﬁyugmmsﬂumi
AnnzsiantAvesaaisuaz TagMiluns veauds vievouvarlundn dudunsinsey
wuulaviansfegne (Non-destructive analysis) Tngo1dendnn1snafand i saiunis
Aonvuresdidionduazauimadiussuulasiadiamdn deyadildainmadaiann
tnldfnwireasidenioriulanadmdn amanundundn wunldunisinsosvemdn
ANNANYTAIVDINANVRIA3AI0E190A ANUITAAIUIUMIVUIAYDIBUN AL AEVUIBITAE
(Unit cell) Tnguuuurasnaidsnuussdiondiildeenuriulaiviiiy esnnudnues
fotheurazailn wzivunvennisiead (Unit cell) Alidwiiu venanianunseiwse
peAUszNRULarAIITYesdNNeld nstmada XRD anldlunsinseiiiensiaaeu
Tnssasandnlusetne wldidunwdnaziBenununslindnifien esinnisnsaaeudie
waniAgudusiienisdinmdniuaazden JsildeffiannsansraeunsiaiFesialun
Snwaeidululy Tnefindnns fe Weanedediendaueninduien (monochromatic x-
ray) AnnsEnUAUResHIEAnfinuannssuRiuzan Yeflondunsdiasinnadeiuy
YeAvdmaznsEdnnIrsuaskunzglUfsiduiiaeswemandniisasly Tasaziinnis
Apuuresivilonddnads uardsdienduisdrunsveariuadlugsiaduiian Ssasiinnis
Aevuvesseiondiduiineldbes q fannd 2.27 Fadulumundnnisveed fuud
0% wUINd InflAndumidinge fierdendnmsmaidndlasnisideuuvessidiond aunse
Tosurelassairevemdn donnnsenudhiussdiond
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AIERNANNIENUNUANFAY TneszagrinsiazanueInaudsuwlatly @fqygn, 2557)
Juluauns (2.43)

2dsin® =nx (2.43)
g  d  fe SyoyMesEnint ey Aol
o Ao yuAnnsENUvesSIABndTiAURmwEn
no A @ITuIuAY
A A ANLETMARUTISELEND

AR 2.27 MSEEAUUVITIFBNGNIUNYVDILUINA (Bragg's law)
(w": Goffer, 2007)
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UNN 3
A5n1599Y

Tuunilagndmieisnsideusenaude Yan gunsal wasiedesdeiilélun1sideves
fhegnaadestiuiumn uazvestindnanunadusiuafifisnniam megs Sminaman
sustumeumaiugogne tuneunneieufiogns TuneunIaeIEmTUNTIATIE
USunauSedavay uasmaiesenusinusadnel uaznisAiuinelyesinege I9uasiden
1gieadl

3.1 ¥dn gunsaluaziiesiie
3.1.1 380
3.1.1.1 fograniastiufumn (Pottery)
3.1.1.2 fegradonuestihdn (Freshwater shells)
3.1.1.3 Awandeuseusietie (Surrounding)
3.1.1.4 nsalalasmassn (Hydrochloric Acid, HCL)
3.1.1.5 9x%lau (Acetone)
3.1.1.6 nalalasnglesn (Hydrofluoric acid, HF)
3.1.1.7 nIaLadan (Acetic acid)
3.1.1.8 1hndu (Distilled water)
3.1.1.9 mﬁﬂ%mmgm (Standard reactive source)
3.1.1.10 YRUMAIAUEITUNLES
(Tetrabromoethane, TBE, Dipropylene glycol)
3.1.2 gunsaluazizasile
3.1.2.1 1389 TL/OSL reader ju Lexsygresearch
(Lexsygresearch TL/OSL reader)
3.1.2.2 \p30etedidnnsefind
3.1.2.3 syuurinSedunusn (HPGe) Ju Gamma cell 220 excel
3.1.2.4 wallAnsiasunesssdiond U Rigaku Automate |l
3.1.2.5 #RRAUTIIRIBEN
3.1.2.6 laulniasdung
3.1.2.7 nsessanslaila (Ultrasonic cleanser)
3.1.2.8 AsnuUA@Ns (Mortar)
3.1.2.9 iasanem (Dropper)
3.1.2.10 Unina$ (Breaker)
3.1.2.11 azlnT999U YUA 90 Lag 150 um (Sieve 90 and 150 um)
3.1.2.12 nsgawnsad (Filter Paper)
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3.1.2.13 ipoameslugliuaieud Ju Harshow-3500
(Thermoluminescence Reader Model 3500)
3.1.2.14 1p3ee@15sdunuLviin Co-60 1 Gamma cell 220 excel

3.2 YUADUAINSUNITAUADES

98.400°E 98.600°E 98.800°€ 99.000°€ 99.200°E 99.400°€ 99.600°E 99.800°E 100.000°€ 100.200°E 100.400°E 100.600°E 100.800°E 101.000°E 101.200°E
h h h h L h L h ! 1 h L L 2 1

N

B snaauondy
Bl Swnaavue
[ swmawnlvad
B srwmanaasvauTdy
[ wnamulon
B swnansusdug
[ swanafiasaoran
Il Swnawviax
B snaniue
3 snnadngd
[ swnasnhdan
Bl Swnadua
B Swnaavionse
[ dwnalowuns
B Swaamn

7.800°N

7.600°N

7.400°N 4

7.200°N

7.000°N

6.800°N I 6.800°N

6.600°N I 6.600°N

. . > tm zwie
= Songkla province —

6.200°N I 6.200°N
0 25 50 km

[ Se—]

T T T T T T T T T T T T T T T
98.400°E 98.600°E 98.800°E 99.000°E 99.200°E 99.400°E 99.600°E 99.800°E 100.000°E 100.200°E 100.400°E 100.600°E 100.800°E 101.000°E 101.200°E

AN 3.1 WHUTILAASALILLASLUTIUARLINENNIAAT NIA81E TInIngeUan

LA USIEUARLININININAT NIAENY G}zqag'mﬂ'ﬁ 7 UNULNIEEN9 HIUALIILAY B1LND
avtnfon Yninaewan wnufinansuntsvosraslusaafnInd 3.1 danimuindon
TaestaluiBuiiuiian LLazQLmﬁugulﬂuuuﬁamammﬁgﬂmaam WeRNEauInnINg 20 m g1
60 m dnwazuianUala wiugan1nlangseu Sa1HiunusISURFIANIUA LT LR
Fatagtuiifivunaquuuiuiy Auiivisdnldgninsulassndiutiuds anmundou
Hagtuinanfisnymenm maee wansianmi 3.2

AT 3.2 ANNNWINA BN UVDILNE L UTIUARNIHINIAAT NINYIY FIRTAFIAT (a)
UShaNeuanvasraalusnd (b) UShamauyan
(#iw: ddnfatnsi 13 nsudaunng, 2553)
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dwdunsifusegnildsuanueyegianditindauingi 13 awan nsudaling
nsgnTIsiausssy el wa. 2553 livhmayndu wasdmavdngiundusiued anduld
vimsnsfamsyadulagiruavauyaRua LIl 2 vaa LanILHuRmauYaAuRan i 3.3
u,azﬁwa:Lﬁammisqﬂﬁuﬁ’qmwﬁ 3.4 Imasqmé’ummwﬁ’wﬁyuﬁuamﬁ (Arbitrary layer)
Uszneuludeduiuausiisssuiniu (Surface layer) sedunanuan 0-50 cm wagsydutumy

[
LYY

AUUALARIAUTININ 29 sEauTuau dmsunisyeruldadunisiiagssdutulagyiinis

=

AMUUATUAULAAL TLAUTUTTEAUANUANAIINUTUAE 10 cm WAAIAIAISIN 3.1

3

AN 3.3 wnudavquynau taedl TP1 Ao MauuaAunl wag TP2 AonguynAui 2
(3 driindaungit 13 nsudauing, 2553)

AW 3.4 51EazlBuavauYanu (a) vauynay TP1 Aevquiiyaaefiiogiaaiaslunum
LazveeU1dn (b) viauynnu TP2 AongauiiyniaelasenTegnuyye
(Mn: din@auingh 13 nsudaung, 2553)
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A13199 3.1 FEAUTURLANLATINITYAAULNEILUTIUARLININIAAT NIAETE TIIRaeUaT

seduTuRuENLA | szeuAlnNEn v aa
(Arbitrary Layer) (cm) ang ALY
cosutuiiny 050 nurAuen gnila Sudlans uwasdon
oy
syfutupui 1 50 - 60 iwAIostiuAuEN Wasnves wazanie
syfutuRud 2 60 - 70 Wasnuey
syuTuAuT 3 70 - 80
sedfuiuRud 4 80 - 90 Waenviey uavgnin
syutuRud 5 90 - 100
syfuuRuR 6 100 - 110 Waenney
syutuRud 7 110 - 120
seduiuRud 8 120 - 130 Waenview uavania
svsfutupui 9 130 - 140
sesutuRAud 10 140 - 150
sysutuRud 11 150 - 160
suuduRui 12 160 - 170
svutuRui 13 170 - 180
sufuduRud 14 180 - 190
sysutuud 15 190 - 200
sydutuRud 16 200 - 210 Wasnuey
syuduRui 17 210 - 220
syfutupud 18 220 — 230
sysuduRui 19 230 - 240
sysutuRud 20 240 - 250
syauduRui 21 250 - 260
I ) 260 - 270
seuiuRud 23 270 - 280 wWaenviey uazgnia
syfutuRT 24 280 - 290 Waenney
sedutufuil 27 310 - 320 wWaenvey uazgnin
svsutufud 28 320 - 330 .
syutupui 29 330 - 340 waenvey

(Fn: dlndatngi 13 AsuAauIng, 2553)

VUGG * AD SEAUTUAUNABINITANY
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::4' @ Y1 v 1 4:1' q a P [ a g
IINAITNN 1 %muimwmam«maaﬂummmﬂ%LﬂuwaﬂgmmﬂmwmmL‘Uu

(%
U a

wangunin1sAunulaeut1aen winuraduTuaRiieImInn1 nIneenulusyautuR,

a a

AU N5LAUANUAN 0- 50 cM WALSEAUTUAUN 1 N5EAUAINUAN 50-60 cm WU UL

De

'
= 2

aulasoghaedasiufusluseduiuiud 1 Smumwadosdufumdiuam 6 fu wana
adl 3,52 Wuawedostiufumidenu fideveny wuisdwun dudimesnivus 3
AMruzneuenilan ddu warduia AnvugdilugiluinEeu Inssuniu wasiAyn1vuy
funflareifenmu anvediauladeginedosdufumniseduduiui 1 msededa
dostuiusrlussduduinAuldfunansenuanmagninsilagfiiiouywd uaswanseny
Mnuasanihdegdlusssuduiindmuaegenarilieegildnanndeuluaneny

I
U a

a3 weiieg1eld wasiiaduduoigfiuiasvesiiogslussAutuaui 1 §3de3uden
A798191198 13NN YAA LB LUTEAUTUALALIAY LanIien1ni 3.5b u1TiAsIEeny 39
magnyarulusERutuAuRgIfull WellATgiegeaniiudInisieegninafesiu

944 4449 a‘...‘.i'.".'n"..J'..".”-"J-'

AT 3.5 SNBLAE19NLYIUNNTIY (2) ABEN1ATRIUURAUEN kay (b) Fag1avregtian
(#u1: din@atnsy 13 nsu@auing, 2553)
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3,3 JunauNsAIEufIagaAsasTuRuNA MU IRz Bavau (D.0)

YanduiTuLenYe o1 IiLABENUSEINR) 3 MM [BYIANANTENUIINUAILAA
(Vichaidid et al., 2021) LLasvi’nmmazm@ﬁaam%aqam%ﬂ%ﬁﬂ ﬁﬂaﬁuﬁqaﬂdﬂ 20,000 Hz
Samptindu wasyhliuisit 400C thinognanun wazsousenzunsssoulild 2 vun fe
UIALBENIT 90 um aL 90-150 pm WIRIBENVUIALBEAIN 90 pm IATILRLATIES 1998
madansiaguLYessdiond (X-ray Diffraction, XRD) MNTAER9819 A 90-150 um
afiarasie HF 48% tHunan 12 hr iiieannansenuresssaneani1ansssuyii (Cano et al.,
2009) 1lUdrevimnuazen udautsie HCL 10% Lilovdavigeelsdiiinainsssuyid
MntUEeeTNAY waverdlaunuddu Al thinegiustadnuduenadndilsl
FOINIT FIBYDIUNAIAILNWTUNE (Tetrabromoethane, TBE, Di propylene glycol) &
UhlUuiThdieud 2,000 Hz 7513 12 hr aantussnwanmendesnuiudidrsietinay
Lazozdlaunudidu feliliute azlananmendindoulunsinseiiunudasaudae
wadagiuawud wanstuneunsataiegiaaiastiufusndanin 3.6

Al 3.6 uanadunounisadafiedianieliuasdung @) wisugunsaldmiunisain
fhegreihnisus wagdaseuiesud (b) thnsiedrdldlunasnussysiietn
AUAILUDILNAIAINUN I9916N1E (Tetrabromoethane, TBE, Di propylene
alycol) () drldiwuthdfiningd 2,000 Hz #sl3 12 hr (d) sheghefinunisisy
Ahdasinnsuenduressdn thundseindunazesdla Adlslruks agly
Fregheinfonlunsieseiusunausdazay
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3.4 Junsumsnisuflagradanvestindndmiuiinseiusunadedazan (D,

thegmestninuiauazetn Tnedradiesssansilada (Ultrasonic bath)
ntuthegrautlunsa HCL Aidrududu 5% Wunan 1 hr iieasnansenuiiinduain
aqm%wLLaaWw%nmﬁuﬁwmﬁaas}N (Cano et al,, 2019) &19eth 3-0 a%a draausila
LEILFETNdY SeaunsYIdaogeuRs ulsiegrmestinineenily 2 @y Ao diuil
wiladmsunsimssiaUsunasdazan (0.0 netdegsuuawazseaulildauin 90-
150 pm N ULHIR08 199 L uYd28nTA CHCOOH RiiAnadady 0.5% 1Hunan 2-3
min il oY A aANUANT 8T n T uanksaiulun1sUR (Griscom and Beltran-
Lopez, 2002) udrdviadneniindu uazausogdliursfigamgl 40°C udussqreiaags
dAusnulilunassildy wWiedestuuas wdhlUdinszviuiunassdaseay wazduiidosinnsg
UaLazseufteg1slilavuintesnit 90 um wsldlunishasizilassadiemasmaianis
Agnunvedediond (X-ray Diffraction, XRD) wag@198190u19 90-150 pm 11 luiiasizs
doyanaumewatingiiiuaigud

(€))

A a o ' & I o ' a T
AN 3.7 (3) LWSTUNITUARNDENNLUABN1R8UIAA (b) AI81LUABNNBYUIAANNINNITUA
WA (€) YINN1599UAMBE1UADNTBEUNNANUIUINTIADINIT

3.5 N1SASENA2BE19EMSUNTSAATIERUS S sdral
NMSM3BUAIBENENSUNTIAT U IS EneUazvinnelauasund Inglamiogna
3 pstuRuNn wasvosinaalunsIzUsasdnslused (Interal dose, Dy) LAy
AaIndouseu ° Frethundostufumn wasuostniedadudsuindouioatu vnisifiv
Fret9duIndauusimseu q svey 30 cm Jeliineiuiinasidneuensed (External
dose, Do) MNTANFIBE AT RN HthIn LarAandeusey 9 fog19nNYs
wafieifudoyamameiaden W,) mnduihvisiegwismnouliuisainigungd
40°C 1Jutian 8 hr mvﬁmﬁamaLﬁ'mf]u%yjamaﬁaadwLw’fq (Wg) Y1NN15ATUIAN
Wosiduih (%W) vesustazseths wuadluluauns (2.14) :niusihinegafiusinisun
wazdoulldaun 0-90 pm lasduneunsedeufogsosussglunsusiiazerniiiondn
Avsnsvuiouls 9 (El-Ghawi et al., 2005) fmﬂﬁgusfi"amami'ej”wﬁqmmgm NIST SRM
1633b (NIST) v Granodiorite, Silver Plume, Colorado wag@ingnauseuad 150 wag 250
mg Aua1au laaslunasnussydieg1winnienadiedidu (Polyethylene vial) ﬁﬁgﬂma
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svndafinioutu Uanmassliaidnmeanudou furuasiatasdeunnaaaiiu uda
ilvmsiginsmatianisenuiianseu (Neutron Activation Analysis, NAA) Taglgiduny
unanlnsalnd (Gamma Spectroscopy) 1hlugnsiiagsiayIunassdsed (D,,) a1
3.9 KAAINITHTEAMBENAMIUTATIENUSINUEIMEmALANTE1UTINTEU (NAA)

. AN TRR-1/M1

Std
e Standard, Std
Sam

T 3 —)

\Si @ Sample, Sam

Sam

(a)

AWl 3.8 nslesuiiegsdmiunseuiansou (a) MaBsnnwinegeiusglunivus
Y9IF79813 (Sample, Sam) kaga1391989UIMIFIU (Standard, Std) fvsene
Aefidu (b) mIvssaiegunesuiiinaioseruinseuluvasaeiuinseu
ua (o) idosfnsaiusinaide-1 (TRR-1/M1) aandumaluladdandesusni
(Fan: Ratanatongchai, 2016)

3.7 JUADUNISNARDIAINSUAATITRIUS U5 FsaU

'
a

thfegraniesufium vesinda wazdwandeusou 9 A9819 WATANTO19DY
wmsuiikiunstaiminiesaduiuussglunssuenwatainuienasneuiinsou uds
luTinseiiemaiianiseuianseu (NAA) feseuuiinssduntanuuuatsiinieie
wesunflenuianiqe (High-Purity Germanium, HPGe) antiuiiaseiuTinueanududy
519 U-238 Th-232 lunthie ppm uag K-40 Tuniae % 91narmussvesisduniniiaaiss
lelelnuAusiunssd Np-239, Pa-233 uag K-42 aua1au w3197 2.5 Ineldudnnis
Wisuisudunuduiasdunuunvesiegafuaisenadanasgiu Jmsuuiimeiny
uduressnfiutueusiaunis (2.38) aniurhmssumaUinssdaoatindel (Cosmic
dose rate, Do) F98un15@8lUsunsy DRAC (Durcan et al., 2015) sﬁagaﬁﬁmmﬁﬁm
lumsdwinme Ariiianegiiaans loun azfige Latitude a8edgn Longitude wazdafyn
Altitude (Latitude: 6.51, Longitude: 100.82, Altitude: 72.00) MntAUSInassdnnsly
sal (Internal dose, Dy,) Muaun1s (2.21) wazUSuaussdnieusnnat (External dose, Do)
AUELNT (2.22) LarTumeuaAIUSIusEn wluseUuarUsinusidnsuenael azlina
N13ATUIUATUTUNUTIERT (D) AIBENNTT (2.23)
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3.8 MIAuINIgLasNsUsEIIuAIALlILLLaUYBINI TGRS
3.6.1 msﬁ'lmmmqﬁ";@&iwtﬂ%aﬁuaum’l wazwdenviesriia

nsfumegfemaliagiiuawud aunsavilddenisiniaiuiainsa
dzau (D) wazA1USuusdned (D,) Aldu1annsiausunaanududuredlelelny
Autiunseduas U-238 (ppm), Th-232 (ppm) uag K-40 (%) mewnaiia NAA lagleis Gamma
spectroscopy knuadluluaunis (2.38) sauainsUsznaainvldud e uvesnis
naad lagvinn1siinisiansanainuldudueusia A B C way Expanded lagvinnig
Asaneendu 3 @i fe nsmArnuliluueuIINNTIATIEAUTINMS @z (Da)
USunusadnial (D.,) wazmsduimeny Sauansneasndeamuitedioluil

3.6.2 MsUszanuanuldniuauvasnIsnaaay
nsUszanaAaaliiudueuresnsnansazulseanidu 3 dw daolud
3.6.2.1 nMswiataubiudususiia A azviinisfiasanainaiauedou

YBINTNAABINIINNTIAUSINT s darauannsnsoUaUBIeUSINME warmsTne
Usuneusdnel Asaunis (3.1)

SD
U, = — (3.1)

Jn
3.6.2.2 N1511A1AN iU uauYiie B Anulundususdaiaziansaunain
AUl U UNRNNINLAS 9ad o g luN1TNRaId IS UNISINANUS IS sd azaLLazUS U e
Sednetagldannis (3.3) uag (3.4) muaau asil

UB = U(Co—60 Gamma cell) T U(TL/OSL Reader)

UB = U(HPGe)

3.6.2.3 n15y1A1A70LUYUSINTTEA C 92YNN15HANTANINNITIIUWDY
2990k UuaUITn A way B 99l

U. =4/U, +U (3.5

3.6.2.4 n1suA1A N linduauvety Matgausuldnuiasas 95) dnsu
nsAaiAANU il UL uTENgURINISInAIUSIN S sd@dran (D.) warUsunased@net (D,
Qgyinsuszanalagldaunis (3.6) wag (3.7) muanau fall

UDac =k (UC)
UDan =k (UC)
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3.6.2.4 msmﬂ'ﬂmwﬂamLﬂ?{awaamsﬁ'\mmﬁﬁmq deldainisia
USunaudedavan (D) wazAUSunadedned (D) austsAnnulyudueuditinguainnns
VaaeasiAdasliennte 3.6.2.2 ﬁqﬁmwﬁ’wmimmmwmmmLﬂ?{aumaqmq Famlaann
@unn3 Error Propagation WUUN1S#1S Fazdumuaunis (3.8) fie

2 2

UD UD
Error T, =T = | +| — (3.8)

uminescence luminescence D

D

ac an
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at " d i =
AU AT UURLI

I

Y

ar ' = i = i =
AIDUHELIAT[DUTOU 9 LATOSULALLAN

l

Y

s . A & -
WJE]EJ"I&LF’I?EN{]UE'IHLN"I

Y

yjﬂﬁqﬁfaaﬁmﬂ‘ssmm 3 mm

v

@ ;,- = a0 =
1‘1']ﬂ?']5~|ﬂ3f]']ﬂﬂ?ﬁll1ﬂﬁa\iqaﬁﬁ"\i{iuﬂ

Y

UA azoUnl0E19 Widuua >90
wuliisingia 30 M ATIZIIRIY HPGe

90-150 um

A 4

aAnnfne HF 48% 1Wunan 1 Ay

A1 U-238 Th-232 K-40
e NAA

Y

anpfanay HCL 10%

A J

AN9ALUINAY LAZDZTLAU

i

s ar . =] = v i
Wnfnodsiuenaanilddasms g
YIMaIANUA 299 N2 nluuithd
nila 1 Au

MA3121 Annual dose

l

A

A2 Accumulated dose

0719 (Age)

r 3

AN 3.9 WHUEITUADUNISIATIEVAIDEINATDITURULN
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l

wWaonweuinan

A

r

amanuazoansana anilyila

v

waifae HCL

A

r

Un LAZIa URNa LS bEIIUIR 0-90 um

AAI1zA0e HPGe

AAIIEN U-238, Th-232 uaz K-40

A8 NAA

h 4

90-150 pm

AMaAENNaY

waznal it

h 4

A

r

s ' = w m
LLUQWQE]U’NL’NEﬂﬂQ’]EJﬁﬁa Co-60

AAT121 Annual dose

A J

A

A1z Accumulated dose

01g (Age)

>
%

o v o a x> ! & T A
AN 3.10 LNUNITUFRDUNITIATIZUAIDY1UUFDNNDYUIAN
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uni 4
Nawazn1sanUsigna

Tuuniifunisiausranaznisefiusenanliannisinwilassaswdnvesiied g
o g a = I a & =N A Y '
wwsssluAuwaziUdonesdnIanemAlANISaENUUYBITIALNT (XRD) N15insiaga
wsesduRukwaziUionvesUnIamewealingliuaud TuwiazuTuusdsig 9 ety
AnTgriIuinusiaray wasn1sinUsuiuanududuvessiniuiunsidniiegludiegns
ATeIluAUNT WaeNMegUNIN Lavdauindeuiiaglagsauiiegne einsenaAUTumsd
sol FahludnisiuinAeigreswneg e Failgasidendsialuil

4.1 NANTISIATIZNIASIAS1NNANVDIA29819LAITURULNIAEMALA XRD

160000 ] Qll Pottery sample
140000
120000
S 100000 -
s; 4
> 80000 -
= ]
g, 60000 -
E g
40000 - Q
200004 | I Q Q /I
A I 1Q 0,0 Q Q/l
o] L__‘,\_LhQn(BL%“JlQL
Quartz (Q)
Livooo | T
Hlite (1)
. . . | . . I | 1
10 20 30 40 50 60 70

2 Theta

AN 4.1 Tassasrandnludingraasastuiuen (Quartz, Q; Ilite, 1)

PN [ = 1% = Y 1 a 3 a v a

PNANA 4.1 1 unsAnwlassasiawanvesiiegtuaioslufum Ingldmaiianis
4:91/ L I 4 1 % = Y% 1 [ o/ = 4
BEUUUBISIEDNG (XRD) wuilassastandnvesiegradulaseassnanaiend (Quartz)
wazlassairawandalad (lite) Inensanslassairadulassadreiddguossaumien g
ilasulaindiegraaiesdufumniinidegnasiauainaunied nadnsiladinig
#0AAABINUNUITEUDY Biljana et al. (2011) NN15AT19a@0UIATIE519001AT BIUUALLNT
WUREINY nusurleesaUnasunsidgauuvedlaseasananaend uazdalasd Jaduy
drulsznauvosAumilen



4.2 Han15 ARSI AN VRIRI0E1URBNBYUNIRA8mMALA XRD

A

Intermity (au.)

A

Freshwater shallz

Arazonite{A)

Caleitz(C)

[
Lh

AN 4.2 1aseasananvesiieg1siudennesuan (Aragonite, A; Calcite, C)

T T T T T T
30 35 40 45
2 Thata (Degra=)

Lh
[
4
#

60

NAd 4.2 nuilassadradnvesiiegraddenuesindaduiandnosinlugd
wazuaalad Tnefilassadrawanvesesilnlufiiunuvessingeutn (Orthorhombic) uas
laseasrananvasiaaladiduwuusenlugnsa (Rhombohedral) dndiuvasezsiinluduay
wealedlulassassenaunndsiululuddonfeiuasiuegfuivemen uazduflagends

(Cano et al,, 2013)
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4.3 HaMIIATITRFYYI TL VaA3IasduRUNILNDIATIERUSUNMSsFdasay

_135MmﬁmmWWmM*MWWWMNWMM

40 —
30 —
20 —
10

o v o ¢ ! v Y] a
NN 4.3 NFNLEAIANUENNUTIZINNIAMULYUYDY EUEUTEU TL AU E]qiu‘Vinl

I3

Y a o A a ¢ 1a v a Y  aa
INNANINN 4.3 L‘f]Uﬂ']i'JLﬂﬁ']g‘w sUEYeM TL (W DILAS1IENUTUIUTIF AL EUAYTD
-

o

o

Regenerative dose agn1sundayayias TL dslairnunisiaassdunveedyamiogiinves
gauminmingadlunsihlvivseiinasidasay funideiinisnevaueswosdyyin
TL Mvangay 3 aslgiu wagiafimuigadlunisiundinsgviaiengluasaiife fian 2 7
gaumndl 180°C Fanseiua3Teves Olivera et al. (2020) s1aauinlassasawdniiduwuy
s o = a ° A vwvo 1 aa
mandiinsnevausvesdyan TL Ngamall 110 - 375°C Waldsmuwisaumginmungay
wd3 F9VNN5B AT I TL ve9R188197 Lnasedlusedusing 4 Agumgid 180°C
AN 4.4



14000
TL Pottery (P12)
TL nutural
12000
240 s
10000
3 —480 s
S 8000
2
G
& 6000 7205
8
£
4000 960
2000 —Set zero
0
30 50 70 90 110 130 150 170 120
Temperature (°C)
TL Pottery (P13)
6000 —TL natural
5000 240 s
. 4000 —480s
3
=
2 3000 —720s
é
]
= —
= 2000 960 s
1000 —Set zero
0
30 50 70 90 110 130 150 170 190
Temperature ('C)
TL Pottery (P14)
6000
TL natural
5000
240 s
4000
- —480s
3
E 3000
= —720s
g
E
2000 —960s
1000 —Set zero
0
30 50 7o 20 110 130 150 170 190
Temperature {'C)

d’ L U (3 ! ¥ L2
AN 4.4 NINLARIANUENNUTTZTMINANULVUYD ueund TL
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0 md 4.4 Junsmliansmnuduiusseninenuduvesdygin TL wazaumal
WATIERAUSUIUT @ dzaulnen 15 UAINUN NI IN (Area peak) UBIAMNLTUVDS
doyyres TL Meuvnieaaumnil 180°C tnpfiAnvasituilinsmiienuls uansdswmisned 4.1

A919% 4.1 Lansainsenuiunlansiwvesdygia TL AUTuSEns 9

Intensity (a.u.)

Dose (Gy)
P12 P13 P14
TL natural 3654.10 18642.00 4044.40
240 5123.80 17587.00 4487.20
480 7014.30 46561.00 9783.90
720 12599.00 69840.00 13490.00
960 17796.00 83860.00 17672.00
Set zero 0.00 0.00 0.00

7915799 4.1 dhaiunlansnieuls WeunsmanuduiussemingmNULLYeg
Feyu e TL 191UAINUnlANIINLa? AUUTUIUSENIZAUANN 9 INDLATIZRATUSNSE
dvaw (D, AIY3D Regenerative dose WaAIAININT 4.5



ﬂ’]‘W‘ﬁ 4.5

20000

u

(a

sity

Inten

100000

Intensity (a.u.)

20000

20000

Intensity (a.u.)

18000 4 P
16000
140007 R?=0.9810
12000
10000
8000 +
6000 @ Natural TL luminescence
4000 4

2000

90000

80000

70000 R%=0.9884 e
60000 <

N o

=] S

=] =1

=] =]

S =1
1 1

30000

10000

18000

16000
12000

8000+
6000

4000 === oo

‘
2000 4 ; Da: 207120y
|

Pottery sample : P12

y=106.82x - 17.945

Y #® Beta (Regeneration)

Linear fit

D.- =209.60 Gy

T T T T
0 200 400 600 800 1000
Dose (s)

Pottery sample : P13

y=91.655x - 425

@ Beta (Regemeration)
@ Natural TL luminescence
Linear fit

Da: =208.03Gy

T T T T
0 200 400 600 800 1000
Dose (s)

Pottery sample : P14

y=18.478x +217.26

14000 R2=0.9967

10000 °

@ Beta (Regeneration)
@ Natural TL luminescence
Linear fit

T T T T
0 200 400 600 800 1000
Dose (s)

WEAIANUSUUSIFELAUUDIAIDENLATDIUUAULNT P12-P14

64
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INAINA 4.5 YINN15ATIENAIUSUNUSEaray Tnetial TL natural knulugunis
VAURSS Y =ax+b A89 Y ApA1 TL natural kaz@n x AsAUSuussdazay wialranelu
MIIATIAAee FuiniswlamhisvesrUiunausdavanlumioe (s) wasduwie (Gy)

Tl 1 s = 0.06 Gy wanIfInNs 9T 4.2

A15199 4.2 Lanar1USUNUSIEdT ALY aIUUAUNINIEMATA TL

FrognaAastufiumn Usunaussdazay (mGy)
P12 12.57 + 0.01
P13 12.48 + 0.21
P14 12.43 + 0.15

Average 12.49 £ 0.12




4.4 HAMIIAIITRAYYIs OSL VauATaIlUALNINEIATIZIUSIN S Eazau

OSL Pottery (P12)
80000 OSL natural
70000
240 s
60000
@ —480 s
g 50000
g
& 40000 —720s
»
o
2 30000 —960 s
Q
20000
—Set zero
10000 k
0
0 10 20 30 40 50
Time (s)

OSL Pottery (P13)

60000

50000 OSL natural

40000 240
—480 s
30000
—720s

OSL (cst per 0.15)

20000
—960 s

10000 —Set zero

0 10 20 30 40 50
Time (s)
OSL P14
60000 OSL natural
50000 240 s
= 40000 — 480 s
=)
I}
Q 30000 —720s
o
Y
—
20000 —96
3 960 s
10000 —Set zero
0
0 10 20 30 40 50
Time (s)

AN 4.6 uAMIFQYIINIIREUAUDY OSL decay curve
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INAINT 4.6 1 DUNITILATITRA U OSL iiedAIzUS NS Idazaua83s

[ Ag)

[y

Regenerative dose Tnefizthnsineanuduiusseninennuiduwasiunainisauas 3
Funsmiildanmsnevaussesdyaa OSL vesisguniosufiumnieinios TL/OSL
reader 13onnTINAMUELTLEII1 OSL decay-curve Gemmuidunasiivaldasulsiunset
Fuudidnnseudaseiogludieg1e nanade WedegeldTusedidunaiuiy
Siinaseudasylusegfiaviininntu wlfaaweinismevaussnuduesdayain OSL
ftaldagldnaluaaneiivinntunusaudidnasen

eamnnsl OSL decay-curve flgpdouiufuresiatlunisneuaussasaandy
uas Juhdeyatildannsvunieseinisteuiuiuvesdyaalusasdn L/, laoi L,
2R é’zgcywmmsﬁwdimi (Regenerative dose) #39dQQIUNITADUAUDIAIULTULAIVD
Freedlusssumd waz T, fe dugIan1sneuauesrudiwaewiegafius s ding

9 (Test dose) WARIRIA19T 4.3

A19199 4.3 LanIA Lx/Tx NUTUIUSIERS 9

(L/T)
Dose (s)
P12 P13 P14

TL natural 3.327 + 0.08 3.341 + 0.11 3.450 + 0.15
240 4.388 + 0.11 4.536 + 0.16 4.367 + 0.20
480 7.736 + 0.18 8.216 = 0.27 7.728 £ 0.31
720 10.738 + 0.25 10.962 + 0.32 11.168 + 0.41
960 13.119 + 0.30 12.906 + 0.35 14.054 + 0.48
Set zero 0.014 + 0.01 0.011 £ 0.01 0.017 = 0.00

NATWN 4.2 UAA LY 8UNTINANMUFUNUTTENINIAIDMNTIEIU L/T, AU 18IS

Waslas WeliasziUsunusdasay (D, 9835 Regenerative dose LaAIRININT 4.7
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Lx/Tx

Lx/Tx

Lx/Tx

68

T
14 Pottery sample : P12

10 4 y=0.01583x +0.01406

R?=10.9881

# Beta luminescence
# Natural (regeneration)
4 4 Linear fit i

D, —209.28+539 1

T T T T
0 200 400 600 800 1000
Dose (s)

T
| Pottery sample : P13

10 y=0.1588x + 0.1131 i
R?=0.9831

6 # Beta luminescence e
# Natural (regeneration)
Linear fit

T
0 200 400 600 800 1000
Dose (s)

T T T
Pottery sample : P14

y=0.0164x +0.01683 i
R’ =0.9925

# Beta (Regenaration)
# Natural luminescemce
Linear fit

D-ac =209.34+9.50 1

0 T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

Dose (s)
ASTINLANIAINTUA UNUS SENI D ASIE U L/T, AU
UTUaU9Eg
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AT 4.7 n15TiAserdain OSL L oTAseuS S edaran fae3s
Regenerative dose vn1satasigiaUTuusdazan laonan OSL natural unulugunis
RS Y =ax+b 1aefl Y AoAn OSL natural uagiasa x AeAuUsunmssdavan el
Pelunsiesziiaieny Fevihnisulamulsvesailiunasdazaulumie () uwlandu
Wi (Gy) W08l 1 s = 0.06 Gy WanFnI5197l 4.6

A15199 4.4 LERIA1USUNSIFRLALUD IR ATBIUUALNMEmMATA OSL

Fragrandastufumn Usunussdazay (mGy)
P12 12.55 + 0.32
P13 12.57 + 0.44
P14 12.56 + 0.57
Average 12.56 £ 0.10

4.5 HaMsAIITAYI TL vasdanwasundamadiasnzilsunusdazay

250000 4, s
é 1 .OG}I
200000 4 = ,
~ * 10Gy
E 20Gy
gﬁ 150000 4 * 30Gy
- * 40Gy
2 * 50Gy
2 100000 + GOGJ
= * 60Gy
® 710Gy
50000 - ® 830Gy
o0
]
0 4 L—.

0 50 100 150 200 250 300 350 400 450
Temperature (°C)

(b)

2NN 4.8 (@) waRINISNAEBUNANLA (Plateau) (b) WAAINISHBUAUBIAINULTUYDS

o

el TL 99998191 Ua0n Nt ann U aSIdsn o
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g 4.8 WHunisieszddyaia TL Wiedesieriusunasdazaudieis
Additive dose Tnennd 4.8(a) wanansininisnaaeunaild (Plateau) wananduduiusve
SnsdiuseninednainvesegeiilildaneSddefeiildunisanssduiinasing 4
an1saaouUnUingamgiinsiieysening 250°C i 375°C 9IneuFdeves Tatumi et al.
(1993) sreuilassaiandnesiinlud-unaled dn1snovausswesdayaias TL fanzay
ﬁaﬁqmmﬁ 160 wag 350°C %qmu‘i%’sﬁlﬁaﬂﬂwmauauawaqé’fyzmzu TL fnzanlunis
thanimunengfigaumndl 350°C Jsaenndesiunuidefinanundrediu uazanani 4.7(o)

<

Junsuansanuduiussyrinaanuduvesdyain TL uazgamgil i dnsizra1Uunm

v

Fedazaulaun1sa uaINunlansan (Area peak) voInNALTNYD A gy I8d TL AAILALUS

gauuliN 350°C ntuilulgunsvanuduiussening TL Intensity AU USunausedn 10

Y

013 80 Gy wieyANRARAKNY x TuABANUSINASFaray wanananIni 4.9

1200000
y = 8,530.23x + 260,116.22

R2=0.98
1000000

800000

TL Intensity [a.u.]

600000

400000

D, = 30.49+0.05 i
0

-356-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Additive dose [Gy]

AW 4.9  nsANUELRUSIEING TL Intensity iU Additive dose ¥83fm8E14
Wasnneylnin

NN 4.9 NUTNTDNIITUIATIULAY X AN NEI8TiaduaINn 0 Gy IudIaTl
Funsmdaunu x ziduavenfsiuiusdasan lnedaruiuiusdasanvindu
30.49 + 0.05 Gy



71

4.6 wan1sIaUsInuiusiunnwedesllon nasey wazlnunaldunveInlaEi
wiastufumn wazidenuestinin

nnsthfethuniesiufium wavidonresindafiunazidsauunn 0-90 um 11
MTATIEUTINUANUITLTUYeIs N gIsiilen (U-238) naiseu (Th-232) waglnunaigey (K-
40) laen193aUsNIUNUTURNINTIEA875N15IRSIALNNN (Gamma Spectroscopy) #21iA
HPGe Han 3 InsadunuinvasioguAsestufuen waziUdonrestnanuansiannd 4.10

10000

10000 -

Counts

1000 -

%MWUMM il

100

10

- U-238
Th-232 k.40

TL1-208 (583 keV) (1460 keV) Bi-214
(1764.5 keV)

daty
e

500 1000 1500 2000
Energy (keV) Pottery BG
(a)
Th-232
K-40 U-238
TL-208 (583 keV) Bi-214

(1460 keV)
(1764.5 keV)

500 l 1000 1500 2000

Energy (keV) ——Freshwater shells BG

(b)

AN 4.10  aneSUSIALNUNIUea8NAT el uR LN LAz IUADNYREUAN TAens

IUTHUANTURNINSIEAI8T5N19TRS AN (Gamma Spectroscopy)
(a) AUNATUSIFWLNULIVDIAIDE19ATDITUAUN (b) AUNHTUSIFWLANNT
9950819 anNNeYUNIN
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4.7 wan1siaUsunuiusiunnnedeisillon nasey uazlnunaidunvaeiiagig
Aawandausousangig

9nN151F08198 WandpusoUfe819A3 pet UA LT waviUdennesuSad
UnazIBunalaNaTuIN 0-90 um NTIATIEAUTUUANTNTUVRIS N gL TEN (U-238)
nol3eu (Th-232) wazlwuna@on (K-40) lnen1591uilanseu wazdnusuianudunninsd
Fe3EnsinSedunian (Gamma Spectroscopy) Kan153nYadunaLanIFaIn g 4.1

100000 -
10000 -
ZNp, 277.60 keV
g 1000 7 ‘ 2%pa, 312,01 keV
: |
v 100 -
10
1 T T T T 1
200 300 400 500 600 700 800
Energy (keV)
(@)
100000 -
10000 -
42K 1524.58 keV
1000
|
3 ]
S 100
10 -
1 T T T T T T T T T ]

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Energy (keV)
(b)

A U v a Y P a v A g a &
AW 4.11  anesuSIFnnuNNUDIR19819A9INAaUTaULAS DAl UA UK LA IUA BN 1BE
1130 Teen15IAUSUIUAUTURAINS @A 835 N15TATIE NN (Gamma
Spectroscopy) (a) gvsiiley wavnasuy (b) Inunadey
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namd 411 1 duaunedusedunuuni faldaindieg 19duseudaey s
estufumwazUBonuesthia dsfegaiinanldiiunseruinsousiemeadia NAA
Faduauusswesdsdunuaniiialdangts U-238 Th-232 uag K-20 muddiu auaniug
ArAuTIvesTadunuanlueynsuioaiui aaneddusig Np-239, Pa-233 way K-42

ANUAINU NNAIU 277.60, 312.01 way 1524.58 keV FINANITBIUAIAIINLIIVDISIAN DY
TaazilUAmserusunannuiuduresslagnsluainusaly

4.8 namsiaUiinaananduduressiafuiuniidvasinasnaadastiufuen Wasnves
$130 wazdaandeusauiiege

MnnsihanefuvesieginaIesdufiumn Wasnresinda wavdsndeuseu
F198190131AT 18R ANLS BT IE LR Tiaaufavesloleinususunsed Tnefifaegig
Adostufun warFenvestindatinesianuusswesssdainsin U-238 Th-232 uay k-
40 fUAIU %LLamwammmme@q%’qﬁLLﬂmﬂuauﬂimLﬁaaﬁuﬁuﬁa Bi-214, T1-208 wag
K-00 fin&991u 1764.5, 510 way 1460 keV Auafy Laziiog198 uIndausousiiogns
Ainszinunswessdunuiniigatssivedlelelnuiuiun$ad Np-239, Pa-233 uag K-42
NG99 277.60, 312.01 uay 1524.58 keV auansu iodasysiusinunududues
gvsiflon U-238 vaiseu (Th-232) waglnunadey (K-40) ngldnannisiuSeuiieusedunuin
V8910819 UA1TUINTF U 1agdAT count per second YedgLsiile U-238 naiseu (Th-
232) uarTnunaid oy (K-40) Alda1nn1smAuildng 1 (Peak area) LaTNISAILUIAVDS
f9819 mmfuﬁwlﬂLﬁauﬁumiﬁwﬁammgmﬁmwmmmﬁuﬁmmuau USuuAY
duturessaduiuniadvesiiogiandesdufumn Wienvosihin uardsundeusou
F10E19 LARIRInNTI9T 4.5

A151991 4.5 USunaimnnuidudunes U-238, Th-232 uaz K-40 Tushogns

Ysunauanududuvassniusiunded

A9819
U-238 (ppm) Th-232 (ppm) K-40 (%)
wsastlufuen 561 + 0.87 15.60 + 1.20 -
Waanviesinan 1.18 + 0.53 235+ 0.23 0.31 + 0.04

AauIndassausitegg 1.70 £ 0.66 3.27 + 0.46 0.22 £ 0.01




74

4.9 wan15ATITUSUIUSeEReY (Annual dose, D.p)

Sensumnnuduturesgisiden U-238 neidou (Th-232) uarlnunaides (K-40)
wrmnduthanilddiesziviinasdsed (D,) Tasfiannududuvesyisidon U-238
neiFeu (Th-232) uaglnunaden (K-40) vessognaniestiufumn wazdonuesthia fe
AUTuIusEngly (D)) wagAAuNTuesgLsiilon U-238 nawey (Th-232) uag
Inunaidos (K-40) vosdandusousiegns AoAruiinudsdneuen (D) wanadsnaad
4.6 LarA139@AREin (Des) HAWYINAY 0.177 = 0.009 mGy/year

A1519% 4.6 USunaussdnielu (D) Usunausa@nieusn (De) wazdsuusadnal (D,,)

A8819 Din (mGy/year)  De (MmGy/year) D.n (MGy/year)
\ASaURULNA 0.180 + 0.03 0.959 + 0.11 1.139 + 0.11
Wasnviesiinia 2.401 + 0.09 0.959 + 0.11 3.360 + 0.20

4.10 Han1siUARIRIemAliAgRiluawUY (Luminescence dating)

PNNaNTIATIUTINUSEavaumamatngliuaud wavUsunassddeUansm
U-238 Th-232 ua K-40 vasiangainiestufumiuasidionesindn wensudiaes
wdunluaunns (2.1) annsnaguaiengfiwnsai 4.7

A1519% 4.7 Ae1gYeeRIRg1uATeI LAWY LazildanveeinananuvadlusuARLeHT
AR NINLY JINTAFIVAT

79814 WAlA Dac (Gy) D.n (MGy/a) Ages (year)
. TL 12.45 + 0.12 1.139 + 0.11 10930 + 1090
LASDIUUAULN
OSL 12.56 + 1.10 1.139 + 0.11 11031 + 1165
Wasnviesiinga TL 30.49 + 0.05 3.360 + 0.20 9067 + 531

= ! Al ' IS 1 = g a - = S
31N915°99 4.7 Aregitlalidnaziludieginasosdudiumn viowdenesunindl

et v LY = & Y o a Ao ' d' I G a LY a v a
agflnatAesiuun Fadulumudeduiivgrunidegiieglutuaussiuieiiuaisiions
ety uazaregiilndifssiuiiiauseduduengvesumnadlusuafian nIna me

eneledninduunaslunundluganoulss TReansass
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uni 5
A7UNaIY uaztalauaunuy

mAdeilvnsimuneigresiiegiaed sstiuduien waziudonvestinia dae
walAgdiuaeud MNUVAILUTIUNARLIININIAAT NIRgy Faminaaral Tneviinisdnw
Tassasmdnvesiauedesiiufumn wasFonnostdamemeianaideiuuressdisnd
(XRD) Mnifurhmsfnunisimuaeigrenaiestiuium uazdenvesihia demaia
ANy ausoagUldsd

5.1 d3UNaIRY

Suusnunadunuadifisnmen maee Sminawan leiinsyadulagdiin
Aavngil 13 asvan nsensaeiamsssa Wed w.a. 2553 andeduiiugruuagyinisimun
9180UNLUTIUARMIETINTIMUARIYL LTINS (Relative dating) WuTunadluTIUAR
witiifuuvaslunuailugatoulsyfimans swidelvhmssinunengdemedagiiua
wud Faduisnnsivunerguuuduysal (Absolute dating) M51UAe g WU WaiuEN
frogeiild Aewdesiiufumn wasiuFenvesihin Gseglumquunduifiendu thfevauyady
7l 1 @18 50-60 cm MNHANTIATERlAsE AN BmATan s EsIULTesTsRLEnd
(XRD) w0081 wuiieduadostiufunndlasiadmdnvessesadulaseadiandn
fend (Quartz) waglassadwdndalas (Lite) Tnefiivaesdlasiairadulasiadrefiddyves
wifumiler Failiaguliimeaeiesiuiusniiuifognaisiuaniumie ua
fhednaFenvestndadndlasadrmdnesinlud uazunaled neflassadrawdnvesesiln
ludiluuuueesinsendn (Orthorhombic) wazlassasrendnveunalediluwuusenludnia
(Rhombohedral) 9ntiuidgnssurumsimunoiglnsuiaduaosdiu dauusnfeuiuna
Yedavan nan1sAnvidegaeiestiufusndemaia TL wuligumgfifl 180°C imunzay
figelunsinuneny lasAiunasdazauiadovesiogalmyindy 1249 + 0.12 Gy uas
Usinaudsdazauaasvesinognundestuiumndemada OSL Sldusinfu 12.56 + 0.10 Gy
souvinsAnuUinasdarauvesfiogiaudenvostindademada TL nuitgungii
350°C wnzaudianlunisfinunony AUsinusdarauesiiesnaddenvosihdadan
Wiy 30.49 + 0.05 Gy MntudlevinamAiinaidavauFouosudn deluasidngdan
fianstiufie Umasidreduewhnesuadesiufumn wazdenvostinia lnevhinis nng
AnTenTinuaudutuvessngsillen (U-238) neseu (Th-232) uaglnunaidey (K-40)
yaaiiegaLardindouseuiiegne Ingmsinuiinaiuiunnmssdfeisnsinged
wnuL1 (Gamma Spectroscopy) %139 HPGe wagn1seruilansou wuinusuusedsetves
Frethuadestuiumnilanyiifu 1.139 + 0.11 mGy/year uavU3una@nedvosiietng
Waenvesndadianviaty 3.360 + 0.20 mGy/year ntuvnIstmuneglasfiogues
fro81ans et ufuniiineiaemada TL way OSL flawinfu 10,930 + 1,090 Wag
11,031 + 1,165 year auddu uazaenguasufenvesiindniiiiesesidomaia TL fan
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WinAU 9,067 + 531 year mmqﬁlé‘l&hwwﬂuﬁ’msiwal,ﬂ'%aaﬂyuamm vidalUdenvosinini
oglndiAsiuann Jadulunadeduivguiiiiedilegluiufussduieatumsiion
flndidestu wazaogilndifsstuiifamsofusuengresunddunuafifisnman mn
gneladninduunadlunundiugaioulss TReansass

5.2 YalaUDLUY

5.2.1 dmsunswseusiagislinisiiningtdaunaiuan Aseseunglauasdung
Wieleiiudug

5.2.2 lunsvedeuiiegsiiniunisatsadmsinismageuarnunlutos uazvi

A1SNAADUDE19FBLLIDY
5.2.3 aisldlusunsupauiaweslunsAiuInegLazAIALAAIARDY ALY

ATAINLAZITIALT
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Date: 25/6/2014 Time: 13:30:55 File: CO2 Usel
Name 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 7.96680
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: Inarganic
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, Bohemia, Czechoslovakia,
Sample source: Specimen from Sefrou, Morocco,
Analysis: Microprobe analyses (wt %) major Ca, and trace Sri<<1),
Optical data: A=1.5300, B=1.6810, 0=1.6854, Sign=-, 2V=18(calc )y
Additional pattern: To replace 5-453 and validated by calculated pattern 2425,

See ICSD 15194 (PDF 71-2392); ICSD 34308 (PDF 76-606).



Date: 25/82014 Time: 13:30:55

File: COZ
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Usel

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

Structure:

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

Peak list

No. h k 1 d [4] 2Thetal[deg] I [%]
1 1 1 o 4,21200 21.075 3.0
2 [u] 2 o 3.98400 2z.297 1.0
3 1 1 1 3.39700 26.213 100.0
4 0 2 1 3.27400 27.216 50.0
5 0 0 2 z.87200 31.116 6.0
6 1 2 1 2.73300 32.741 9.0
7 0 1 2 2.70200 33.128 60.0
B 2 0 o z.45100 36.176 40.0
9 0 3 1 z.41100 37.265 14.0
10 1 1 2 Z.37300 37.5884 45.0
11 1 3 o 2.34200 35.405 25.0
1z 0 2 2 2.33000 38.610 25.0
13 2 1 1 z.15000 41,187 1z.0
14 1 3 1 z.16800 41,624 2.0
15 1 2 2 2.10800 42 887 20.0
16 2 2 1 1.597740 45,853 55.0
17 u] 3 2 1.95000 46.535 1.0
18 0 4 1 1.88210 45,319 25.0
19 2 ] 2 1.87750 45, 445 25.0
20 0 1 3 1.86160 45,886 2.0
21 2 1 2 1.82750 49,859 4.0
2z 1 3 2 1.581490 50.229 20.0
23 1 4 1 1.75980 51.917 3.0
24 1 1 3 1.74300 52.455 £5.0
25 2 3 1 1.72900 52.913 12.0
26 0 2 3 1.72570 53.022 16.0
27 2 2 2 1.69840 53.943 2.0
28 0 4 2 1.63690 56.145 3.0
28 1 2 3 1.63000 56.403 1.0
30 3 1 o 1.61980 56.791 2.0
31 3 1 1 1.55880 539.229 4.0
32 0 5 1 1.53570 60.211 2.0
33 2 4 1 1.49930 61.5831 4,0
34 2 1 3 1.48910 62.302 1.0
35 3 2 1 1.47640 62.5895 2.0
3g 1 5 1 1.46720 63.338 4,0
37 0 ] 4 1.43600 64,5881 1.0
as 2 2 3 1.41670 65.876 1.0
38 0 1 E! 1.41320 66.060 3.0
40 3 1 2 1.41070 66.192 4.0
41 3 3 o 1.40400 66,548 3.0
4z 0 4 3 1.38040 67.839 1.0
43 2 4 2 1.36630 68.636 2.0
44 3 3 1 1.36390 65.774 2.0
45 1 1 g 1.35920 69,045 5.0
45 0 2 4 1.35070 69,542 2.0
47 3 2 2 1.34870 69,660 3.0
48 1 5 2 1.34160 70.082 2.0
49 1 4 3 1.32900 70.846 1.0
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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
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File: CO2
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Usa

Name and formula

Reference code: 00-005-0586

Mineral name: Calcite, syn

PDF index name: Calcium Carbonate

Empincal formula: CCal5

Chemical formula: CaCOy

Crystallographic parameters

Crystal system: Ehombohedral

Space group: R-3c

Space group number: 167

a(?): 4,9590

b (?): 4,9890

c (™ 17.0620

Alpha (7) 90.0000

Beta (7): 90. 0000

Gamma (?): 120.0000

Calculated density {gfcm*3): 2.71

Measured density {gfcm?3): 2.71

Yolume of cell (10°6 pm*3): 367.78

L 6.00

RIR: z.00

Subfiles and Quality

Subfiles: Inorganic
Mineral
Cement and Hydration Product
Comman Phase
Educational pattern
Forensic
MBS pattern
Pharmaceutical
Superconducting Material

Quality: Star (3)

Comments

Color: Colorless

General comments:

Other form: aragonite.

Pattern reviewed by Parks, J., McCarthy, G.. North Dakota State Univ, Fargo, Mo

Dakota. USA, A2007 Grantw4a1992).
Agrees wellwith expenmental 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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Name and formula

Reference code: 00-005-0586

Mineral name: Calcite, syn

PDF index name: Calcium Carbanate

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: 2.00

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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Structure and elastic properties of quartz at pressure
LOUISE LEVIEN', CHARLES T. PREWITT AND DONALD J. WEIDNER

Department of Earth and Space Sciences
State University of New York
Stony Brook, New York 11794

Abstract

Unit cells and crystal structures were determined on & single crystal of quartz at seven pres-
sures from | atm 10 61.4 kbar. Unit-cell parameters are @ = 4.916(1) and ¢ = S40544)A at |
atm, and @ = 4.7022(3) and ¢ = 5.2561(2)A at 61.4 kbar. Structural changes observed over
this pressure range include a decrease in the S$i-O-Si angle from 143.73(7)" w0 134.2(1)%, a
decrease in the average Si-O bond distance from 1.6092(7) to 1.605(1)A, and an increase in
distortion of the silicate tetrahedron. Several O-O distances show very large changes (11%)
that can be related to the unit-cell-edge compression. As pressure is increased, the geometry
of the $i0, (quartz) structure approaches that of the low-pressure GeO, (quartz) structure.

The structural changes that take place with increased temperature are not the inverses of
those that occur with increased pressure; changes in the $i-O-Si angle and the tetrahedral tilt
angle control thermal expansion, whereas smaller changes in the Si-O-Si angle and tetrahe-
dral distortion control isothermal compression.

By constraining the zero-pressure bulk modulus 10 be equal to that calculated from acous-
tic data [K, = 0.371(2) Mbar], the pressure derivative of the bulk modulus at zero pressure
[Ky = 6.2(1)) has been calculated by fitting the P~V data to a Birch-Murnaghan equation of
state. The anomalously low value of Poisson's ratio in quartz can be explained by the low ra-
tio of the off-diagonal shear moduli to the pure-shear moduli. This small ratio reflects the eas-

ily expanding or contracting spirals of tetrabedra that behave like coiled springs.

Introduction

The literature on the crystal structure and com-
pressibility of quartz leaves many questions about its
changes with pressure. As high-pressure structural
refinements have not been as precise as those per-
formed under ambient conditions, these studies re-
port large changes (e.g., the Si-O-Si interbond
angle), however, subtle ones have not been pre-
viously resolvable. Recent experimental develop-
ments in our laboratory offer the potential of provid-
ing improved resolution in high-pressure structural
data.

The crystal structure of quartz at room temper-
ature and pressure has been refined many times
(Young and Post, 1962; Smith and Alexander, 1963;
Zachariasen and Plettinger, 1965; Le Page and Don-
nay, 1976; Jorgensen, 1978; d’Amour er al, 1979),

* Present add Division of Geol

gical and Planctary Sa-
ences, California of Technology, Pasad: California
91125,

0003-002X/80/0910-0920802.00 920

with the Young and Post and the Smith and Alexan-
d«mmt&hﬂqmde

by applying a secondary-extinction correction to
their refinement. The Le Page and Donnay refine-
ment again improved the R value; however, no cor-
rections for crystal X-ray absorption or extinction
were made. Both Jorgensen and d"Amour erf al col-
lected intensity data for room-pressure structural re-
finements with crystals already loaded in high-pres-
sure cells; these refinements are of lower precision
than the others.
Static-compressibility studies on quartz were first
carried out by Adams and Williamson (1923) and
Bridgman (1925; 1928), and then greatly improved
by Bridgman (1948a.,b; 1949) and others (McWhaa,
1967; Vaidya et al, 1973; Olinger and Halleck, 1976;
Jorgensen, 1978; d’Amour er al, 1979). McWhan
measured the compression of quartz in a modified
Bridgman-anvil apparatus with Guinier geometry
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X-ray cameras, using NaCl as both a pressure-trans-
mitting medium and a calibration standard. The ex-
periments were carried out to 150 kbar and no evi-
dence of a phase transition was seen, despite the fact
that the sample had been subjected to pressures
higher than required to transform quartz 10 cocsite
and stishovite at high temperature. The Vaidya ef al.
compressibility data were collected in a piston-cylin-
der apparatus with indium, a low shear-strength
metal, as the pressure-transmitting medium. Dis-
placement of a piston was measured 1o determine the
volume change; therefore, the data at low pressures,
where voids are being closed, are not as accurate as
the higher-pressure data. The Olinger and Halleck
study was performed in 2 modified Bridgman-anvil
apparatus, using a 4: 1 methanol:ethanol mixture as
the hydrostatic pressure-transmitting fluid. Jorgensen
collected hydrostatic high-pressure neutron-difirac-
tion data on a powdered sample, determining
changes in both unit cell and crystal structure. The
d’Amour er al. work, the only previous compres-
sional study of quantz using single-crystal X-ray tech-
niques, also gave unit-cell parameters and structural
data.

Experimental techniques

A clear crystal of natural quartz was broken, and a
platy fragment (70 gm X 50 pm X 30 uym) used for
this study, with ¢ approximately normal to the plane
of the plate. Although precession and Weissenberg
X-ray photographs showed the crystal to be of high
quality, intensity data were collected on the crystal
before it was loaded into the diamond cell. The re-
finement of these data were used both for com-
panson purposes and to check for Dauphiné twin-
techniques because it is only recognizable as in-
creased or decreased intensity of a centain class of re-
flections (Young and Post, 1962). We refined the
structure both with the entire sct of structure factors
and with the structure factors not afiected by Dau-
phiné twinning (hk/ and hk0). Having found essen-
tially identical refinements for these two sets of data,
we decided not to make a correction for Dauphiné
twinning of the sample. Room-pressure and 31-kbar
data were collected with AgKa radiation, which has
two potential advantages over MoKa radiation for
diamond-cell work: its shorer wavelength makes
more of the reciprocal lattice accessible, and its lin-
car-absorption coefficients are smaller than those for
MoKa. However, the lower intensity of the incident
AgKa radiation and the poorer counting efficiency of

and make AgKa less desirable. The re-
finement of the 31-kbar structure, collected with
AgKa radiation, resulted in R values three times
those of the MoKa data sets and has therefore been
omitted from this report.
The quartz crystal was mounted in a Merrill-Bas-
sctt design single-crystal diamond-anvil cell (Memll
and Bassett, 1974). The diamonds (1/8 carat cach)
had 0.65 mm faces (culet), and the gasketing material
[250 pm thick Inconel X750 (spring)] had a 300 ym
hole. The crystal was attached to one diamond face
with the alcohol-insoluble fraction of petroleum jelly,
and a 4: | methanol : ethanol mixturc was used as the
pressure-transmitting medium (Finger and King,
1978; Piermarini er al, 1973). A small ruby crystal
(10 pm; 0.5 wt.% Cr) (Piermanmi ef al, 1975) in the
cell was used for pressure calibration, which was per-
formed both before and afier X-ray data were col-
lected. The pressure-calibration system, based on the
shift of the fluorescence spectrum of ruby, is similar
1o that described by Barnett ef al. (1973) but modi-
fied by King (1979). The diamond cell was then
mounted on a specially designed gomometer head
(Hazen and Finger, 1977; Finger and King, 1978),
which was in turn mounted on a four-circle X-ray
were collected at each pressure, unit-cell parameters
were determined, using King and Finger's (1979)
method of avoiding systematic errors resulting from
an uncentered crystal
With the exception of the room-pressure determi-
nation, an entire sphere of integrated intensitics in
reciprocal space (2° < 26 < 90°) was collected with
crystal-monochromatized MoKa radiation; a hemi-
sphere of intensities (2° < 26 < 45°) (AgKa) was col-
lected on the crystal at room pressure. Intensitics
were measured using a quasi-constant-precision
ered unobserved; o,'s were calculated by adding to
the constant-precision value an additional factor that
reflects the fluctuation of the incident beam (Baldwin
and Prewitt, in preparation). Structure factors were
corrected for X-ray absorption of the diamond cell
(Finger and King, 1978) and crystal X-ray absorp-
tion. Several reflections with exceptionally high or
asymmetnical background counts were rejected from
cach of the high-pressure data sets because of overlap
with diamond reflections. None of the reflections
with 28 values necar or on the 28 values of beryllium
metal were collected. Symmetrically equivalent re-
flections were averaged, yielding between 198 and
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Table 1. Intensity information for quartz at six pressures

Ext.x0- 4" s

¢ data .- "Z’l EEl R
1 atm 663 210 194 0.01% 0.016 0.11(1 -16.37
20.7(5)"" wvar 390 198 170 0.029 0.029 0.32(4 -19.54
37.6(5) kbar 438 215 190 0.0M 0.032 0.34{4 -21.58
48.6(5) kdar 440 217 196 0.032 0.03¢ 0.372(4 -22.45
$5.8(5) kdar 432 214 200 0.028 0.026 0.34(3 -23.05
0. 0.034 0.23

61.4(5) kbar 218

3 -23.47

O
-
e

*Nunber of dats after symmetrically egquivalent reflectiocns were averaged.

**yunber of data accepted in the refinemmnt.
$%Rerined secondary extinction parameters.

All were greater than 2:1.

tetrabedral tilt parameter from Grimm and Dormer (1975).
" rarenthesized figures represeat esd's of least units cited.

218 independent reflections at each pressure. Ani-
sotropic refinements of the structure were executed
using the least-squares program RFINE4 with a 1/¢*
weighting scheme (Finger and Prince, 1975). In the
high-pressure data sets, all observed reflections were
room-pressure refinement. The final weighted R val-
ues range from 0.019 to 0.032 (Table 1). Observed
and calculated structure factors are listed in Table 2%
positional parameters and temperature factors are re-
ported in Table 3; interatomic distances and angles
are given in Table 4; and unit-cell parameters are
listed in Table 5.

Room-pressure structural study
and angles of our room-pressure study (Tables 3 and
4) arc in better agreement with the Zachariasen and
Plettinger (1965) refinement than with the more re-
cent refinement of Le Page and Donnay (1976). Le
Page and Donnay suggest that the large discrepancy
between their x and y oxygen parameters and those
of Zachariasen and Plettinger may be due to the lim-
ited sind/A range of the latter study. Data for our
room-pressure refinement were collected o0 a maxi-
mum sind/A of 0.68A" and fall closer to the 0.64A"
Zachariasen and i value than to that of Le
Page and Donnay (0.99A). Le Page and Donnay
based their decision not 10 make a secondary ex-
tinction correction on a calculation derived from
Zachariasen (1963). To determine the effect of ex-
tinction on a reflection, its transmission factor is re-

¥ To receive & copy of Table 2, order Document AM-80-140
from the Business Office, Mineralogical Society of America, 2000
Flonida Avenue, NW., Washington, DC. 20009 Please remit
$1.00 in advance for the microfiche

quired. Transmission factors are commonly deter-
mined during the crystal X-ray absorption
correction, but no such correction was made by Le
Page and Donnay because of the crystal’s odd shape.
Therefore, their calculation to determine the neces-
sity of an extinction term must have been made as-
suming equal transmission factors for all reflections.
This incorrect assumption may have biased their cal-
culation, and therefore improperly suggested that no
extinction term was necessary. In addition, this
model tests only type | extinction, and Zachariasen
(1967) showed that the quartz crystal he studied in
1965 suffers from type I extinction as well. The re-
finement of a secondary-extinction parameter for our
data brought even the largest F,,, (10]) (which was
rejected in the two prior studies) into excellent agree-
ment with its F_, (Tables | and 2), and decreased the
R values of all six of our refinements at the 0.005 sig-
nificance level (Hamilton, 1974). The temperature
factors in our | atm refinement are larger than in the
other | atm refinements or our high-pressure refine-
ments (performed with MoKa radiation and over a
larger sind/A range). The thermal ellipsoid for Si is
necarly spherical, as shown by the approximately
equal RMS amplitudes [0.085(1), 0.085(1), 0.095(1))
and the very large (~105°) errors on the angles that
describe the thermal ellipsoid’s orientation relative to
the crystallographic axes.

Grimm and Dormner (1975) suggest that the o-f
transition in quartz can be described as a simultane-
ous tilting of the tetrahedra around the twofold axes
perpendicular to ¢. They derive the following equa-
tion to quantify the tilt angle, §, in the quartz struc-
ture,

-2
9

Ilﬁ
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Table ). Positional and thermal parameters of quarts at pressure
1 atn 20.7* 7.6 LN §5.8 61.4
x($1) 0.4697(1)* 0.4630(2) 0.4581(2) 0.4551(2) 0.4537(2) 0.4526(2)
x{0 0.4135(3 0.4111(6 0.‘0" 0.406) 6} 0.4047(5
ylo 0.2669(2 0.2795(¢ 0.2912(5 0.2926(4 o.m:
20 0.z 0.1098(2 o |0!9 0.1012(3) 0.0098(2
B(s1) 0.62(2 o "z o.n 2 o SI 2 0.49(2 0.49(2
o) A 8l3) i 1 S 34 o.n!,l
na(s1)' 0.93(2 0.70(¢ 0.79(¢ 0.87(4 0.82(3 0.84(4
fa(S1 0.78(2 0.57(% 0.68(5 0,70(5 0.74(4 0.65(5
(St 0.49(2 0.35(2 0.35(2 0.39(2 0.36(2 0.39(2
st «0.001(7) o0.0(1 «0.05() «0.03(Y -0.02(1 0.m0
810 1.90(6 1.48(9 1.55(10) 1.%0 \o! 1.53(8 1.43(10)
#:(0 1.84(% 1.08(8 .23 9‘ 1.28(10 1.0 .21 9;
£33(0 0.83(3 0.76(3 0.69(3 0.65(3) 0.62(3 0.64(3
"0 1.06(5 0.75(8 0.75(10) 0.78(10) 0.79(8 0.80(10)
(0 -0.25(2 «0.34(6 -0.40 G; 0,42(6 -0.32(4 «0.27 6;
#33(0 «0.35Q) -0.290¢ «0.32(e -0.0(4 -0.30(3 «0.26(4
*pressures reported (s kbar unless othetwise stated,
**prarentiesized figures represent ond's of least unite ciged.
TAll anisotropic temperature factors, #'s, are given x 1
813 4nd By, for 51 are constrained to be 1/) Py and 2 By, respectively.
Table 4. Selected interatomic distances and angles of quartz st pressure
1 atn 0. 7.6 4.6 5.8 61.4
hedral distance
:::5.‘ .f:‘ 1. w!(l 1.601 1.601(2) { 1.603(2
$1.0 1 CM(I! 1. ﬂoi i 1 "oi E |.m'z; l 6|| li l 607
«51-0+ (R) 1.6092(7) 1.608(1 1.605()
Inter-totrahedral distances
$1-51 (R) 3.05853(8) 2.0193(3) 2.9953(3) 2.9703(3) 2.9666(3) 2.9575(2)
;'-; - o 2. 1 65502 l (23
645 2.64503 2.
2 i
0-0 (A 2.612(2) 2.608(3 2 6lafs l:‘ll 4) 2 614(3) 2 ﬂ’(l
Inter-tetrabodral distances
0-0 2!‘ Lm l; J.as ); ).onm 2.”2:!; 2. ”l{ ; 2,925 3‘
0-0 (A a0 3.260(2 3,150 3.0 2 3,064(2
Inter-tetrabedral angle
$1-0-51 (deg) 143.73(7) 129.9(2) 137.242) 135.8(2) 125.101) 13¢.200)
Intra-totrahedral angl
0-51-01 (deg - ‘1!;.52(6 10.7(1) 11.30) 111.601) 11.801) nz.z0)
0-51-0t (deg 108, lltt 108.15(4) 107.67(5) 107.31(5) 107.22(4) 106.97(5)
0-51-0 (deg 108.93 109.4(2) m.sm 109.7(2 109.6(1) 109.5(2
0-51-0 (deg 109.2¢(8 108.7(1) 109.5(2 109.4(2 109.2(1) 109.1(2
Quad. Elong. 1.0001% 1.00025 1.00067 1.00094 1.00112 1.0013%
s d-vol. (A7) 2.138 2.129 2122 2118 2120 2.8

“All pressures are reported in kbor snloss otherwise soted.
**Parenthesiend Cigures represent ead's of least units cited.
‘rhis angle iz coe of two spwetrically equivelent angles within the tetrabmdron.
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Table 5. Unit-cell parametens of quars at pressure

. () e th) v %)
1 atm 4.9 (1) S.4054 l} Hl.llzlg
20.7(5) kbar 4.8362(% 5.5 1082402
3. ()) kvar 4,785 () 5.307 (2) 105.26(8)
37.615) kbar 4.77(7 5.!"0{‘! 104.6) 3;
45.6(5) kbar 418 () $.2785(8 102.66()
55.8 Sg kbar a.mzis 5.?0))&6‘ 100,72 );
61.4(5) kbar 4. 0220 S5.2%61(2 100.65(3
'I-'m(nﬂuol flgures represent and®s of least wnits

cita

where ¢ and @ are unit-cell parameters and x and
are oxygen coordinates. The values for this angle are
essentially equivalent for all three room-pressure
data sets (Table 1).

High-pressure structural studies

The changes in the crystal structure observed in
our experiments are consistent with the two previous
studies (Jorgensen, 1978; d"Amour e al., 1979), but,
in addition, our increased precision has allowed us 10
observe changes not seen in the other two experi-
ments (Table 4). Because we have determined indi-
vidual Si-O bond distances at pressure (o a precision
of £0.002A, we observe a small change in the aver-
age Si-O bond length from 1.6092(7)A at one atm to
1.605(1)A at 61.4 kbar (Fig. 1). Both unique Si-O
bonds compress at about the same rate (Table 4). We
would not have expected Jorgensen's refinements to
show this change, as his data are collected only to 28
kbar and his Si-O bond-distance errors are approxi-
mately 0.005A; these errors may partially reflect the
effects of Dauphiné twinning on his samples. The
d’Amour ef al. data were collected to high enough
pressures (68 kbar) to determine the Si-O bond com-
pression; however, their errors on the Si-O distances
were £0.02A. The diamond cell used by d"Amour e
al. contained a sphere of Be (4 cm in diameter) with
holes drilled in it so that the crystal could be viewed
while under pressure. The spherical shape was used
so that a correction for X-ray absorption of the cell
would not be necessary; however, the holes in the Be
caused large enough deviations from a spherical
shape that an absorption correction should have been
made (Schulz and d’Amour, personal communica-
tion). This problem, combined with the fact that their
data were only collected out to 50° 26, were respon-
sible for the larger errors. In addition, their crystal/
gasket-hole size ratio 1s small when compared to
those normally used in our experiments. When a
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crystal is 100 close to the gasket-hole edge, either the
incident or diffracted beam can be shiclded, causing
systematic decreases in the intensities of some reflec-
tions.

The compressions of the five shortest non-tetrahe-
dral Si-O distances do not suggest structural move-
ment toward a six-coordinated Si site. The change in
the Si--Si distance (Table 4) is nearly lincar over the
pressure range studied, 3.0585(1)A at one atm and
29575(2)A at 61.4 kbar. Several pairs of O-O dis-
tances decrcase more than 0.34A, or about eleven
percent (Fig. 2). At 61.4 kbar these distances,
30642)A and 2925(3)A, arc rapidly approaching
2.7A, the average O-O distance in many silicates at
ambient conditions. The common occurrence of this
value suggests that there may be a large increase in
np-hvek' encrgy when oxygens are forced closer than
27
diverge from the value for a regular tetrahedron as
pressure is increased (Table 4). The difference be-
tween the longest and shortest distances is 0.033A at
one atm and 0.084A at 61.4 kbar. This increased tet-
rahedral distortion is also reflected in the 0-Si-O in-
ternal tetrahedral angles, which are plotted in Figure
3 along with a dashed linc at 109.47°, the internal
angle of a regular tetrahedron. The difference be-
tween the largest and smallest of the four symmetri-
cally distinct angles is 1.7° at onc atm and becomes
5.2° at 61.4 kbar. This increased distortion is consis-
tent with the tetrahedral distortion observed in Jor-
gensen’s (1978) study, but was not observed in the
d'Amour ef al. (1979) work. If distortion of the tet-
rahedron is measured by quadratic elongation (Rob-
inson ef al, 1971) (Table 4), the percent increase gets

= 80 e 1
i — e —
2
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Fig. 2 The cffect of pressure on the cavitics in the quanz
structure. The Si-O-Si angle compresses from 143.73° &1 | aam
134.2% 5t 61.4 kbar. The shonening of two long 0-O interatomic
destances shown m thes figure appean o be parually respoesible
for the difference in compressiblities asloag the ¢ and ¢
crystaliographec darections.

larger at higher pressures (Fig. 4), ie, more dis-
tortion takes place between 50 and 60 kbar than be-
tween | atm and 10 kbar. Because a regular tetrahe-
dron occupies the greatest volume for any
tetrahedron of that average size, as it distorts its vol-
ume must decrease. Our cxperiments were not pre-
cise enough to show the change in volume due to dis-
tortion (Table 4), but we would predict that at higher
cant. The structural clement responsible for the
anomalously high compressibility of quartz is the Si-
O-Si interbond angle, which decreases non-lincarly
by ten degrees over the pressure range from | atm to
61 kbar (Figs. 2 and 5). At higher pressures the Si-
O-Si angle is respoasible for less volume compres-
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the tetrahedron to distort gradually accounts for
more compression.

Finally, there is no significant change in the equiv-
alent isotropic temperature factor or orientation of
the thermal ellipsoid of Si with pressure; there may
be a small decrease in the size of the thermal ellip-
soid of O (Table 3). The temperature factor for Si
does become more anisotropic as pressure is in-
creased (in our lowest-pressure run), which is consis-
tent with the increased distortion of the tetrahedron.

Unit-cell and clasticity data

Pressure-volume data for quartz (McWhan, 1967;
Vaidya ef al, 1973; Olinger and Halleck, 1976; Jor-
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The curvature of the data indicates & tapering off of the change in
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Fig. 6. Unit-cell volume normalized to the ambient unit-cell
for six pressibility studies of quartz.

gensen, 1978; d’Amour et al, 1979), plotted in Figure
6, show good agreement with the Birch-Murnaghan
curve calculated from the ultrasonically determined
values of the bulk modulus, K, and the pressure de-
rivative of the bulk modulus, K; (McSkimin er al.,
1965), Isothermal (K, and K) values have been cal-
culated by fitting the P-V data to a Birch-Murna-
ghan equation of state for each data set, with all pres-
sures converted to Decker (1971) equation of state
values to facilitate comparison (Table 6). Values of
K and K calculated for the McWhan and Vaidya et
al. studies may differ from the others because both
used solid pressure-transmitting media, NaCl and in-
dium metal, respectively, However, calculations of
Kyand Ky and graphs of V/V, vs. P do not give a
sufficiently accurate picture of the internal con-
sistency of the data,

In Figure 7 the ¢/a cell-parameter ratio is plotted
vs, P, with all symbols approximatgly the same size,
80 errors in data are not represented. For the ¢/a ra-

Table 6, Elasticity data for quanz

—
Investigator Technique K (Mbar)* by
anlnr o al. Single-crystal 0,38 (3)** 13 El{

roet al. Single-crystal 0.365(9 590
Jorncmun Neutron-powder D.364(% 6.3 0{
Dinger and Hallack Bridgman <anvil 0.3 (1 5.4(4
Valdya et al, Prston-cyl inder 0.3a7(1 1)
MeWhan firfdgman-anvil 0.645(2 1.6 Ig
Meskinin et al, Ueratonic o.an(@ 6.303

ALl valuen for Xy and Hr' deternind From progsure =volune
datn wore tal'\:lala‘ from 4 loapt=squares £it of the PV
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tio to increase with pressure, the ¢ direction must be
elastically stiffer than a. Using the single-crystal elas-
tic moduli and the pressure derivatives of these mod-
uli from McSkimin er al. (1965), the ¢/a ratio can be
calculated for high pressures. To make these caleu-
lations, lattice parameters are expressed as poly-
nomial expansions, which give notoriously bad lat-
tice-parameter extrapolations to higher pressures.
For quartz, such a calculation predicts that with in-
creased pressure the ¢/a ratio reaches a maximum
and then decreases at less than 100 kbar, Therefore,
on Figure 7 we have used Thurston's (1967) extrapo-
lation formula, which is essentially linear over this
pressure range, although it does show a small amount
of similar curvature to our data and those of
d'Amour et al, (1979). The Thurston (solid line)
curve diverges from the data at pressures as low as 60
kbar. This discrepancy reflects the need for either
second derivatives with respect to pressure of single-
crystal elastic moduli, or better extrapolation for-
mulae. The dashed-dotted curve on Figure 7 has
been drawn through the data from this study
(crosses) and those of Jorgensen (1978) (closed cir-
cles), and the dashed curve has been drawn through
the d'’Amour er al. data (open circles) and shows a
parallel but systematically offset trend, The excellent
agreement at low pressures of our data and the curve
predicted by the elastic moduli gives us additional
confidence that our experiments were hydrostatic,
and that parameters such as bond distances and an-
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got ° o' Amour et ol (1979)
* Jorgensen(1978)
& Olinger & Halleck(1976)
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Fig. 7. The c/a unit-cell parameter ratio as a function of
P for five ibility studies of quartz, The solid line
has been determined from Thurston's (1967) extrapolation
formula for the McSkimin ef al, (1965) elastic moduli. The dashed
curve is deawn through the d'Amour ef al. (1979) data, and the
dashed-dotted curve is drawn through the data from this study
and that of Jorgensen (1978),
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gles are consistent with the ultrasonic data. The
systematic differences between the high-pressure
d'Amour et al. unit-cell parameter ratios and ours
may have been caused by their crystal being poorly
centered (d’Amour, personal communication). The
Olinger and Halleck (1976) data (triangles), although
showing the proper trend, do not fall along a curve,
and the non-hydrostatic McWhan (1967) data
(squares) again give the correct general trend, but
show a great deal of scatter. Compensating errors in
these last two studies gave reasonable values for unit-

cell volumes, but only approximate unit-cell edges.
Discussion

Comparison of Si0, and GeO,

As pressure is increased, the geometry of the Si-
quartz structure becomes more like the room-pres-
sure Ge-quartz structure. The Si-O-Si angle goes
from 143.73° at one atm to 134.2° at 61 kbar, ap-
proaching the room-pressure Ge O Ge angle of
130° (Smith and Isaacs, 1964). The tetrahedral tilt
angle, §, changes from —1637° o ~23.47°, as com-
pared 1o the room-pressure Ge-quartz 8 of —26.55°
Finally, the O-Si-O angles within the tetrahedron
become more like those of the Ge structure under
ambient conditions. By 61 kbar the difference be-
tween the largest and smallest O-Si-O angles has in-
creased from 1.7° to 5.2°, approaching the 6.8° dif-
ference in the one-atm Ge analogue. Therefore,
rather than two different structural elements (Si-O-
Si angle bending and tetrabedral distortion) con-
trolling the compression of the two crystals, as sug-
gested by Jorgensen (1978), we actually see a contin-
uum. For the quartz structure, substituting Ge for Si
appears (0 have the same cffect on the geometry of
the structure as increasing the pressure has. Because
we see Si-O bond shortening, we would predict some
compression of the Ge-O bonds; this was not ob-
served in the Jorgensen study.

Systematic changes in stereochemistry of quartz

Hill and Gibbs (1979) describe an apparent struc-
tural in between the Si-O-Si angles
and both d(Si-0) and d(Si-+Si) in silica polymorphs
as well as in silicates. The first relationship, —sec(Si-
O-5i) e d(Si-0), suggests that as the Si-O-Si angle
decreases the Si-O distance will increase. If true at
high pressures, it would predict that $i-O distances
might actually increase. In Figure 8 we have plotted
the regression line for the room-pressure data (Hill
and Gibbs) and the six points (crosses) determined in
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this study; this correlation does not persist with in-
creased pressure because a coupled decrease in the
$i-O-Si angle and the Si-O distance is observed.

The second relationship in Hill and Gibbs, log
sin[($i-0-51)/2) e log d(Si--Si), suggests that longer
angles. In Figure 9 the Hill and Gibbs regression line
for this relationship is drawn with our high-pressure
data (crosses). This relationship seems to hold better
than the first when applied to data other than those
obtained under ambient conditions. More structural
data are needed on the silica polymorphs 1o test the
validity of this relationship and the importance of
non-bonded Si---Si interactions on structural changes
under general P-T conditions.

The structural changes that take place during ther-
mal expansion and isothermal compression are not
simple inverses. Although the quartz structure is of-
ten thought of as compressing and expanding solely
through changes in the Si-O-Si angle, as if it be-
haved like a simple spring, this is not the case. Fig-
ures 10 and 11 compare structural changes at clevated
temperatures and pressures by plotting unit-cell vol-
ume, at P or T divided by the ambicat unit-cell vol-
ume, against the Si-O-Si angle and the tetrahedral
tilt angle, 8, respectively. For these calculations unit-
cell data at elevated temperatures were taken from
Ackermann and Sorrell (1974), and high-temper-
ature structural data were taken from Young (1962).
In Figure 10 there is a break in the slope of the lines
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The line represents the trend shown in Hill and

Gibbs (1979) for the ailica minerals measured under ambient

conditions. The crosses represent the data for quartz from this

study, measured at six pressures including room pressure. This
relationship may hold for general P-7 conditions.

connecting the high-temperature and high-pressure
points, suggesting that in these two regimes at least
partially different structural changes must be respon-
sible for the change of volume. In Figure 11 a hyper-
bolic curve shows that § increases rapidly as the a-f
transition is approached, but decreases in magnitude
more slowly as unit-cell volume is decreased. Al-
though the high-temperature work is not definitive,
we conclude that the silicate tetrahedron does not
show inverse effects. As temperature is increased,
there may be a small increase in distortion (Young),
when pressure is increased, tetrahedral distortion in-
creases considerably. It thus appears that the volume
increase with temperature is accomplished through
changes in the Si-O-Si angle and §, whereas com-
pression seems 10 be accomplished by the Si-O-Si
angle and increasingly by tetrahedral distortion.

Systematic changes in elasticity of quartz

Several methods have recently been used to inves-
tigate the bulk and single-crystal elastic properties of
quartz from structural considerations. Ab initio calcu-
lations, made by modeling quartz from smaller mole-
cules, have determined a bulk modulus for quartz
close 1o the experimental values (O'Keeffe er al.,
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1980). We have investigated how atomic rearrange-
ments reflect single-crystal clastic properties. The
structural reason for the changing ¢/a cell-parameter
ratio (Fig. 7) can be seen in Figure 2, on which we
have drawn approximate crystallographic axes. One
of the rapidly changing O-O distances is nearly par-
allel to a; the other is approximately 45° between a
and ¢. Hence there is more compression of these dis-
tances in the a direction than in the ¢ direction, ex-
plaining the stiffer elastic nature of ¢.

The errors on the bulk modulus, K,, and the pres-
sure derivative of the bulk modulus, K3, listed in
Table 6, are based on the assumption that the scatter
of the data from the curve being fit accurately repre-
sents the errors on the pressure and volume of each
point; this is often not the case (Bass er al, 1979),
When the errors associated with each point of our
quartz data are included in the analysis, K, and K5
are very poorly constrained. Therefore, Bass ef al.
have fixed the value of K, equivalent to the Reuss
bound, calculated from the acoustically determined
single-crystal elastic moduli (McSkimin ef al., 1965)
and corrected for the difference between isothermal
and adiabatic experiments. Using a weighted fit of
our data, holding K, = 0.371(2) Mbar, they calculate
K5 = 6.2(1), in excellent agreement with McSkimin
et al.'s acoustic value of 6.3(3).

Using any two bulk elastic moduli, the eclastic
character of an isotropic material (an ideal poly-
crystal) can be described. A common pair of such
moduli are Young's modulus, E. and Poisson's ratio,

S :
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Fig. 10. The Si-O-Si angle of quartz as s function of unit-cell
volume st temperature or pressure normalized 10 room-pressure-
temperature volume The break in slope at the room-temperature-
pressure point suggests that dificrent structural changes cause the
volume change for increased lemperature Of pressure.
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o, which describe the lengthening and necking of a
rod under tensile stress. Poisson's ratio can be written
in terms of K, the bulk modulus, and y, the shear
modulus: 0 = (3K ~ 2¢)/2(3K + p). The Voigt
bound of K can be expressed as 1/9(a + 2b] where,
for the case of quartz, a = 2¢,, + ¢, and b = 2¢,, +
¢y (c,'s are single-crystal clastic moduli); 4 can be
written as 1/15[a = b + 3¢] where a and b are as
above, and ¢ = 2¢,, + ¢, Therefore o = [a + 4b —
2c)/[4a + 6b + 2c]. The value of o for quartz is 0.056,
yet for most minerals o = 0.25. To understand why o
commonly equals 0.25, we assumed o = 025 and
solved this equation. The result is that b equals ¢
Therefore, for most mincrals the sum of the pure-
shear clastic moduli (c) is approximately equal to the
sum of the off-diagonal shear moduli (b). In quartz
the ratio of b/c is 0.2 instead of 1.0 (McSkimin er al,,
1965).

Single-crystal elastic moduli each describe the
structural deformation that takes place when a given
stress is applied (o a crystal. The pure-shear elastic
moduli (¢, and ¢,) indicate the amount of shear
stress required to produce a unit shear strain in the
a-c plane (c,,) and the a,-a, plane (c,). One of the
off-diagonal elastic moduli, ¢, describes the stress
induced in the ¢ direction due to a strain parallel to a;
the other, ¢,., describes the similar coupling between
a, and the direction perpendicular to @, and c. When
a coil spring is shortened parallel to its axis, very
little stress is induced in a direction perpendicular to
the axis. Exactly such a change can be casily accom-
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Fig. 1L The tetrabedral tilt paramcter for quartz, & as &
fonction of wmit-cell volume at temper or

Fig 12 Spwals of sihcate tetrabedra parallel o ¢ These easily

panding and ing sparals behave like coiled springs and
are, therefore, responsble for the low value of Powson's ratio n
quanz.

modated by the quartz structure which is comprised
of tetrahedra repeated along threefold screw axes
parallel to ¢ (Fig. 12). When a length change occurs
parallel to ¢, the small value of ¢,, suggests that there
is a small concomitant change in a. In addition, if a
length change occurs parallel to a,, a small change in
the direction perpeadicular to a, and c results. This
behavior dominates the clastic behavior of a poly-
crystal. We therefore belicve the small value for Pois-
son’s ratio is caused by the casily expanding and con-
tracting spirals of tetrahedra which behave like
coiled springs. Thus for this relatively simple struc-
ture the shear moduli can be rationalized from struc-
only a beginning, we hope that additional detailed
studics of crystal structures at high pressures, and the
relationships of structural changes to the single-crys-
tal clastic properties of the same materials, will even-
tually lead to general empirical relationships that
may help us to predict elastic properties of minerals
as they exist within the Earth.
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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) 1927 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 + 019 (INAA) 1523 + 013 (XRF)

Ba  (ugfg) 720 + 13 (INAA) 701 E (IDMS)

Ca (%) 147 £ 003 (INAA) 1.53 £ 0.04 (ICP-AES) 1.56 £ 0.07 (XRF)
Cr (ng/e) 196.0 + 2.2 (INAA) 202.1 = 7.3 (FAAS)

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

Fe (%) 771 = 009 (INAA) 7.92 £ 025 (XRF)

K (%) 1949+ 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  (ugfg) 2011 + 22 (INAA) 1995 + 80 (FES)

Ni  (ug/2) 1206 + 25 (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 £ 0.08 (Grav.) 2299 £ 030 (XRF)

Sr (ng/e) 1034 + 21 (INAA) 1041.1 = 47 (IDMS) 1040 +£32 (FES)
Th (ug/g) 25.64 = 028 ({INAA) 2573 £ 065 (IDMS)

Ti  (ugle) 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 sieve 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 borate 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 1907113374 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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Dating of freshwater fossil shells in the archaeological sites
at Cliff Deva Thoud-Ta Thoud-Yai, Songkhla Province of Thailand
with thermoluminescence
Tidarut Vichaidid* and Piyawan Latam
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Abstract

Archaeclogical evidence indicates that a group of humans arrived in the southern region of Thailand around 40,000
years ago. This hypothesis is based on the discovery of human and animal bomes, beads, and ceramics, as well 23 fossilized
freshwater shells. This current study used thermoluminescence (TL) to date freshwater fossil shells from the archeological sites at
Cliff Deva Thoud-Ta Thoud-Yai in Songkhla province of Thailand Organic compounds having unpaired electrons trapped by
crystal defects are required for TL dating. The method nesds two factors for pracise dating the annual dose and the accumulated
doses. We estimate the annual dose using the Dose Rate and Age Calculator (DRAC) Regarding the accumulated dose, we used
glow<urve deconvolution (GCD) for general orders of the kinetics The accumulated dose is determined by the relationship

mmnmmqumu

gamma
on dose was modeled. Al fossil shells were dated at 2 temperature of 35

radiation. Ut lizear the dependency of TL

regression,
for TL, and their ages wers estimated to be

9485 06 = 564.13 year This outcome will uitimately belp us understand more about how people in that region lived.

Keywords: thermoluminescence, Cliff Deva Thoud-Ta Thoud-Yai, freshwater fossil shell, Dose Rate and Age Calculator

(DRAC), glow-curve deconvolution (GCD)

1. Introduction

Since 1912, hd«dopwofm
in southern Thailand has beem the subject of research Both

Thai and imternational archeologists have collected related
knowledge Several archeological sites have unmcoversd
evidence of human settlements in this region of Thailand
around 40,000 years ago. This is estimated to have occurred
during the Pleistocene Epoch, which lasted from around
2,580,000 to 11,700 years ago and included the most recent
era of multiple glaciations on Earth. One of the sites of
interest is the CLff Deva Thoud-Ta Thoud-Yai i Songkhla
province, southern Thailand, where 2 change was eventually
validated in 2009 by the Internatiomal Union of Geological
Science. This archaeological site has yielded human skeletons,

*Corresponding author
Email address: tidarut v@psuacth

animal bomes, beads, ceramics, and freshwater fossil shells
This site contains evidence of rites 2nd handicrafts, such as

m-mnmmmmm

Moreover, archasological dating is neither absolute
nor pracise but somewhat approximate Thersfore, it s crucial
to ressarch absolute dating to get more accurate mnformation
from the dating of prehistoric materials Radiometric dating
uses the natural decay of radioactive elements like potassium
and carbom a3 accurate clocks to determine when things
happened in the past (Marwick, e al, 2017, Solheilm, 1970,
The 13" Fme Arts Department, 2010)

Furthermore, 23 2o alternative electron
spin resonance (ESR) and luminescence or OSL), which
assess the effects of radicactivity om the accumulation of
electrons in mmperfections, or “traps,” in the crystal structurs
of 2 mineral, to determine the age of the sample, have turned



T. Vichaudid & P. Latam / Songkdanzkarin J. Sex. Technol. 45 (1), 44-50, 2023 43

out to be effective m this sort of research (Aitken, 1298
Ikeya, 1993, Lintzis, Zacharias, & Polymeris, 2010). Our
study will concentrate on using the thermoluminescence (TL)
technique on freshwater fossil shell samples Our TL dating
provides 2 more accurate date of around 10,000 years, unkike
the archeologist’s relative dating, which = 40,000 years.
These results show that human: had settled before the
historical period, or, more accurately, in the post-Pleistocens
epoch. Since the Pleistocens era has 2 wide range fom 2.3
million years to 10,000 years ago, this accurate result will Sl
the zap and help us understand more about the settiement and
cultural development of the prehistoric human beings in this
rezion

2. Materials and Methodz
2.1 Sample collection

wmummmmmhgu
site Jocated in Ban K20 Yang Moo 7, district of Kao Dasng,
SablYotcm Snghhptwnce.(:hﬂ'mnnndh-
Thoud Yai At 72 meters above se2 level, this archeological
site is situated at N6-30°51 145" and E100°49°17 148 This
site’s surroundings are domimated by a 60-meter-long, 20-
meter-wide limestone mountain In addition, 2 natural brook
flows through the cliff': face. In 2010, the Songkhla Fine Arts
Department Unit 13* did 2 swvey and collected ceramic
pieces, beads, animal bomes of different sizes, human
skeletons, metal tool pieces, and shells (The 13" Department
of Fine Arts, 2010), 2: can be seem i Figure 1. These
specimens were taken from burials TP1 and TP2, respectively,
as in Figure la Freshwater fossil shell samples from TP1
were obtained at three depths, 2s shown in Figure 1 between
50 and 60 centimeters (SH1), S0 and 90 centimeters (SH2),
and 90 and 100 centimeters (SH3) (Figure 1b).

Freshwater fossil shells from each site were divided
to determine the accumulated dose (AD). The second was
dose (D;,). In the first part, the freshwater shalls wers washed
and cleaned in an ultrasonic bath, followed by etching m 5%
HCI for 1 hour to remove soil and the surface portion, which
were exposed to 2-particle uradiation in the sediment Then
were gently ground with 2 mortar, and the grains were sieved
to obtain a fraction between 20 - 150 uym The granules were
azain etched in 0.5% acetic 2cid for 2 few minutes to suppress
spurious TL emission (Vichaidid, Youngchuay, & Limsuwan,

Figure |

2007). Specimens with particle sizes of 90 - 150 um were
then washed repeatedly in distilled water and allowed to dry 2t
40°C. All the sample preparation steps were performed under
dim red lisht Each sample was divided imto 2 afiquots of
approximately 150-250 mz =ach, and all the 2liguots were
iradiated for TL measurements Aruficial gamma-uradiations
were camied out with 2 Co-60 source (GC-220E), which
delivered 3404 Gy's, 2t the Co-60 zamma-rzy imadiation
lzboratory of OAP (Office of Atoms for Peace im Thailand)
The artuficial dosages were given at levels of 10, 20, 30, 40,
50, 60, 70, 2nd S0 Gy. The sheil powder was put imto

contammers, which wers then moved ﬁl' Il
measurements The weizht of each sampis was about 150-250
mz All the TL measurement: were camied out at room
temperature The emitted TL was recorded using a Harshaw-
3500 TL reader. The TL was induced by heating the sampls 2t
5 *C's up to 400 °C in 2 high-purity nitrogen atmosphere.

In the second part, the feshwater shells were
washed, cleansed, and prepared with the same procadure 2=
above, but the sraims were instead sieved with 2 90 um mesh
sieve to obtain 2 particle size range of 0-90 ym The shells’
mmﬂmmmmw

spectrometryy HPGe detector (Vichaadid
1mm&l.m’00j These content: allow us to
caiculate the internal anmual dose (D,). The mternal ammual
dose could be calculated using Equation 1. The contribution of
intermal gamma rays can be neglected since the shell i= too
thin to 2bsorb the gamma rays emitted from the imside
(Aitken, 1998, Engzin, Kapan-Yes, Taner, Demirtas, & Eken,
2006; Ikeya, 1993) In the internal anrual dose calculation, we
assumed the efficiency of the defect production (k-value) by
aipha rays in arazonite being 0.05 (Lyons & Brennan 1991)

D.=kD.*D, )]

Gamma spectrometry HPGe detector was used to
prepared in ambient lisht for external ammual dose D.,
determimation. The external annual doze could be calculated
using Equation 2. For the estimation, the external dose rate of
the sediment on calculating the 2ipha extarmal dose wa: mot
considered, since the shell surface had been etched (Asken,
1898, Tkeya, 1993) The sedment samples wers gently ground
with 2 mortar, 2nd the grains were sieved with 2 90 pm mesh
to obtain the particle size range of 0-90 um (Vichadid
Soodprasert, Sastri, Oompathum, & Limsuwan, 2008)

(2) The positions of grave holes at TI1 aned TP2 , and (b) Freshuaser fossil shelly and somples from T used 10 perfoem TL dating

114
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De=D+Dy 4]

The znmial doze () consist: of the internal annmal
dose (D), the external 2nmal dose (D), 2nd the cosmic @y
dose (D). The imternal ammuml dose &= cansed by rediaton
emitted from U-23E, Th-231, and E-40 in the shell, whils the
external annual dose &= czused by radiation in the smmounding
sediment. Each contribation was evalunated by determiming the
concentrations of radioactive elements: alpha, beta, znd
Eammia radiation are the deczy products of the U-23E series,
the Th-232 senex, and E-40. In addition, the dpse of commic
rzy: (D)) was incinded in the 2mmal dose. The cosmic rEys
were determined by the longitmde, latimde, and altimde of the
region of intersst, and the depth of the s2mpls decreased thess
three contributions. The z2nmual dozs could be calonlated nsing
Equation 3 (Aitken 102%; Tkeya, 1293)

D=Dy+D.+D e
3. Recults and Dizcuzsion

The stucture of aragomite & orthorhombic, with
czlcite is rhombohedral (Muomey & Wintle, 2000; Pemin & al,
2014). Typically, czlciom carbonate haz three stuctomal
polymorphs:  vaterite, arzgomite, and czlcite. All three
polymorphs can coincide in some types of shells. In mature,
aragonite and calcite are the most common forms. Therefors,
2= gppected. thess Seshwater chells mazinly contzined
zragonite 2nd calcite. The proportion: of arasonite and calcits
in the strochore may vary in the same shell, 2nd it will depend
on the mollusk and where it was developed (Camo, Turbizmi-
Filho, Gennari, Mumita, & Souzz, 2013; Chateigmer,
Hedegaard, & Wenk, 2000). The results obtzined from the
shell: collected from CLff Deve Thoud-Tz Thond-Yai
indicate that the shells had an arazonite and calcite struchare.
Figure 1 shows our zhell samples” X-rzy difffaction (XED)
result.

The concentretion: of those radicactive elements
were then msed tp estimate I, and D, based on the online
Dose Fate and Age Caloulator (DEAC) (Tulie, Georgina, &
Duller Geoffrey, 2013) uwsme the comversion factors from
Adamiec and Aitken (Aitken 190F), o-and Fgrain size
attemuation factors respectively from Eell (Bell. 197%) and
Brennan ef al (Breonam ef al 1921), and S-eich attenuation
factors from MMejdahl (Mejdzhl, 1979). D., the cosmic-ray
dose mate, i derived from the seographical location amd
glevation of the =ite. Itx value for each collecting site &= nearly
identicz]l zince they are in the same cosmic exposure arez.
With the mean square deviation of 1%, the combmation of the
three dose: i the total anmual dose of the foazil shells The
evzluation result: of the 2nnual dosa rzte are reparted in Tabls
L

The TL intensity glow carves of 2 gamma imradiated
zhell zample, 5H1, azre presented m Fizure 3. Doss usage
ranged fom 0 to B0 Gy. The insst in Figure 3 shows the
platean, which could be derved from the mtio of the
unimadizted sample to the imadiated ome: ar differsmt dose
levels. The platean showmn bere corresponds to the temperators
between I30°C amd 373°C. This paper selected the sigmal
responze fo 330 °C, to normalize the signal responses io the
iradiation varyine between 10 Gv to B0 Gy, 2= showe i

A

-
-

Tntersiey (i h
-

A € A A A B

B Nt et Nl W Rm N e Nt il

¥ = = @ = @ =
g (Desves)

T Frosdiwcasin Tossdl shills aie compsasid of sragiie a6
calcite {Amgomite, A Calene, C)

Figure I

iwsars (3w

Themobkominescomoe (TL) miomsity responses 23 fmcioms
of mpersure for SHI subssmples exposad w0 diffenena
daoses Gy

Fizure 4. All corves hanve peaked around 160 °C and 350 °C,
where the mzpimum TL sizmal &= 2t the latter, posszibly a=
rezponze from amazomite (Tammmi, Nasztomo, Mztmmokm, &
Wamannabe, 1983, Howsver, thess (Smperanoe rasponsss ars
stated  di (Takada, Suroki, Ishii, Hionzle &
Hironiwa, 2017).

A glhow-mumve dscomvolution (GCDY) for genemal

Figure 3.

lD?ﬂ}I‘hemuﬂztemnfﬂdupakmuﬂutﬁhl
emitted photons. Plotting the area under the curve 2t 350°C
zrzinst the adiime doss: allow: ome fo determime the
aorumulzted dose, 23 shown in the E-imtercept All samples
showed 2 lnezr relation between the nommabred miemsines
znd the addiive dose: We, hence, obizined the acoumulated
dosz for the samples, 2z dlustrzted m Fizswre 4 With
aoummlzted dose (AD) and znmual doze rzte (D) value:, the
2z of the shells can be caloulated uxing Equation 4.

Age = aomumulated dose [AD)
znmmal dos= mate (D) 4]

The resultz are showe m Tzble I. The Seshwater
fossil shelifish at SHI, SHI, and SH3 have apes of D0§T733 =
53133, 10044.54 = G10.E0, a=nd 934500 = 35015 vears,
respectively. Three shells were dazted by the 13" Feziomal
Office of Fine Arkz Depariment Sonpkhle fo compars
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Table | Comcememions of U, Th and K in the semphes usad b caleulane O aamual dose mane {10 of the samgles
Samnprhe U-I38 () Th-232 (pyem ) K {%a) Cosinies ray (iliy vear) ¥ ey v
SHI I.18 £ 5% 1354023 3] &0 018 & 0l 3362020
501 [ L E LT 327 2040 X2 {1k LR =4kl
=H2 1434034 356 £ 030 [MEIES ] 018 =dk0l 374420007
sD2 086 & 016 3154028 LT3 4h15 Q.18 &l
SH3 [{E =3 1N i) 1.7 0,20 105 & 4,22 IR = de) 3242007
=03 DA £ 044 208 & (LG8 UNLTESR] 008 = dk0l
Table 2. Shells” ages clnairad asisg TL isethod
Sample I (i yozary AD (miy) Age (years)
HHI 3364 0.2 3049 & 005 96733 & 531 .34
SH2 17420007 ATSh £ 155 10EH4 50 £ Gl T
SHI EMmI? TR G345 00 & 550025
() b e Inhle 3. Camparison between mdiocarhom 2nd TL. dating resuhs
[l Y- l,.l‘ld.l!"'lu. = Rodli, | 18 XF
E R*=0.08 Haitgili =14 Age {wvears) TL Age {vear)
i o SH1 Gl 1140 Q06733 & 530134
= SHI (LA L LR ] 1CH 50 £ 1T
AD = SH3 DEL 500 4 A3) 0345 00 4+ 44 24
*

HueMalHiais i PENHSMadSEaE T IR
AR e [ |

(b}

¥ = 1807 Sy« ST ETT NG
R = o
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AD = 3158
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Figure 4. TL asalyvses of accumalated dose (AD) for SHI1-S5HY afe
diployed from (o) to (c), respeciively, hesed om TL

responses at 350°C,

radiocarbon resultz (The 13° Fine Ars Deparment, 20100
The ages are summarized m Table 3. The TL bazsd age
estimates for samples 3H1, 5HI, and 3H3 were found to be

hizghly zimilar, with a standard deviation of just 3%, according
to the results m Table 3. The age estimates provide accurzte
age information for the archaeological site. This indicates that
people historically imhabited the region. Becanse food,
jewelry, tools, and pottery, which were used every day, were
included i the bunal ars dizcoversd m the graves, they reveal
what people believed ahout the foture world.

The C-14 technigue took only shell samples for age
analysiz, and the samples of shells from each rezion will have
different levels of ervironmental contamination around them.
The study yielded different age estimates despite the fact that
the :amples were apparently of the same age. As a result, the
age estimate: of 5H1 as determined by the C-14 techmigue
were below those for SHI and SH3 :amples, which, assuming
the amatytical procedure was accurate, did mot epchide the
possibility of adjustment: for wvariou: environmental
contaminantz. This will lead to age estimates that are
inconsistent with reality (Hebert, 2013; Spelling, 2008). The
TL techmigue of age determination employ: both the shells
and their sumounding eavironmental samples. It is obzemred
that the age estimates obfzined wsing the TL technigue for the
zame :ample site 2re in 2 close agreement

4. Concluzions

For determinimg the ammal dozes of the samples, a
E2mma spectrometer equipped with an HPGe detector, 2ble to
meazure radiztion doses ranging from 3.24 to 3.74 mGyy,
was utlized. A significant response in the samples’ TL siznalz
revealed that the appropriate temperarures were betwesn 200
*C and 400 »C. The responss in the TL intensity was linsarly
proportional to the 2mount of zamma imadiation received,
which iz warth consideration. The calculated estimate: of the
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accumunlated doses were berween 3024 Gy aed 3736 Gy It
ha: beem determined that the ages of fosml shellfish
discovered m feshwater ramge from 9047.33 to 10044 34
vears Radiocarbor datimg reveals a gap of 6.20 percenmze
pomts berween these rwe setz of findmes This specific date
will belp us confirm a stody of the prehistoric &ra in southern
Thailand Based on these discoweries, one can conclude thar
homan sertlemert oconrred before the huswmncal period, or
more precizely, duriep the post-Pleistocens epoch This
accurate result will help fill m the blank= and 2::03f us im
learning maore abowt how ancient people lived and kow ther
culmre evolved i this region Specifically, o will help us
learn mare abour how people nsed o Live in this region.
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Abstract: Thoud-Ta Thoud-Yai is Thailand's oldest archaeological site. Identifying
the age of artifacts helps link past and present in storytelling. Absolute dating
techniques are used to estimate a sample's geological age. Calculating the annual
dose is the essential step. The annual dose depends on samples' concentrations
of natural radionuclides and the sediment surrounding them. This rescarch
performed the annual radiation dose analysis in pottery by quantifying the
concentrations of natural radionuclides using Neutron Activation Analysis
(NAA). According to the volume analysis, internal dose, external dose, and
cosmic rays contribute 0.180 + 0.027, 0.959 + 0.110, and 0.177 + 0.009 mGy/year,
respectively. The annual dose was found to be 1.139 + 0.113 mGy/year. Annual
dose measurements are necessary for determining the age of pottery samples. Since
the age is determined by dividing the equivalent dose by the annual dose, this
result connects the past and present at the Thoud-Ta Thoud-Yai archaeological site.

Keywords: Annual Dose, Neutron Activation Analysis, Pottery, Thoud-Ta Thoud-Yai
1. Introduction

There are several methods of dating material samples for their age. Each
is appropriate for some restricted sample structure type. The sample's aging
value is also a factor. It focuses on the proportional connection between the
equivalent and annual doses. In other words, the annual dose is important for
determining the age. The sample's age apparent from its radionuclides is
affected by radiation from the surrounding environment, so a radiation level is
needed to calculate the sample's age. Most naturally radioactive elements are the
radioactive series (uranium, actinium, and thorium) and some non-series
nuclides (mainly potassium). This naturally occurring alpha, beta, and gamma
radiation sources expose minerals to radiation continuously [1-2]. Suppose a
mineral is exposed to natural radiation. In that case, some paired electrons are
ionized, and trapped by impurities, and unpaired electrons, also known as
lattice defects, are also formed, leading to aging [3]. The annual radiation dose
must thus constantly be assessed [4]. The concentrations of U-238, Th-232, and
K-40 in archaeological and geological materials will be used to calculate the
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annual dose, which is the most important factor in dating. Several methods are employed to determine the
contents of U-238, Th-232, K-40, and the annual dose rates of geological and archacological material. Each
method has its own merits and conveniences [5]. The aforementioned include alpha, beta, and gamma-ray
spectroscopy; track detection (fission tracks and alpha-tracks); mass spectrometry: secondary ion mass
spectrometry (SIMS) or with an ion micro-analyzer (IMA); inductively coupled plasma-optical emission
spectrometry (ICP-OES); inductively coupled plasma mass spectrometry (ICP-MS); and chemical analyses: X-ray
Fluorescence: (XRF), liquid scintillation counting (LSC), and neutron activation analysis (NAA).

Ancient materials' age is determined through annual radiation dose assessments. It is established by
examining the U-238, Th-232, and K-40 concentrations. The previously mentioned NAA is an interesting
technique. Archaeological artifacts contain 1-10 ppm of naturally radioactive elements, requiring careful
investigation. NAA estimates long-lived radioisotopes in the environment. NAA's sensitivity and isotope
specificity identify radionuclides with 104-year half-lives. Neutron activation creates radionuclides with
shorter half-lives and increased specific activity. The 1950s: S.A.A. (the first artificial radionuclide was
produced in 1934). Activation analysis identifies and quantifies stable elements using artificial radionuclides.
Only a few stable atoms in the sample turn into radionuclides [6]. Neutron energy influences elastic collision,
radiative capture, charged particle reactions, neutron reactions, fission, and fissionable isotope reactions. NAA
starts nuclear processes using neutrons. Quantify neutron capture radiation. The addition of radioactive nuclei
causcs radioactivity. The latter kind is typically NAA [7]. Nondestructive NAA detects low background
gamma radiation. In recent decades, semiconductor detectors and digital technologics have helped it advance.
Gamma-ray photons generate electron-hole pairs in photon detectors such as a Highly Pure Germanium
(HPGe) detector, a Ge for low energy photon spectroscopy (Ge-LEPS), and a lithium-doped Ge [Ge (Li)]
detector cooled by liquid nitrogen detectors for gamma radiation. Peak current caused by electrons and holes
is proportional to gamma-ray spectra used to assess U-, Th-, and K-series elements. Electrons and holes create
peak currents. Gamma-ray spectroscopy can be used to find NAA's gamma-ray peaks and figure out its parts
[4, 6].

The annual radiation dose must be found by adding the samples' radiation doses and the radiation
dose from the environment, including cosmic rays. This study investigates the annual radiation dose of pottery
at the Thoud-Ta Thoud-Yai archaeological site to determine the concentrations of natural radionuclides. By
employing NAA methods and gamma spectrometry with HPGe well-type detectors, we could estimate
ancient materials' U-238, Th-232, and K-40 compositions. It is important to determine the pottery samples’ age
and annual exposure levels. The archeological site of Thoud-Ta Thoud-Yai should link the following sequence
of past and present occurrences. The 13* Songkhla Fine Arts Department has investigated the archaeological
site of Thoud-Ta Thoud-Yai. The examination found that the archaeological site had several objects from
antiquity. The preliminary analysis suggested that they were objects from the ancient period [8]. The annual
dose levels determined in this study may be utilized to examine ages and verify the accuracy of archaeological data.

2. Materials and Methods

As indicated in Figure 1, the Thoud-Ta Thoud-Yai archeological site is situated in the Kao Daeng, Saba
Yoi district of Songkhla province. As seen in Figure 2, Songkhla's 13™ Department of Fine Arts unit discovered
the samples in 2010. This current study used pottery samples and the surrounding environment as its study
materials. The cliffs are 60 m in length and 20 m in width. There is a natural headboard slicing through the
cliff shed's front face. The current is thick with vegetation. Archacological evidence has been uncovered at
several damaged sites. These include remnants of pottery containers, human skeletal fragments, steel tool
components, and animal bone fragments. The archacological site goes back to ancient periods, according to
estimates. The excavation site is shown in Figure 3. Two wells, TP1 and TP2, were excavated. TP1 was the
pottery excavation employed in this study's annual radiation dose analysis. At the same time, TP2 was the
excavation where human skeletons were discovered, as seen in Figures 4A and 4B, while Figure 4C shows an
example of pottery used in the research [8].
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Figure 1. The Thoud-Ta Thoud-Yai archaeological site of Songkhla province.

Figure 2. The external arca and the excavation site of the Thoud-Ta Thoud-Yai archacological site [8].
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©

Figure 4. The excavation site (A) TP1 was the pottery excavation location used in this study’s annual
radiation dose analysis; (B) TP2 was the excavation where human skeletons were recovered;
and (C) shows a sample of pottery used in the research [8].

The sediment and pottery samples were collected at 50-60 cm depth. All samples were dried in an
oven at 60 °C for 24 h, then crushed, pulverized, and homogenized. Note that clean containers should be used
for the preparation and handling stages to prevent contamination [9]. Each powdered sample was crushed to
a 0-90 um particle size and stored in polyethylene vials of the same shape and volume as those holding 150-
250 mg of standard reference material. The lamp cap was heated to form a tight seal. Samples and standard
references are stored in plastic cylinders in alternating order. All samples were radiation in two phases at the
Thai Research Reactor-1/Modification (TTR-1/M1) at the Office of Atoms for Peace (OAP) facility. First, the
concentration of U-238 and Th-232 were found by using long-term irradiation for 12 h and a cooling time of
5-6 d in the epithermal neutron flux of 2x10° n/(cm2.s). Using short-term irradiations of 10 minutes and 12 h
of cooling with a thermal neutron flux of 2x101 n/(cm?2.s), the concentration of K-40 was found [2]. The gamma-
ray spectra were started. GWL series HPGe (High-purity Germanium) coaxial wells, installed in a vacuum-
tight cryostat, make up the gamma spectrometer system. The aluminum absorbing layers (well wall) are 0.5
mm thick. For this purpose, we utilized the Gamma Vision-32 V 3.2 Gamma-Ray. Spectroscopy Software has
a friendly graphical user interface and is great for working with and analyzing spectra on a home computer.
The quantitative ratio of the gamma-ray spectrum would be altered as a consequence. A feasible method for
measuring Np-239 and Pa-233 is U-238 and Th-232 because of their short half-lives, as indicated in Equation 1
(see Figure 1) [10]. Table 1 also includes important nuclear data from neutron activation studies on
U-238, Th-232, and K-40. K is necessary for life. K-40 isotope abundance in nature is 0.01%, whercas K-41 is
6.7%. Hence K-40 contamination is computed from K-41. Despite its short half-life, K-42 is a common
radiotracer. The only K isotope with a similar half-life is K-43, which is harder to generate than K-42. Neutron
activation analysis uses K-42 to measure potassium content. [9-12]

U-238(n, 1)U-239 —— Nip-239(2.55d)

Th-232(n, 7)Th-233 ——> Pa-233(27.4d) )
K-41(n,y)K -42 (12.36h)

Table 1. This study used important nuclear data from neutron activation of U-238, Th-232, and K-41 [9-10].

Element Isotope Half-lives Energies of emitted Gamma ray (keV) Y% of emission
U-238 Np-239 255d 277.6 14.1

Th-232 Pa-233 27.4d 311.9 337
K-41 K-42 12.36 h 1524.7 179

The annual radiation dose (D) consists of the internal dose (D), the external dose (Dex), and the cosmic
dose (Deos). The cosmic rays were controlled by longitude, latitude, elevation, and the contributions lessened
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with sample depth. Radiation from U, Th, and K in the pottery is responsible for the internal dose. Still,
radiation from the same elements in the sediment around the pottery is responsible for the external dose.
Radioactive element concentrations were used to analyze cach contribution. U, Th, and K decay produce
alpha, beta, and gamma radiation, in addition to the cosmic rays. Equation 2 may be used to determine the
annual dose [6, 13].

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

Internal gamma radiation can be ignored since the pottery was too thin to absorb gamma rays. Due to
our samples' coarse grain structure, we considered that the efficiency of the defect production (k-value) by
alpha-particles in quartz remained minimal for the internal annual dose calculation. The k-value is a correction
factor because an alpha particle's luminescence effects are limited to a small grain volume along the track [14];
hence, alpha particles induce less luminescence in each component of absorbed energy than beta particles and
gamma radiation. Therefore, the internal dose would be exclusively determined by the beta dose rate. [6, 15].
Since the pottery surface was etched, alpha particles can be ignored when calculating the external annual dose
[5]. The annual internal and external dose rates may therefore be expressed as,

D, =kD, +D, ®)
D, =D, +D, @
In Equations 3 and 4 D, Dg , and D,, can be determined using Equation 5. The following equation, for

example, C,, is the U-238 concentration and D
[5, 15-16].

u Uy @ conversion factor is the alpha-particle emission rate U-238

D, =CyDy, +C

U T ll\Dl'l\(u)

D, =C.Dyyy +Cr Dy (%)

D, =CyDyy +CnDryy +CiDxy

The concentrations of those radioactive elements are used to estimate D, and Dex based on the online
Dose Rate Calculator (DRAC) using the conversion factors from Guerin et al. [17], alpha and beta grain size
attenuation factors respectively from Brennan et al. [18] and Guerin ef al. [19]. Beta etch attenuation factors
from Bell [20]. The cosmic dose rate, derived from the geographical location and elevation of the site, is nearly
identical for each collecting site since these are in the same cosmic exposure area, with a mean square deviation
of 1%. The combination of the three doses is the total annual dose of the samples [21].

3.Results and Discussion

Figure 5A shows the gamma spectra of U-238, Th-232, and their daughters, while Figure 5B shows the
gamma spectrum of K-40. However, the results in Figure 5 are just an example of all the results for gamma
spectra of U-238, Th-232, K-40, and daughters. Figure 5A shows a region of interest according to photopeaks
at 277.60 keV and 311.90 keV for their associated radionuclides Np-239 and Pa-233, respectively. These
photopeaks were used to calculate the concentrations of U-238 and Th-232, respectively. Furthermore, Figure
5B is based on photopeaks at 1524.7 keV, the associated radionuclide of K-42, and were used to calculate the
concentration of K-40 [22].

The annual dose could be determined by analyzing the gamma spectra in Figure 5 for the
concentrations of U-238, Th-232, and K-40 described in Table 2 (D). As indicated in Table 2, pottery samples
do not contain potassium since ancient pottery was made from clay. Therefore, the majority of clays have
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detectable levels of uranium and thorium. However, there is little to no potassium [23]. Using the correlation
coefficients for Dy, Dex, and Doy, the Internal Dose (D.), External Dose (D.), and Cosmic Dose (D) were
determined using DRAC [21]. Table 3 displays the results.

1000 -
A)
Np-239 (277.60 keV)
100 - | Pa-233 (311.90 keV)
fll [

"
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(=3
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,

T T T 1
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Figure 5. The significant photo peaks and associated radionuclides of sediment around the pottery are
shown. (A) and (B) display gamma spectra for the radioactive elements U-238, Th-232,
and K-40, respectively.
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Table 2. The concentrations of U-238, Th-232 and K-40 in pottery samples and clay around pottery.

Sample U-238 (ppm) Th-232 (ppm) K-40 (%)
pottery 5.61 +0.87 15.60 +1.20 -
Sediment around pottery 1.70 +0.66 3.27 £0.46 0.22+0.01

Table 3. The annual levels of Internal Dose (Dy), External Dose (Dex), Cosmic Rays Dose (Deos), and the total

Annual Dose (D).
Sample Din Dex Deos D
P (mGylyear) (mGyl/year) (mGy/year) (mGy/year)
Pottery 0.180 + 0.027 0.959 +0.110 0.177 +0.009 1.139 £ 0.113

4. Conclusions

An annual dose assessment was performed based on the analysis of U-238, Th-232, and K-40
concentrations in pottery samples and sediment around pottery. The radiation levels of internal, external, and
cosmic rays were determined. Calculated doses of radiation were 0.180 + 0.027, 0.959 + 0.110, and 0.177 + 0.009
mGy/year, respectively. The annual radiation dose (D) estimate was then 1.139 +(.113 mGy/year. These annual
dosc levels can now be applied to quantify the ages of pottery samples. Such as trapping techniques (OSL, T1, and
ESR dating), [14-16, 20] age values can be used to connect historical events. The next stage is to connect to past
events at the archaeological site of Thoud-Ta Thoud-Yai.
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