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Trapped charge dating and thermochronology: recent advances
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Trapped charge dating methods including luminescence and electron spin resonance (ESR) dating are
based on the accumulation of unpaired electrons in minerals due to the natural radioactivity. Utilising the
most abundant minerals on the earth, quartz and feldspar, the methods can cover the age range from a
few years to more than a million years. The methods also have high potential as low-temperature
thermochronometers due to the very low closure temperatures (< 100°C). For the last 15 years, significant
methodological advances took place in the luminescence dating and thermochronology, which made the
method robust Quaternary geo- and thermo-chronological tools. ESR dating technique is currently not as
robust as luminescence, but the method is an attractive alternative to luminescence dating for extending
the age range. In this presentation, | outline the principles of luminescence and ESR dating and introduce
several important technical developments including, 1) extended age range of infrared stimulated
luminescence (IRSL) dating of feldspar using stable signals and its limitation, 2) recent developments of
quartz ESR dating using single aliquots and 3) luminescence and ESR thermochronology.
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The criteria of sampling for '*C dating and its example of application
to Kaman- Kalehoyik chronology
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1. &FE
1. Independent

AR TIE, BEORCUHANDOIILEDREELRERDABAKICDOWVWT, INE THMICKRIISNTIA
Mo R ROME, HARDBE, HRFEICHT 2{EFEMRIEA T o BERICEDOWVWT WS, KFFRIEE
EERARICK > THHERIEDOEREDOPNREDHEERAWIRT DI E2E—DENE L. 515, #
¥, RHRBEREMBDO A THREHEAF DI >R ABRETEMFEEFERREICEALZ, Thick?
BHRERICL Z2OMFEREEHENRTELOEVOARLPLMITEIILEEZDEME L. ZOBRE
T, HEPMNEELY BEHOEH THLIEEREER . BRFER. BEWH 2V EEMEROELPBEE
DBER HENEHICEICBRRI THEIEHERDERINESKRTH D, DR, ABAEDT7ILAY
FOSHRMEEICE VT, ZHESRBD S 51 mol/ID NaOHBRISER T 2R #FN L. EREIZIBEEHL4BH
T50 “CyrbA TOBRBAINERMEIRRI N IBETEH66785 ‘CyrREDERBOINRAR SN, T4b
5, ZOEMTREEFEOHBEAZM2EMOBANACHEBEEEOAMOAARKIFITEE TLWAWL, ZOEE
FEARSBOERMBITZFEBERETL TV THEEEENKT 2. METEONLIBEN ‘CERER, £
KRWIETOS S L0xCalver.3.10IC & > T, ERBEAB IR o7, BERBREIZINTCALO4AE AW, AT
v-ALERaYy IDIVaBE IVbBOEROERIE, CTAI22MHCHE SRTRI21HIBRALE o7, Thid 4
YRYITTEIINEBNEHBICH=Z. 512, REERFREREEREROFEEZRVWT, AxY - AL
Ry EBB7FH M) TOMOA DORIHFHABRFRR) SBRPEFHERBFREITCORELTLT 52 & HE
o. ZOWER, NOAEF2ALTROZLHEVOHESHICLIEFSTE, SEFERRAEICE >TRLNE
B EREICL D EDOBICIE, FIF—XtEEBREREDITIIERINT .
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RILARICITLAAAFICFTRERIIOILRADHE L, HAMICETHRUNLENE LTHLONS. 20T
JhNZVRBKEETL—MP 74 )EVEBTL— ML > TEHRBIN(ERE 2006), 7L — NEAHAAHIHED G
HITK > TEFHDILURPHABE XM SN TELEEZONTWS., RILABXOFERT IV M= REEBIX
KEHNIZ, 30 MaLlBIDKEHZK DA S, 25 MatEh 514 F 2 5158 IS 135D B AL K (Otofuji et al. 1985;
Tosha and Hamano 1988), 13.5 MallHBABILADHET L, 10 MatEDSEE2EMT IV h=J R, ZL T
5 Mah SIRMEF T < EMER 138, 1IC & BInversion Tectonics(fEik 1996)IC & » TREEINEERET 5, &Wo ik
ISHIZDORBELELEZRRL TWS. RIEBAOHMPEORFIEEFHA, SEMORLICHHR I N EELOSNCK
BIED 2001), BIFRBICE > TR I NMBIARIEDBRWERG NS CEEEH LERICERIEREEXT
EZELZARWV., LHL, BIEMAREDLUMOERESRIEZNEFNELR > TWSAEREELNH S.

WERDEHGREIRIBET D2FERICIKE, BMARIAILRAT—I)LERRE LEBRFENEET 5. Al AF
EELT, BREHANICERARQGPSEAMEMNFREL THY (Sagiyaetal. 2000) , T00FELLTD
F—F—DREEEIIIEICEELCRDODONTVS., LAL, ILIOBEYHEEREIZ10°~10"ED R
T=ILEEEZLNTWADT, GPSEAITHONEHBOY 1 AR —IILOEREEN, ZOF FILiH
BDY A LAT—IVDERLREREICHABETEZ LIRS, S50, MEZMI A LART—ILOEREILER
HERICHWL DY, IS TIIEETH o=, TDLDIREHRT, SI0FEEMTORERELTEN
ICEEAE L 7= B3I 30 7 .

AFETIE, BHELARILBRMOT 7 = ADUMMDRZICEZ 2HEY, HEXHNIA LAT—ILDOE
WiasEEMICHET 2EMT, BEBEHORERFMFEEEM VL. JOFEIF10FELL O LD
BEWEETEIFETHY, LEREOFEICELTHRARERY D2 EEZONS. HFRMKIESueoka et al.
(2016)IC& > TT /Y4 b &L AV D(U-Th)/He(BIC, AHedH & U'ZHe)FERIBE I N T WS HELL
Hh~EPNEFRL~HA L (FER) 2XREL, 7RXYMbT1av>ay - NSy TAFTEICE 2ERAE
EEFTRAZFIA LB ZEELEL. AFTEZERA LAEBEE LTE, OAFTEDEREERE(90~120T)H
AHel%k & ZHe X DFHEE DB TH Y (AHe : 55~80C, ZHe : 160~200C), ThbHDTF—¥ EEbES
E60~200C F TOEMMALABDETHARTHZ Z &, QAFTETIIFTRYH TR L BB ORI
AgETH Y (FlZIE, Ketcham 2005) , b3S v 7 D10~90%R¥F5E18 T#H % Partial Annealing Zone
(PAZ)D60~130CETNEFASHEEICHETED I L, D2RIBIFOL NS,

AEDFERE LT, RMRREILHT79.5~66.0 Ma, BEPERLH#T29.8~5.5Ma, HHHILHT
21.0~17.6 MaDAFTERNZ LN, Thold, EITHERDFTEA(#EE 2001, Ohtani et al. 2004)%
HefFf (Sueokaetal. 2016) OFERELBEMNREAZRL TWS. 7z, HeFTy (Ketcham 2005)% F\L\7=
NSy IRICK ZHBITTIIBAEDOREEMENSFREFHAINY, MERLHTIE80~60 MallERAHD /R
g—, BPBERTIEH MalllED&S, BRI TIE6~5 MallBEDEA/NRY — U RE SN ERERE
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Bole. INODHWESNAZREED &I, FLITHRDOEESE (Sato 1994; Yoshida et al. 2013; Nakajima
2013) &5 (Takahashietal. 2016) & DILEARET 51T - 7.

1EIEMAITlX, AERLUBRTENLRHRFBETHSZ I & &, 50 MaLIBEOBIFEL N2 kmiZETHB Z &M
WEINZ., DEW25Mah SIEEZARBILARUBEDT V7 b= ZADFEIE V<, BELEEALUERIZIES
ICBOHORBIFBETH > EDHREINS. 72720, BURLUBOYIFEE (Regallaetal. 2013) v &
E12HERBTOREZERE (Suzuki 1989) EZFNFN0.1~0.2 mm/yr, 0.2~0.6 mm/yrEEHINTSEH
Y, XARFETIEHBRHETEZ AN 72D, BECLUBEORIRIAINRE L/ ML H 5.

2)BENERIZ6 MatED IR E 2 RAEMP3I~2 MatBA SR FE 2EMICE > THERELAESNTWS

(Sato 1994; Nakajima 2013) . WUARDOFDOETIEZIDEDT I h= 9 ADFEARE T 2AHeER (2~1
Ma) & & UAFTER (6~5Ma) ¥, HEICE Z2HREMRAH Mak sh, BREROEERKBYRE2
MallfED B sl A R T 2HBLS/HESI N, —H, BHIOETIE>30 MaDFHWVWAFTERPZHeERB1F
LNTHY, BRILMHNTHERABREIER >TWRZENTREINEZ., INOOHWEREIR, BABILKHAIC
BT B EMRLD KILEENC & B Partial ResetDAEEEH H Y, BIRIIBZ TR W, 72720, KEZERFKOER
BV, INSOFHVWEREIXZDEORIAETTEEAREMENH S.

)EIMENE, AHEERNITARTIOMa%ztloTWBZ &R, IV IRICLDHBTICLE > THEINALZR
FHTHE~5 MatBICRIREMmERF DI ENOHRATZ L, EPFTREARICIOMaE TORAERDOFE S
ZIFTVWBAEENELHS. 27201, 30 MafHiEDFEREORERIZ, V) —V ¥ IZREBTMONZFERDNLE
FCBEEFORBICLDEBEICEY, RELHRD 5.

SHEDEFEE LT, OAEBHITRLTWSHA ($FICST13, ST15) DAFTERS LK UFTROEIAIE IC
EOoTCT—YDEHEEAALIE S, QRARDO LY FMARBETDLD, ZFTEPU-PhiER EDMD DT
FiExHEHWS, GSueoka et al. (2016)IC & > THeFERNIHREFADILAFE (b LIt ~BEPEFR Lth~K
- galih) OFTOMIEFEONTDRETH DD, TNSDBELIEIND, REDEBHIEIFONS.

F—7— R BERFE, (U-Th)/HeE. 714y >ary Iy ik RIBEBXR
Keywords: thermochronology, (U-Th)/He method, Fission Track method, NE Japan Arc
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BHHOERET 750— D THEZ2RAHT 75N 00BELY IOV ZAW, LA-ICP-MSIC & 2 U-PhEAH
ExERLEZ. SAEKRELEKREET7SERFERAHTOZRED SHEELZAIPMEDPMTH Y, EEET
Thrk YATPm, A2Pm, A3Pm, B Scoria, DPm, EPmD6KDT 7 > %2 L 7=. AIPm&DPmIZRAESR
DEFRETCHAEEZHE L. AIPMOU-PbERBIERKRIE, 0.43+0.02 Ma (32Z=1395% confidence
level) THY, BFEPEREED71vay - v VERAEFREBREST 2HERIEONZ. DPmOD
U-PbERGHIERERIF0.2820.05 MaTH Y, BEILHMEINTWVWEIERTH 0.1 Mak (A WEEL KR
NELNE. U-PhERIIILIVAIIIHIORE LIEZFERETRT LD, TI77OBEHERERTRTIER
W, ZhiCL, (U-Th)/HeFERIZT 7 SOBEHEFEREZRT EHFEINS. |’E, (U-Th)/HeFKRIE % EhE
FTHY, RRTIIZDERESHOTIHRET 5.

F—7U— K BOEKL. 777, U-PbERBIE. (U-Th)/HeFERBIE
Keywords: Quaternary, tephra, U-Pb dating, (U-Th)/He dating
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Temporal change in geochemistry of volcanic rocks in northern Kenya
Rift: Insights from “°Ar/*°Ar geochronology at Paka
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=TV T M, VI MNRICESh2HELEMKHILT SO AEICEY, B ETREFEMNARY
ThD—DEEZLNTWS, ZDI3545 =71 7 hOILERICIK 6 EDOXLDEHEALD, TREC NS H
1 hEBEHEL, PIREDO NS A PEBRXLEFERL TWS,

INSDIED—D, NANLUDFEBER, TISRENSRZHHD 3 2 KILEFHK DA/ P ArEREIE
IC&W0.58 Man50.012MaTH B Z EDRINT, INSIFAEARISBEONLTS N—FERETAYV Y
OVEREIRE<BHEKLTEONERETHY, Ty =71) 7 NOEXKRDEBREICKEENTH S, &
EHEARI A IC I3 3 E DN BYICE B DZ WEEERAY, 0.4 Ma, 0.15 MatE&R ', 0.05 Mak W EWEHIICE S
hize THICEDWT/NADEEEEE%0.6-0.35 Ma (1), 0.35-0.1 Ma (Il), 0.1-0 Ma (II)D 3 HAIC2 17 T/ A
DXFERAEFARS &, SFENECEHRICEBAOODEHIREDT =7 Y 7 hOARAETH BNNE-SSWHE
ICINERT B2 &R LN,

FEEONEERE CILPW. /LA EMAEHETHSE, Dunkleyetal. (1993)IC & B3LEr =7 1)
7 NOMERBEDORSEICEVWT, BREINLNADFHRE EELGZZRNVALHNICHR Tz, NAIKEWVWTAIL
SEENX0.58 Malc /AR 7 ) vaEFEDODXHE (Lower Basalt) DIBHTHRESZ—FH, JILANANR—I U EF
DRHEIE, 0.43 Ma LIk 0.01 MaZ CTEINFL bTHA b I DEHRFICHITLTO.3H,50.1 MadDE
TOHEXL (H) .

Dunkley et al. (1993)RUSEIE L N2 ELZHMTIX, /IWALNANR=2 V0 EFODERAE, /ILAXR
7)) VEFOLRAELYHLEHICNHORABICAHL, —A/NVLXT7 ) VEFORREIFNNATODH
DT 5, LHLAaHSDunkleyetal. (1993)TlE, /SAXKLEENS JIILANAR—Y U A EDODTREAS
ROLEIZESTHY, FEFREEVW/IVANANR=2 0 2FDOURERER(Young Basalt) /XA %Y %
31, RUAAVKUDEISICEMBE LTEET R EEAONELD, SABLNEEREIIZODETIVE
FTRFLAW, LEBDOBY, JILLNANR=2VEFOLRREIF, ERICIET L 2/30 KU A O EEDRFHE
ICOHEHL, —ANATRIFVWERERG /Loax7z) vEFEOLRETH- T,

ZDELNHLWERDIEFETIK, TLALY Y Y TILIC, WRADETICT D2OBWYY MLY A TEIL
NMBA LR L TCEREVIVEIBICOBLIZEWVWDETIT, NAKUDIYIYERY AT LEEREAZED
BREAWTCHBATZIENTED, Y1 T7ELDSIEIADICEVEBETTLED /L7 ) VEFEDXR
REYIIDERLTHERHL, SSHICEYRWNMEETTIELYVEWEHOBMETEWZED / ILLNSIR—=Y
VERODLRETIINERSIN, BHLEZEEZLONS,

oIS, LRETHAFSLSNAEIHITAEST, KUEHD, v MUEMICH T 2FEETROLTH S
Nb/Zrtb DR § 2 Z &R INA, 2DZEH, NABETICERLTEALBE—DR# WY MNLY AL TEL
NOoDKIHRBEETITVDODBDIEYRLEWD ETFIVTHATE S, BRERLTY ML SDOLRIRBRDEY
BLICE>THBLAEXREY I YHDNb/ZriblE, <> MUVEICH T 2ZrOENMCEWAERFRHICE > T
BRRISED T Z7-0D, TOXRRERVERBICHETSE MZHhM MBI TWEEEZONEDNLTH
%,
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DlEmESRICE Y, RAKLOKILFEESIZ, B—DOX Y MLYAMTELDOLERELREY I YOO E W
DHLEMEMAETIVCHRIATEIENTARTH D, INETHEI=7) 7 bhOBREKEREE NS HA
BERXLIZ, ZRENIOTIIEENE L TEZIONZ I ENEH D, SEOERIE, Thonvsd
IHBEA—DIYITIERY AT ALICHEL, B—OKRIUNSERELAEEZONDZBEL’HDIEETRELTWL
%, HBrldE, SO0FERAEICL>THRLNAEZNNAXKUOHFLVWALMEEFA#IRET %,

Reference: Dunkley P. M., M. Smith, D. J. Allen and W. G. Darling (1993): International Series, Research
Report SC/93/1, 185pp, British Geological Survey

F—O—R: =7V T b TAIVTLIVERRBE. BORAL, KRE. bIAAM M 2ELCEEK
Keywords: Kenya Rift, Ar/Ar dating, Quaternary volcano, basalt, trachyte, whole-rock chemistry
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Fig. Plot of SiO5 contents against 49Ar/39Ar ages of volcanic rocks from Paka. Ne; nepheline-
normative basalts, Hy; hyperthene-normative basalts.
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Unclosure Temperature and Relaxation Time
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ERR MDA DL B B A BRAT AR AN Z1E T 5. Dodson(1973) B AR R DArrheniusBRICER L, # 512
BEORELUT TIRIEBARBUTED UBSAERBOEREN LN E LB > TR EACEMADH EHBE DR
EERALRET EE&ELL CA/PAERBETRAV SN 2 BEINBAIGRBRETORVINREE TIRH 21 =
REBINEBRE AR IND. XL DIYPDHE/ NS X — & — (FHEERER, ArrheniusBARZRBWTEERE S
NTE. SHROHMERE ZRWBNROBR E AT 2 &IC L YBILBREDORKE BIRET L. 3kRYiE
HOILEICH VW TERE L A RBRRAMEDORED20% U ENKDNE I LB TOEREBBETELANI L
ICDRA S, ChERBURE & 2417, BIEREICHIS T 2D TFREE A L. £RDI9%% K S H8IE T3k
MAEBY S ChaT, EERZ &L, T ET, BLUT, DB %EIT> 7. DodsonDEERDL S IET, DETH
EETcE WS Z &It 3. L LBERIET BT, DEICEV. E0MHR (LEHERE) ARE<AB(>1003 7
AN ONTA—H, FICTAcTOR—BHARELL BB EDNREONAE. TNS5DRRICOVWTERT 3.

F—7— R HRER BORMME. RRURE
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The chemical composition of the Earth has been a matter of debate for more than several decades.
Classical models assumed that the bulk Earth had CI chondrite-like relative abundances for refractory
elements. This view has been challenged by the discovery of nucleosynthetic isotope anomalies in bulk
aliquots of meteorites; a series of studies on high precision isotope analysis of meteorites concluded that
carbonaceous chondrites (CCs) and ordinary chondrites (OCs) have stable isotope compositions
resolvable from those of the Earth for a variety of lithophile and siderophile elements (e.g., Ti, Cr, Mo, Ru)
[1-3]. By contrast, enstatite chondrites (ECs) have stable isotopic compositions similar to those of the
Earth for the same elements. Such observations suggest that a large fraction of the building blocks of the
Earth is composed of enstatite chondrite-like materials rather than the other chondrites including CI [4].

Our recent high precision isotope analyses on chondritic and non-chondritic (NC) meteorites for some
trans-iron elements (e.g., Sr, Mo, Nd) support this interpretation [5-7]. In the most cases, the extent of
isotope anomaly is in the order of Earth " NC ™ EC < OC < CC, which generally corresponds to the current
location of meteorite parent bodies in the asteroid belt as a function of heliocentric distance [8]. This
implies that stable isotopes of these elements were nearly homogeneously distributed in the feeding zone
of the Earth where parent bodies of ECs and some NCs have formed, whereas distinct isotopic
compositions for the same elements are observed in the outer asteroid belt where parent bodies of CCs
are located. Unlike this observation, however, some refractory heavy elements (Hf, W, and Os) have
uniform stable isotope compositions across all classes of meteorites [9-11], indicating that stable isotopes
of these elements were homogeneously distributed from the Earth (1 AU) toward the outer part of the
asteroid belt (" 5 AU).

The origin of heterogeneous/homogeneous distribution of stable isotopes for the above-mentioned
elements within the inner solar system (< 75 AU) is poorly constrained. Two contrasting models have been
proposed so far to account for the observed isotope variabilities in meteorites. The first model advocates
that late injection of a nearby supernova sprinkled isotopically anomalous grains into the protoplanetary
disk, followed by aerodynamic sorting of grains in different sizes that resulted in planetary scale isotope
heterogeneities [12]. However, recent theoretical studies argue that ccSNe generate only low-mass
r-nuclides (A< 130), which contradicts the observed isotope anomalies in Ba, Sm, and Nd. Alternatively,
the second model postulates that nebular thermal processing caused selective volatilization of
isotopically anomalous components from presolar grains, associated with physical separation of gas and
remaining solid [1,13-14]. In this case, isotope anomalies can be observed for elements with intermediate
50% condensation temperature ("1000 K < T.,, < 1600 K), because ultra-refractory and moderately
volatile elements are preferentially distributed into the solid and gas phases during the heating event,
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respectively. Therefore, isotope anomalies in meteorites would be useful for tracking the thermal history
of dust grains in the solar nebula, which ultimately provide important clues for understanding the origin of
terrestrial planets.

References: [1] Trinquier, A. et al. (2009) Science 324, 374. [2] Burkhardt, C. et al. (2011) EPSL 312, 390.
[3] Fischer-Goédde, M. et al. (2015) GCA 168, 151. [4] Dauphas, N., et al. (2014) EPSL 407, 96. [5]
Yokoyama, T. et al. (2015) EPSL 416, 46. [6] Nagai, Y. and Yokoyama, T. (2016) Goldschmidt conf. [7]
Fukai, R. and Yokoyama, T. (2016) Goldschmidt conf. [8] DeMeo, F.E. and Carry, B. (2014). Nature 505,
629. [9] Sprung, P. et al. (2010). EPSL 295, 1. [10] Kleine, T.et al. (2004). GCA 68, 2935. [11] Yokoyama,
T. etal. (2010) EPSL 291, 48. [12] Dauphas, N. et al. (2010) ApJ 720, 1577. [13] Burkhardt, C. et al.
(2012) EPSL 357-358, 298. [14] Yokoyama, T. and Walker, R.J. (2016) RiMG 81, 107.

F—7— N RAREBRBAAKLU L, BA. NREF
Keywords: Nucleosynthetic isotope anomaly, Meteorites, Asteroid belt
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AERICEHR S NZEaPIHERHE, ROMERRKOBERCEKEEDZOHIC, 4 JFILaikibs
HBRERFEL TV BHIEEDHTLAV, FIZIE3SEEFDI ) —V 5 Y ROBREKILKICEEND T /R4
MCBBEINZREEMED S PCEMEV ENSERDBENEBRINE[], LHAL, ZOT7/R84 M
HWISEFFIORAZLK TO00E £ TMEAINAREMENH Y., KRBAUFLOFERIEFEIRESINLTWS[2], VL
AVIGBERICHEL . RIS Y &Y AH, SHEFIHT 2-0ERBUENTEZ2RERENTH S
3l B4 IEHAFTITOREROANKEIGSDBELEZIILAVDY T Y —HFERENanoSIMSICK WAIE L=, K
IZ. PRIA4 M EEEYMELTELYILAVERY, 7Y MO MNAYF U LEKFKRRAMELEDBIE %
NanoSIMSIZ & W &R H& 7=,

HF+4. Ry M DONuvwuagittugitttsi TR SN h—FILEHSBEOFETIIIN AV =08 - ME L
2[4, BonY Y EEROEREAB(QGNG)E —#ICTRF OBRICIEDAAR, RAZHE@ICRDET
MELL, €& L%, NanoSIMSERWTY SV —ERBIEATo7z. SNADBE—RE—LAEE
R153/70VICB>TCHEBREICWE L. ZRAAVEEEDH L, BO5N/Pb /UO LA ZXRAB DIEE
LTSy —MERERDEB], DI VICBEINDZ 7RI MDA MOV F U LRAMEKLIEX, BER
53/7AVICRONIBEE—LTOMLE6], —A. KFRERGLALIZERIIZOVICRONEEY D ALA—R
E—A%10x103I 70V D4EEE S 29— L THRAID2.5x2.53 7 OV D4EEE S L1=[7], €5 5 DR
tbd. HhEKOIZEAB OB EFER LB L TEIE L,

SIAVDYSY—ERIIIGEIFRAETH >/, JIAVICEBEEINDET/914 hD¥Sr/®Srttid
0.7095550.7153X CEE L 7=, & 5IC¥Rb/®SrtLEFVWEDHEEARL, 74V 7OV H B WL 2D
TRV HERET D, KERLKLE(S DIE)IF-210% D 5+65% X TEE L., KEEELEDHEAERL
Tz THELIR2HADIFI VI ETET S,

References: [1] Mojzsis et al. (1996) Nature 384, 55-59. [2] Sano et al. (1999) Nature 400, 127. [3]
Willaims (1998) Rev. Economic Geol. 7, 1-35. [4] David et al. (2009) GSA Bull. 121, 150-163. [5]
Takahata et al. (2008) Gond. Res. 14, 587-596. [6] Sano et al. (2014) J. Asian Earth Sci. 92, 10-17. [7]
Koike et al. (2016) Geochem. J. 50, 363-377.
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Uranium-Lead dating of Zagami and RBT04261 phosphates by
NanoSIMS
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[11EA

KEBADI LY v—Tv 94 MIAESNBBAIE. AREEICHELLZEATHZEEIOLNATL
3, 2OV v —dv 91 NOERZHLBR. FICKEREEREZEZDZEIGKEDOKBEENDREE % H#9
ZDICEETHB[1][2],

Vy—Odv YA NOERFOMARIEH < BBEGTERMAEEBVWTHRINTSE Y., ZOZLIEHN2BEET
LTWa (fl:[1]) « BICYSVIRRERBANIRL., - IS5 V-ARIIZ2DDEERNELET 2725, KE
BEOERAEICLCAVWSNS, TIMSEAL-ZagamifaA DL &2%8Y-2%phERI£230+5 MaTH > 7=
[3], F7=. SIMS(IMS 1280)% i\ \/=Zagamifhd ) v ERIESEMIC 13 B238U-2°PbE & L T153+81 Map'
HESNTH Y4, TIMSERMMTH S, —A. Bouvier et al. [2] 5132 Pb-2°PbER & L T4048+17
Ma& WD ERERE L TWD, BouvierSIZ41BENA Yy —Tv 91 NOKRIEERT. ZDEHIOER
&, BRERE LIEKEZERICEY )Yy RShAEFERTHZ EERLZ, KEERCEHREERICEW/AT
L7414 NaBWEIMERBIETIE. RBT042611C%t L T235+37 Mak WO SMIERDIRESI N THE Y., &
2BEEVD ERMERIEER & S N[5,

AMERTIE) VERBHEMICEBL., TREBEVvy—Jv ¥4 hTHbZagamiE LIILY S NEYvy—Tv ¥
1 N T#H BRBT 04261 D*BU-PoEMRBIE. 2 Pb-2PbERBELIT o7, S HIC. HRILEREEBZED
IC2DDEMRAEEEZFAWT TU-Pb 3DER] A2k, BONIERDNLKENTITE N ZIT > TOER
ICDOWTERTBZEEBWNE LT,

[215%

BIEICAW=Zagami DB R IFERRARZEDIBELE, RBT 04261 DE K IENASA-JISCH S FNENMER L,
RRARFEFEEDSEM-EDS (5-4500). $ & UKRKEBFMFFATDEPMA (JXA-8900) % AL TZagami. RBT
0426THD ALY I LICBL ) VBRI (7394 b, XL Z4 ~Ca,NaMg(PO,),]) DEERS LURE

HiTo 7,
REBEMEATDNanoSIMS 50% L TH8U-2PhERE KD, ZDE. BLRARY hT*'Pb-*PbiE
KAaXRD, IDERERE L 1,

BIER. #R

B 5N =28U-2CPhEMRIE Z N F N Zagami : 164240 Ma, RBT04261 : 261472 Ma (£5 5 8EE
20) &EXKFE-T,

W07pp 2Bpp R IFBENKE K, BHEOHZERIZESNAL ST,

2O DREADIDERIEZEFNFN, Zagami: 24580 Ma, RBT 04261 : 248+41 Mak KE o7, OIIFEHR
NEATEF DT, ERRDP2RHEBERDHFEAZIT TRV EN M o7z, LN >T. RKOLER
IFREADHERIEEREEZOND, 2D0DERILERIEB L Z250Ma (25EFs]) T—B L7k, 51T, %

©2017. Japan Geoscience Union. All Right Reserved. - SGL37-09 -



SGL37-09 JpGU-AGU Joint Meeting 2017

FTRFR[3][A1[5]DZBU-2"PhER & AR TH O N=2DDIDERIFBEDHENT—HL =,

F7-. ZagamiDWEAARAIALL (UTF#EERT) 13%°Pb/?*Pb=14.46+0.82, *°’Pb/?**'Pb=15.45+
0.65&3k % VW, RBT04261 DAL HIEZ®Pb/?**Pb=10.1+2.2, 2°Pb/?*Pb=12.7+1.1EKE 57, 2DDIE
BIZFELDRERERL>TWB I ENDS, HELDELRZTIITIRAEELZD, MELLDELRZMIEALD
EWDHREMNEZOND, LD >T2ODHEMNEZSND @ (1) 250 Malcumk L7=#EtbDExR S
RIOIDNEHEHY., 2ODBAIFH~ZOY I TRALELEZEVWD ATEEME, (2) 250 MaD1DDI I X T
Zagami& RBT 04261 AMEERIE L2 DD, XM THHRINIZEEZ SN T WS Zagamil ERBETKEREBICE
HLUEERIC, BARPICKERBOAELLOERRZMARALLE WS alggt, EEROIRERAEHET 27-0IC
I, MOERRCEAROHBETRBEDEREEHLETCILICERT 2DENH S,

[415%& 3R

[1] Nyquist et al. (2001) SS. 96, 105-164. [2] Bouvier et al. (2005) EPSL. 240, 221-233. [3] Chen and
Wasserburg (1986) GCA. 50, 955-968. [4] Zhou et al. (2013) EPSL. 374, 156-163. [5] Niihara T. (2011)
JGR. 116, E12008.

F—U—NK: KEERA. FRZE. Zagami, RBT04261. NanoSIMS, ) v ERIESL
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Refining the Geomagnetic Polarity Timescale: High-precision U-Pb
geochronology from Late Cretaceous of US Western Interior and NE
China

*Jahandar Ramezani', Kaori Tsukui', William C. Clydez, Tiantian Wang3, Kirk R. Johnson?, Scott
Wing®, Samuel A. Bowring'

1. Massachusetts Institute of Technology, 2. University of New Hampshire, 3. China University of Geosciences, 4.
National Museum of Natural History

An accurate and precise reconstruction of the Earth history is essential to resolving the mode and tempo
of biotic evolution and its interrelationship to environmental change in deep time. However, this goal
cannot be accomplished without high-fidelity intercalibrations of various geochronometers that are used
to scale geologic time. Abrupt reversals in the Earth’ s magnetic polarity form the basis of the
Geomagnetic Polarity Timescale (GPTS) and serve as ideal timelines for stratigraphic correlation,
especially in depositional environments where diagnostic marine fossils are absent. The Neogene part of
the GPTS has been calibrated using astrochronological models that are based on orbital forcing of climate
manifested in cyclic sedimentary successions. The application of these approaches to the pre-Neogene
timescale has nonetheless been complicated given the uncertainties of orbital models and the chaotic
behavior of the solar system farther back in time. Absolute calibration of the GPTS can be achieved at high
resolution by radioisotopic dating of volcanic ash deposits intercalated with stratigraphically complete
successions with well-preserved magnetostratigraphic records.

The Late Cretaceous to Paleocene segment of the GPTS is of particular interest as it encompasses a
critical period of Earth history marked by the Cretaceous greenhouse climate, the peak of dinosaur
diversity, the end-Cretaceous mass extinction and its paleoecological aftermaths. Here we present a
refined calibration of the GPTS based on high-precision U-Pb geochronology of ash beds within
predominantly continental strata of the Western Interior Basin of North America and the Songliao Basin of
Northeast China. Results from the Songliao Basin (end-C34), Bighorn Basin of Wyoming (end-C32) and
Denver Basin of Colorado (C29 to C28) place tight constraints on the Late Cretaceous —Paleocene GPTS,
by either directly constraining the chron boundaries and/or by testing their underpinning
astrochronological age models. Our new GPTS calibration displays good consistency with those from the
most recent astrochronology- and radioisotope-based studies of other coeval continental and marine
records. Together, they demonstrate the power of a multi-chronometer approach to the calibration of the
Earth history.

Keywords: U-Pb geochronology, Geomagnetic Polarity Timescale, Cretaceous, Western Interior Basin,
Songliao Basin
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Short-lived U- and Th-series isotopes: Tracers and chronometers of
Earth surface processes though Anthropocene to global change time
frame
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1. University of Quebec at Montreal, GEOTOP, Montreal, Canada, 2. Instituto de Ciencias del Mar y Limnologia,
UNAM, Calz. Joel Montes Camarena s/n, Col. Playa Sur, Mazatlan, Sin., México

A large array of short-lived natural U and Th-series isotopes are useful tools for the documenting of
on-going geochemical and sedimentological processes as well as for the calculation of geochemical fluxes
between reservoirs (e.g., 226Ra, szb, 210py, 228Ra, 2287, 234Th, with time scales ranging from ™ 1073 to
“10-1 years). In combination with nuclear fallout isotopes (e.g.,137Cs, 241Pu...), they may be used for
estimating the behavior and fluxes of aerosols, soil evolution and weathering processes (across all time
scales above), particulate and colloidal transport in continental and marine waters, as well as for the
documenting of extreme events (floods, storminess, etc.) and more generally, the fate of sediments in
rivers, lakes and the marine realm (from accumulation rates to on-going sedimentological processes).
Applications in the domains of hydrothermal systems and of volcanology are also of importance. Examples
illustrating the use of a few of the above isotopes for the documenting of Earth surface processes from the
Anthropocene (sensu lato) through the present global change frame, will be discussed, with a focus on
short-lived isotopes of the U and Th-series. They include (i) downscaling through time-dependent
processes in carbonate-rich Mediterranean soils, (ii) the monitoring of geochemical properties of recent
basaltic lava flows (Hawaii & Bali), (iii) evolution of hydrothermal systems (Denizli area, Anatolia) (iv) the
recording of extreme events in estuarine and costal areas from the Sinaloa coast (Mexico)

Keywords: U-series, short lived isotopes
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L DFEFS - BIRISE & (RRBEIBOERFENZE
Uplift and denudation history of mountains and low-temperature
thermochronology

*RE %
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BERZIIBMHERZO—DPHT, MBAICL ZBEZEOILMTENTERIETRZIBEREAFALT, BIN
VNORBRPYREREREEHMET 2EBBEETHD. e, MTTELROSEEETERINER (X
WEmEE) IERTNIE, ZTOMBOEIREAETTZ2IENTES. B, Zaviay - Iy I&EP
(U-Th)/HeiER &, EEMERTERDOERY AR 2F% (KEBEBOBRENRE) &, BRI SEkmUAD
AR ERICH T DEIHEDHEICAEN TH D, DL IRBRIFRIE, AAATITADES (Wagner et al,,
1977, Mem. Instit. Geol. Mn. Univ. Padova) #RtIVY iC, tHREHMDE4 LEER (KEERE, SEIHNK
FEfR, AERML, HRER, I, BAL) ICERIhTEL (BIAE, Herman etal, 2013, Nature® 3 > /%
AIWBR) . VWEY, AFERFEEMEELPEEHEEZREDDFHF T, FARBFEDVEDTHDIEEA
3. LU, AFEEBMCAVSHICIE, B, HIR, BEEVWSEROTOEREBRENICERT 2%
ENHY, RHERFOMBICMA T, HTOEEE, MABEMICHIFIEMA =L, HRIZEITZHIR
BWRAEICRT ZEME LIFLIFERINS. FICHIRICOWTE, BEboWEIER - AR SICIYE
MENMSEAEDLDNTLEICEHEDHY, BERMICAA—VTIONRELEBELND (LR, BERFEDIRHA
H~KRBICH=Z1970FERHN 51990 FERETIE, EFTZOEEHBXICEWVWTE, LIELIFERZEHRMD
REL - RANRSOND) . ARKRTIE, BERICHEFVHLLBVWARICEERFEOEREEHTESLI L
HE—DODENE LT, BERZOERISIUADGAICEAT 2EEMNLBICAEOEEA1TY. M
T, 7Z4v>¥ar - - bSy2EEU-Th)/HexEFDIC, BARIEDLMICE T ZERBY, BET—9 03
VIRAIWERBEEBNTEFETH 5.

F—T— KRR B ERAEHORENF

Keywords: uplift, denudation, low-temperature thermochronology
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Cooling history of the Higher Himalayan Crystalline nappe and
underlying the Lesser Himalayan Sediments in eastern Nepal revealed
by fission-track dating of detrital zircons.

whig . GBS A% BT X80 R A

*Nakajima Toru1, Harutaka Sakai1, Hideki Iwanoz, Tohru Danhara®
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1. Division of Earth and Planetary Sciences, Graduate School of Science, Kyoto University, 2. Kyoto Fission-Track Co.,
Ltd

Fission-track (FT) dating of detrital zircon has been applied to the Higher Himalayan Crystalline nappe
and the underlying Lesser Himalayan sediments (LHS) distributed along a 120 km long section from Mt.
Everest to the Main Boundary Thrust (MBT) in eastern Nepal. In this paper, we report the results of 70 km
long southern section between the Main Central Thrust (MCT) and the MBT. We collected rock samples
from the Higher Himalayan Crystalline nappe of eastern continuation of the Kathmandu nappe and
underlying autochthonous middle Proterozoic sequence of the LHS. Zircon FT ages show younging
toward the north from 12.1 Ma just behind the MBT to 3.0 Ma just below the MCT in the root zone at
southern slope of the Everest massif. It suggests that the LHS was covered by hot crystalline nappe
comprising of metamorphic rocks, and fission-tracks of the detrital zircons have been annealing since 12
Ma. On the basis of retreating rate of isotherm line of closure temperature of ZFT, we estimated average
cooling rate of the nappe and underlying LHS as about 7 mm/y, which is as same as 8-7mm/y, reported
from the Katmandu nappe in central Nepal (Hirabayashi, MS, 2017). If we applied this rate to the HHS to
the north of the MCT in the Everest massif, the location of ZFT age of 0 Ma would be located at 23 km to
the north of the MCT, beneath Mt. Kantega (6685 m). It suggests that the underground of Mt. Everest is
even now under hot condition higher than 220-350°C Thus, heat source of hot HHC is ascribed to
partially melted middle crust of Tibet, which southern front is located at about 100 km to the north of
Himalayan giants.

F—TO—R:7q4vvarv- bV IEK EXIV Ty T Yay
Keywords: fission-Track age, Himalaya, nappe, zircon
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Influence of surface condition on data quality of U-Pb zircon
geochronology: an example from AS3 zircon, the Duluth Complex,
U.S.A.

rE EE BT ER B ST A B E-]
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U-Pb zircon geochronology by using microbeam analysis such as SIMS and LA-ICP-MS has played a
pivotal role in geochronology because one of the advantages of microbeam analysis in U-Pb
geochronology is to select the appropriate analytical spot for U-Pb dating. Many analysts empirically
believe that accuracy and precision of microbeam analysis strongly depend on the surface condition of
analytical spots. Especially, existence of fractures within the analytical spots is considered to decrease the
data quality, but there is no quantitative evidence that the fractures result in some negative effect on the
data quality. In this study, we quantitatively discuss influence on the data quality from the surface
condition of the analytical spots. AS3 zircons collected from gabbroic anorthosites of the Duluth Complex,
Minnesota, U.S.A., were used in this study. Previous work reported that some grains in AS3 zircons yield
discordant data due to Pb loss caused by thermal diffusion (Schmitz et al., 2003).

Observation of thin sections by optical microscope and electron microprobe reveals chloritization of
amphibole in AS3, which suggests hydrothermal alteration. U-Pb analyses of some AS3 zircon grains
yielded discordant data. The analytical spots that yield discordant data can be classified into (1) altered
domains characterized by high contents of LREE and non-formula elements, such as Ca, Al, and Fe, and
(2) domains containing undersurface fractures. In the case that analytical depth is close to the
undersurface fractures, the second domains also show high LREE contents. When the fractures in zircon
worked as channels of hydrothermal fluid (Carson et al., 2002), there are possibilities that areas around
the fractures was altered like a clad by the fluid. Therefore, selection of the analytical spots for U-Pb
zircon dating should be based on observation of fractures not only on the surface but also under the
surface. When AS3 zircon is used as U-Pb reference material, it is important to carefully choose analytical
spots on the basis of the backscattered electron and optical microscope images for achieving more
precise analysis.

Reference

Schmitz, M.D., Bowring, S.A., & Ireland, T.R. (2003) Geochimica et Cosmochimica Acta 67, 3665-3672.
Carson, C.J., Ague, J.J., Grove, M., Coath, C.D., & Harrison, T.M. (2002) Earth and Planetary Science Letters
199, 287-310.
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Preliminary report of zircon oxygen isotope record in western part of
the Napier Complex, East Antarctica
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The oxygen isotopic composition of zircon is a powerful tool to characterize parental magma,
complementing trace element data. Recently technical improvements of a secondary ion
mass-spectrometer allow us to obtain highly accurate and precise oxygen isotope data of zircon from thin
sections or grain resin mounts. Numerous studies show that non-metamicted zircons can preserve their
oxygen isotopic ratios (& 18O) from the time of crystallization, even though high-grade metamorphism and
anatexis. The zircon oxygen isotope record is generally preserved despite other minerals that have been
disturbed by high-grade metamorphism or intense hydrothermal alteration due to slower diffusion rate.
The Napier Complex in East Antarctica has attracted considerable interest from a viewpoint of long
Archaean crustal history from 3800 Ma to 2500 Ma and >10007C ultrahigh-temperature (UHT)
metamorphism in a regional scale. There are many petrological, geochronological, and geochemical
reports, but the zircon oxygen isotope data completely lack. In this study, we tried to analyze the zircon
oxygen isotopes in garnet-bearing quartzo-feldspathic gneiss (YH05021606A) collected from Fyfe Hills in
the Napier Complex.

The quartzo-feldspathic gneiss, YHO5021606A, was collected by Y.H. during the field work at the
2004-2005 Japanese Antarctic Research Expedition. The zircon U-Pb ages of the YH05021606A sample
are already reported in Horie et al. (2012) and shows multiple age peaks centered at ca. 3025, 2943,
2883, 2818, 2759, 2674, 2518, and 2437 Ma. Horie et al. (2013) picked zircon grains afresh and
analyzed U-Pb ages, Th/U ratios, and rare earth elements (REE) compositions. The oxygen isotope
analyses were performed on same resin disc as Horie et al. (2013). The zircon oxygen isotope analyses
were carried out by a sensitive high-resolution ion microprobe (SHRIMP 1) with the 5-head advanced
multi-collector (AMC) at the National Institute of Polar Research, Japan. %0, 170, and "80 were detected
by the Faraday cups at low mass (LM), Axial, and high mass (HM), respectively, and were measured on 10
" ohm resistors in current mode. The surface of the grain mounts was coated by aluminum prior to the
analysis.

The U-Pb analysis of zircon yielded similar age population to Horie et al. (2012) and revealed younger
ages of ca. 2273, 2195, 2106, and 1980 Ma. C1-chondrite-normalized REE abundance patterns of the
YHO05021606A zircons were characterized by a large fractionation between light REE (LREE: La, Pr, and
Nd) and heavy REE (HREE: Tm, Yb, and Lu), positive Ce anomalies, and negative Eu anomalies. The
inherited zircons shows highly fractionated patterns between LREE and HREE. The zircons of ca. 2505 Ma
and ca. 2490 Ma are characterized by weakly fractionation between middle REE (MREE: Gd, Tb, and Dy)
and HREE. The HREE of ca. 2490 Ma zircons are more depleted than those of ca. 2505 Ma zircons, which
indicates that growth of garnet had continued from ca. 2505 Ma to ca. 2490 Ma. The REE patterns of the
younger age zircons are characterized by a large fractionation between MREE and HREE. Although the
YHO05021606A zircons have various U-Pb ages and trace element composition, the oxygen isotope
analyses yielded homogeneous & '80 ratios among zircon grains with various ages (5.68 +0.30 %o). The &
180 values of the YH05021606A zircons are consistent with those of zircon in equilibrium with the mantle

©2017. Japan Geoscience Union. All Right Reserved. - SGL37-P04 -



SGL37-P04 JpGU-AGU Joint Meeting 2017

(5.3 0.6 %o: Valley et al., 1994). In this presentation, the homogeneous & '®0 ratios in the Fyfe Hills
zircons will be discussed. C

F—7—F: DI VERBLE. SHRIMP, FE7&&F
Keywords: zircon oxygen isotope, SHRIMP, Napier Complex
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Precise determination of Ba stable isotope ratios by

double-spike thermal ionization mass spectrometry
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'ISOB 13ZBa 134B 13SBa 1368

Barium has seven stable isotopes: a, , a, , a, 137Ba, and "*®Ba. Recent researches

focus on seawater, igneous rocks, carbonates, sulfates, and soil-plant systems using the Ba isotope
fractionation. Barium is a large ion lithophile element and is usually incompatible in the mantle minerals.
Barium is mobile in aqueous fluids and thus an important tracer of water recycling in the Earth’ s mantle.
Miyazaki et al. (2014) first applied stable Ba isotope ratios to igneous rocks using double-spike Multiple
Collector-Inductively Coupled Plasma-Mass Spectrometry (MC-ICP-MS) and observed significant
difference in 8 '*"/'3*Ba between JB-2 (slab fluid influenced) and JA-2 (slab or crustal melt influenced).
They found that the ratio of BHVO-2 (oceanic island basalt) was between JB-2 and JA-2 and could not
distinguish it either from JB-2 or JA-2 because of overlapping analytical errors. Although their analytical
repeatability was far better than the previous reports, development of a more precise analytical method is
required to apply stable Ba isotopes to igneous processes.

The double-spike method is effective for Ba isotope analyses either in thermal ionization mass
spectrometry (TIMS) or MC-ICP-MS. However, isobaric interferences of Xe in Ba isotopes prevent further
higher precision analyses due to instability of Xe blanks in the matrix plasma support Ar gas in
MC-ICP-MS. We here report development of a high-precision Ba isotope measurement using double-spike
TIMS. We modified double spike TIMS method developed for Pb isotopes by Miyazaki et al. (2009).
Longer baseline measurement preformed before and after sample measurement is the key technique. This
avoids unnecessary sample waste during baseline measurements within sample runs. Use of double
Re-filaments and exponential law mass fractionation correction were combined to improve repeatability of
8 137/139Ba. The measured repeatability of the Ba standard solution SRM3104a was & '¥"/13*Ba = +
0.023%o0 (2SD, n = 26), 1.4 times better than that achieved by MC-ICP-MS. The SRM3104a normalized &
13771344 value of IAEA-CO-9 was 0.013 +0.029%, (2SD, n = 24) which is identical with the reported values
0.017 £0.049%0 (Nan et al., 2015) and 0.014 £0.046%. (van Zuilen et al., 2016). Analyses of geological
rock standard samples are ongoing and the results will be reported in the talk.

Miyazaki, T., Kanazawa, N., Takahashi, T., Hirahara, Y., Vaglarov, B.S., Chang, Q., Kimura, J.-I, Tatsumi, Y.,
2009. JAMSTEC Report of Research and Development, Special Issue, 73-80

Miyazaki, T., Kimura, J.-l., Chang, Q., 2014. Journal of Analytical Atomic Spectrometry, 29, 483-490.

Nan, X., Wu, F., Zhang, Z., Hou, Z., Huang, F., Yu, H., 2015. Journal of Analytical Atomic Spectrometry, 30,
2307-2315.

van Zuilen, K., Nagler, T.F., Bullen, T.D., 2016. Geostandards and Geoanalytical Research, 40, 543-558.
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Lake Boontsagaan, Orog and Olgoy are located in the Valley of the Lakes, Gobi-Altai transition zone,
which stretches from central to western Mongolia. The surface area of the lake is 252 km? for
Boontsagaan, 140 km? for Orog lake and 1,79 km? for Olgoy lake. The sediment cores were collected from
these three lakes in 2014-2016. The sedimentary features (e.g., water content, grain density, grain size,
chemical composition) and ages (Rl measurenment) were analyzed and correlated to meteorological data
of the area (annual temperature, precipitation and wind 1975-2015, Bayankhongor station).

The mean annual temperature was 1.5°C, mean precipitation is 205 mm and average daily temperatures
reached to 15-20°C (www.ogimet.com/gsodc.phtml).

Totally 6 sediment cores were collected from these three lakes in different locations by Sateke plastic
corer and were sliced into 1.0cm intervals from the top. The content of water was measured directly by
drying a given amount of the sediment at 105°C (Lambe and Whitman, 1969; Dringman, 2002). Samples
of 50 mg were dried at 77°C for 24 hours and were then treated by 10% hydrogen pyroxides (H,0,) for 24
hours to estimate organic matter concentration. Calcium carbonate in the sediment was dissolved by 1-N
hydrochloric acid and concentration was calculated. Analysis of the biogenic silica content follows the
method described in Mortlock and Froelich (1989). Grain size was measured for whole sediment and
mineral fraction with SALD2200 laser diffraction particle size analyzer. The chronology of sediments was
established by 2'°Pb measurement. We collected outcrop sediment and analyzed by OSL dating method.
These outcrops consist of paleo lake deposit and are indicative of high lake water level.

From the result of the unsupported ?'°Pb, sedimentation rate of Olgoy lake was about 0.5 cm per year for
last 40 years. Sedimentation was faster before that. Physical and chemical properties of sediments are
compared to meteorological data to interpreted the effect by the local climate change. OSL ages indicate

the time when water level was high.
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