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(U-Th)/He Dating: Principles and Applications

Kyoung-Won Min*
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2 9 (U-ThyHe AHESAH- Aol &A= U, U 2 *’The] 5T uf &3} A=H(*He LAt
PgEe dFe ol ge A¥Sgolt B FHUAa] U, U ¥ PThyt B ‘Hed 42 43}
o] (U-ThyHe AES 78 = St} olgA FAHE ‘He YAE tFE2] X2 Alguolr] vlwd AL
AM% wWEA ==, ol ‘Hert B84 7IAlolaL the2 Y& gl 27| wjio|tt. weha WAMY 5
el 2t ‘He] 3 (ingrowth)Z} SH4toll gt *Heel W& (diffusive loss)o] A ZEHA AJ7HsE o9A 213
Rt wet A4 dolE ‘Heol o] AA AL o2 Sof, QA3Aol|re] He FALS T2 FEo H]
3 Wk, HlwA A9 80°ColAE Heol WEA Q134 wtoz WEH e Zo= 4uA AUrt A
2xz710] °F 40°C ol3tZ "oHS wf H|Z4 AU He Elo] F83] eixA] tiFEe] Heol U3
Aol BEFT. wEA (U-ThyHe %2 A|E7} 80-40°CE S33E Al71E AAGEL AAdol|lA] o]2fgt 2
=) sFete ZdolE “FE HEU"(partial retention zone)Q]E} 3t} AEFHOT F3] 2ol HH=
(closure temperature)= H52] YR 7)9} WzkEolA €184 A oF 60-70°C, o] H EJEA o] H9$
ok 200°CE & A Qth E3d] ¢13]4]9] He FHeEs TE FdAl AW vl&] thi ©7] g Ha
A FHel Al e AR ] RAZhgr] e TIEske vl 8 2Y A

SAO|: (U-ThyHe 9334, A154, Ao, Blgk, ¥ ), 48 Foii), 4247 8%

Abstract: The (U-Th)/He dating utilizes the production of alpha particles (‘He atoms) during natural
radioactive decays of **U, **U and *?Th. (U-Th)/He age can be determined from the abundances of the
parent nuclides **U, U and *’Th and the radiogenic “He. Because helium is one of the noble gases
(non-reactive) with a relatively small radius, it diffuses rapidly in many geological materials, even at low
temperatures. Therefore, ingrowth of “He during radioactive decay competes with diffusive loss at elevated
temperatures during the geologic time scale, determining the amount of *He existing today in natural
samples. For example, He diffusion in apatite is known to be very rapid compared to that in most other
minerals, causing a significant diffusive loss at ~80°C or higher. At ~40°C, He diffusion in apatite becomes
slow enough to preserve most “He in the sample. Thus, an apatite’s (U-Th)/He age represents the timing
when the sample passed through the temperature range of 80-40°C. The crustal depth corresponding to this
temperature range is called a “partial retention zone.” Normal closure temperatures for a typical grain size
and cooling rate are ~60-70°C for apatite and ~200°C for zircon and titanite. Because the apatite He
closure temperature is lower than that of most other thermochronometers, it can provide critical constraints
on relatively recent or shallow-crustal exhumation histories.

Keywords: (U-Th)/He dating, apatite, zircon, titanite, partial retention zone, low-T thermal history,
exhumation history
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(U-ThyHe AF23HS 92l

190551 Rutherfordell €J3 &3t 4AH(*He AR}
AR T BAA] U-That HAMd 539 AkE<l
Uut YRpe] S St A¥S FHe WOl
AAstel] == PPU, PU 2 PThe dE9
WAMY BHE Bal PEE94Aa] Ph, *Pb B
Wppo 2 Wak=t|, olHd FolA 7F FHEA 1
A= W, 70, ool g3t QiAkE ARES) diE-
9] ‘Hee U} The 2R FAET YSm= gt
B0l o3l ‘HeE A, tiite] AATH
A&e] Sme| ol Aoz, she] WSm dxpF &
i ‘He xRS @A3HH, o] &3¢ 7|7t
HwA Z247] WZel] YsSm gak= giEe] 2|2 gk
A gellA mmlsict, 22fuh AlE el U-Th ol
2h2 A, 213]4), 52 Sm o] B A
ol& ZFAste] ARFAA] wrgstelol B Fgt
A#HL F3 4 9l sk AR AL F=2
Q1AFdo] (U-ThyHe Q8 FAel ARE-E=H], 2 U-
Th 3ol 2 Age] mig w2 79 Sm 8945
FAG o QUoh A" 342 v 2ok

*He = 8 x Z¥U[exp(t x Aype) — 1]+ 7 x 2*Ulexp(t
*XNggs) = 1]+ 6 x 2 Thlexp(t x L,y,) — 1]+ "Sm[exp(t
}‘147) -1]

4HC, 23SU, 23SU, 232Th, 147Sm: 7_']— %‘?’]%’1—/1\—-9] Z,:(;Q‘:

< E(mole) 7), t: A%, Az Ayss, Moy, My KR

o] AHFAE A (el Thele] EAHA 371
ol iterationo|u} X2 WPHEES ARESle] A
sk Zlo] YUnbAe|t}, 200 Ma Bt} #2 <A
ARE el FHoE B 44 P 4
(McDowell et al., 2005).
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=
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A

“*He[atoms/g] = (3.26 x 10° U[ppm] +7.70 x 10° Th
[ppm] +4.02 x 10* Sm[ppm]) x t[Yr]

oot Bl o) FAE ‘Hew & A1 Agt
ANUAZ sl el =ARFe] A o] FEHA &
=, ol2ldt AS =HEH (recoil) Folet gt
oot Al Bl sl wig- 7PEa, A diel
A=l UA B7] o] BYae] YA EHE H
o} He olsskA At ol#idt HEA o)A (recoil
distancey= U, Th &3] #A¢] 7t ©Alo =) &4

)
o,

9 dub Ygapol] tia] = k=, FE3 ujE] s
M G A "o F oiREQ] 184 B A
o]ZUell A ‘He YA HEFA olsAE= ek
20um FEQl RAoeR AHA AtH(Farley er al.,
1996). WA tdsdEe] FHE (margin)ollA 4%
gl Yxte] dFE EE FE WEEHY, oY
g a9E wAstodof HEgl (U-ThyHe A%<
g Atk &8 25 BANMHS o= B
9 A7|2RE iRt GRS FAshks
CHFarley et al., 1996). &= ThE WH-E O d<d-E2
FHE F 20 umelde EB]H O R A A Wel
tH(Min et al., 2006; Blackburn er al., 2007). ©]
T A O FEY RURT ddsiA Bt
3 Qithe 7Ho] Hasitt vk AR AlE7} ol
gk 7HgelA] Yol o ojug AaE Zefsk=Ad
st A (Hourigan et al., 2005; Boyce and Hodges,
2005; Ault and Flowers, 2012), Z12]3l A]Ed]
U-The] £X2& AFA o= SAste A+ (Farley er
al., 2011) Fo| B} A8t AHFSAH LS 93l o] F
A5 AT

(U-Th)He "> 5487Fs o] Hlwd 4§
AR Bad ofn] e dE T 7P A A
2 1885+ 188102 olElE]e] Mt Vesuvius 32t
W ARA v AEE25E T8 Zlo|th(Aciego er
al., 2003). °|EA F2 AE= WAM ‘He $Hgol
zto} ge ko] AlFEr}t a3k (Aciego ef al. (2003)
= el A" e flE  mg o)de] Al
Z AR, U-Th B (disequilibria) B o] Z 23}
W (Farley et al., 2002), =3+ U-Th §F3Fo] 2HS A
Fo] 74 4ol 28] A 71=(cosmogenic) “He2]
BAo] Has| wid, Alxke el 927k A}
o] AFE A A B3] Fd W (secular
equilibrium)S 7FY38IAS wellvt ARsty] wizel,
olfgt ol =LA Kg F2(<~1 Ma) Aol
disire vEs 2ol dasitt 7FY 28 (U-Thy
He 172 Acapulco 2494 3t 4.55 Ga®]th(Min
et al., 2003). FF37NA 9520l LA7|7 =EE
$4¢] 7§, 9A] cosmogenic ‘Heo] ®Ao] B s}
TH(Min et al., 2004, 2013; Min and Reiners, 2007).
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A} Aol F83)
3|A, A4, e, 2pE A,
HEgtolE, A|o]F 5, U-Th
FAlEO UM = A8 4 glon
3|43} zojFoltt. tidYAte] A
m o)’go] Eojof dut HFZ dXAF
J ok =Y & Arh Ed AFE 1 Q)
odeiate] 3x1A Fele vwA gGA A
A7] wiZel] EFEg Feje] AlERT HE] |
el HA o] golaitt. AlEEH] FgollA ) gt
o] ¥t EAFEAS A, L (U-ThyHe A%<
aAA] Fol2 Q3K Brown ef al., 2013). S13]4&
U-Th &) ¥l w7] wj#e, 134 U-Th 3
Fgo] & LHE(IE B9, AojE T Eek)o]
ZAE 7 2 (U-ThyHeAl7E E7-20] 28] & 4
kS WA =T} ole K/Ar X YArAr GEEA

(¢]
A A (RS K ) W SRS K 39 3
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® pneumatic valve

& manual valve

“He Reservoir

lonization

frEo] 247 TS mX= A 22 Yol
TS U-Th S 98k Qlgjde e s 2
7] Wil wrd #ojFo) ]
EAE A4S, ol THEL =5
welA olddt THES AF oz Be o] ‘HeZ
FABIA R, U-Th Belr= AL)=]7] wdel] 3]
7 dA%o] o dx BT} EA Yo B$7E Stk

T olf FOE, AN NEE FNF AP ¥
FEo] gl WA AP Aol Faslth Aof
o 7% U-Th @] E2, Sl o] 2 2
7] Wl Q1B EfEo] olrt SeekE 2 Fae

AR AlEe] FHE 54 9 2718 S48 5,
A &2 TA AlEE Pt B Nb FEO| Hof
Z1g7gollA 7HEste] AlBU BE He2 FE3T) o]
o AlEWe] O 7AVFER I FEF =, olE
S AAs] Yl AL EF(cryogenic trap) ©ut
AEl(getter)E &3] ©]&3}. Fig. 1> University
of Florida®] *‘He #4] A|2HS =2]X o0& HojFET)
A3 FEY He Eito] w=7] wje] H]wH
2o A7 Eoto] AR E A9 RE ‘HeE FET
T e W, ool EleA ] Ag- Hrt 71

d3pgo]l Haslth FEE 7Al 1 &g ¢

3 3

Turbo ¢ (29
Pump

Pump

Manometer

Volume Calibration
Tank
Concentrated
3He Reservoir

Fig. 1. Schematic diagram of He analysis system at University of Florida.
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He(spike)g 412 ¥ AlFe=AH(Quadrupole) 2 &
27|12 ‘HelHe ®l&S FA%th oldd Hl&S
L34, AEZFE FE2E ‘Hedl &g AR
dado] 't A|8E U-Th-Sm spike?} S35
et TFe] AR o] &3l HRltt. Q1s|Ae] 73
oF3t AAH(5% HNO,)o 2% BlwF #-Lo)A
(~100-120°C) Al &ali7} 7Fsg wh, #|ojE3 ¥
A o] A4 7hek Ak, BAHHF) B AAHHC)ES
ol g3 QEollA &0 2(200-225°C) A7t &3l
gt} g3llE o] FdAnE A AEk=t A
FH27)(ICP-MS)2 &3] U-Th-Sm g2 73
T UTh He ¥ U-Th-Sm FH2 722420 T9d4
3] A& (isotope dilution method)S whET},
FHdl= HolAE o]83 insitu AHSHH=E J1
o At FFAE A excimer - UV d@lo]#]
Abste] I E AlEe] dF-E EEE F, 2ol
Hek B2 1A A HES SEll Heol &
Tgth. U-Th-Sm BES A=, ‘He w40
ol &H Aol HolAE BARI AEE EE ¥,
ICP-MSE o|&3t] Tt E SHALA-
ICP-MS; Aof#9] 7%, 5> HA3n]7(EPMA),
o]z} o] HAFEA|(SIMS) 52 T8l BT &
AHEUARIE, Axelde] ZH$) (Boyce et al.,
2006, 2009). HoJAHE o]&d AL Folslojol &
A2, gold #AlE EEE A5 &S FgsA
olol gith= FHoltt. o] I3l #HolA TARE Al
Eflol] el B (ablation pit)e] F¥E =H3= 2
o] stk Boyce er al., 2006, 2009; Tripathy-
Lang et al., 2013). & T}2 WS A|E9] stoichio-
metry’} DFsITAL 78S & EF AE9e] HluE
ol dolAR Feld AR ds FHshs Wol
TH(Vermeesch et al., 2012). ©] WHL U-Th-He2]
s S FaL AR #vks et o
BE Akksbz] wzell, #lolA #ARE Alsuel sh<l
o] e SA sk Aol askA ¥, wmEt
Al B 44 A%EE 7T A ol#ld in-situ

o e oo

o

ulk
=

of¥

=
=

to >
W AT

H T

BE 7+ F A
U (precision)”t
HojA= To] k. gl o] WhHe QISMETh=

A AojZ Ao FZ 2ATH(Tripathy-Lang et
al., 2013).

(U-Th)/He ¥IEZHHLE U-ThS FHH3l Je =
€ 2 FE H89 5 o, TRl A%
M-S feliM= 2 AlEW He EAke] E78¢] 2k 4
Al=|ofof 3}, He ke didsdse] wAZIE A9
oy & 4 ok AEAHA WS AAde
AlEel tigk SAZIE Ao ‘Hedl IRHAITE
s Wyolt) o] We JP HHHo g ol
ol X| gk, tiRe] FE AlFE, A-ATH Al
QF BlwA HHs] A7) wEe] AAdelA] He &

Adhs AE Bk ofgE] AlEYe] 27] ‘He &
Z7} g 7] w2l gA71E Ao a4 o)
Eaeid ¢ vk 3 29249 U-Th-SmS 2o)
FeA e AlRS AelE 9, 49, 34 %),
ol59] B2 FAE ‘He Y= ol wA7IE 2
ol B2 ofgigo] w2}, olefst FAHE 53}
7] 913l “HeHe ©AI71E whHo] b=, ©]
= AEE FA ol =E3A1A kS B3l A9
o2 ‘He ¥ ‘HeE e ¥, WAV d3e %
3 *He B ‘He® EHAFE Fste= #WRoltt
(Shuster et al., 2003). WS- Al AlFUH9] *He
= HwA wdaA FEst, ek o g 24T
4 o] TAIZIE Ao Lolslth. ‘HelHe ©AI7}
d e ErE Fagh FHE olE T3 FEY
‘H
|

L

ed] $XE FFT F don, mEr] AlFe] A2
=t 242 ARE AFths 3
olth, AEZAA YA (U-ThyHe 42 A&7 #

2 A tigk JRE ATk
Ho} A&7 A7k ¥
35§52 4 Ak ol= wEA K/Ar W “Ar/
PAr ] Zol L vl ARSI

He Mt B4t A9 wigt

o13] 4] He 4be vlwd Z I8 uh
Zeitler et al. (1987)°] F¥#3(Durango) <13]40) of
3l st TAZIE AEe] AHE log(D/a)-1/T =%
of =AISPH, 2 At Al 7gAl s
Arrhenius ZHAIE WEtK(In(D, /a*)=2.80"""%/, ,, In(/s),
Ea=161.1£33.9 kJ/mol) (D: E4HAIS=; D,: WA
a: 3 =ole] ukg o AHukE T 21%; Ea: &
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33} olyA). o] A o]F= ASAY He Tt 4
ole] &A}EA Q] (thermochronologic) Z-8-°] 1%
ks aYslo] YTk Wolf er al. (1996)S FHaL
£ X3k 4579 Q13 s oA 718 AF
2 (U-ThyHe %3785 AAISIATE 119 13]4]
A Fol tisle] wl$- FARE He Bt A5 319
=, 290°Celate] thetAl A3 AF= Arrhenius?
AE AAEH, o]ZHFE 78 Ea= °F 151 ki/mol=
He=e ¢ 75¢7°Ce] gt &gk (U-ThyHe
AHS AAst A" ARG Fed, old A
TAIR= (U-ThyHeAl7t A2 EI9AE Waled
S 2d F A AAGE o]F Wolf e al.
1998y olejgt AFE o]&ate] ofgA AAHH
AEe s B = devtel Uigk B A
2 HEHES AL Farley(2000)= Eoh 2}
Algk SAZHE AFo2HE (1) /T Q1349 ¢
b A7 He E4F =d10]ar, (2) 314U Hedt
2he AA S| Aaglel #dstH, 3) Mg
Ea=138+2 kJ/mol, In(D,)=3.5+1.4 In(cm¥s)U<S H3
ok ol= AP 100 pmel ]13140] 10°C/Ma®]
WAEER A0S A d2ert oF 68°CUS 9
|3k}, o] % Shuster er al. (2003)= FHIL <134
o] ‘HelHe ©AI7IE AHE T3l Ea=137-148 kJ/
mol, In(D/a%)=13.5-16 In(s")2] 72 T3t} ol
o]7ol T3t Farley (2000)2] Az} vl-g- FAFs)C)
Acapulco 20l FE38F Q13|14 gt ‘He theh
A b oz gt EiHAlF= Ea=185ki/mol,
In(D/a*=24.1 In(s’) (Min et al, 2003)31H|, °]=
YA o] 100 pm?l Q13]40] 10°C/Ma] WZt&=
2 AQE o), dAFge=rt oF 106°CHS 2u]dit},
SFA R St. Severin ZEZFO|E Ao|A] 23 213
Aol 3t *HefHe WHOZE F3 FiHA|$= Ea=
109.3+9.7 kJ/mol, In(D/a*=8.15+1.93 In(s") (Min
et al, 2013)2 Y ZA(QJARE=100 um, Y7z}
£L=10°C/Ma)llA 9] HH2Ee oF 60°CE 7L
21843} FA}Slth van Soest et al. (2011)= in-
situ WS o]838le] FHAL QIS ‘He #XE A
3Tk o] 7o wEM He A4S ¢13]4e] 4
Aol A#glo] FUFIAL, Arrthenius THAIE wW=H,
o|ZHE Axte A E Ea=142.2+5.0 (20) kI/
mol, In(D,)=4.50+0.94 (26) In(cm*/s)Z 74°C<] |
Aol NG TH PRSI =50 um, Y7HEE=10°C/
Ma).

d
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2ol A3MY He BHito] Q13]4]e] WhALs
(radiation damage) T 3}EFFAol] JTS W=rh=
AT A7 FEE A HFlowers and Kelly, 2011;
Gautheron et al., 2013). @R <FAl2] <13] 4 oA
(U-ThyHe %o 33+ E4(fission track) %K.

=2 Airt #AFJ=u(4dl, Green et al.,
2006) ol= 71 433 He 3t 2 fission track
annealing 543 wX|=e Ado|tt. F, <1349
He H#L=E °F 60-80°C, fission track annealing
25 °F 110°CE &3 A o] (U-ThyHe A= o]
fission track A BT} Fojof dol= Eslar gt
B A7t G5 Aol s glE Zlolnt. o] gk
94 P (“inverted relationship”y= A3 21L& o
Aox F=2 dAE=Y, I o]+ fission track
annealing ETh= He g4t 5799 wislollA| 7|Qlght}
= ARdo] dutxoz dlolsox| 1 Q) 2134
He &4t 54J9] W3}l= radiation damages} 23
HAE Hole oz ¥E % o (Shuster ef al.,
2006) ©|2g BAES Al =o] o] Fo|Hrt
(Radiation Damage Accumulation and Annealing
Model = “RDAAM™: Flowers et al. 2009). L®H%
© = radiation damage’} %S5 DSt Ea’t 7
ato] QISIMWY He SAto] =AM £ HHREE
THIA He 73S EQIt) radiation damage®] &
T YAkl E9Akel U-Th gkl s ZA ¥
s FetAle] Azt el A2xdolA 717 AlFat

S 79 %<& radiation damage’} HEES] U
7Fs/de] Eth Wi, st o] FHZel| el =
5P radiation damage= o193 28-S 714
Aoz 22 oF9] radiation damage Tro| Holl
S Aolth Td =2 eU (“effective U”=[U]+
0235 % [Th)E 7HASE A3A9] 79 e eU
o15]Me] Hlaf] AthEo= Be radiation damageES
7RAAL g Ao R 7t & Aok EE e <l
34 QA= Thksl A =9| radiation damageS 7}
A3 37] wiiell, 2 He Bt 40 Qo] & =po]
£ 2 g 3loer wEbd (U-ThyHe 9%°] &2
W Ax X 7hsAdol Bth(Flowers and
Kelley, 2011). o]&jgt A4Az= FFaL QAs|AY
He &} 540] ThE QISAoE Iya o= 2rol=
Al gk Fol& a3t @A (U-ThyHe %9
ExE AYsts ARelA © Yolr}, radiation
damage®} He 2t #AIE o] 83l], thkst /9

=

A=A
1__0]—
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Q13]Ao] FUMA el EANT Hg- olE9 AME T
He M} 543 (U-ThyHe A% 225 E &g o4
o] AN HFT S
2012). o]= 3lE A <l
HAHLEE 7L AE o, 53] 2 Az A
o7k & wj B} gHH o= HJAL {57t 7hEsit)
FUS G FE3 s]4e] (U-ThyHe 17
o] W& Welol Ax Bxshs S YAk et
Al dAteke] AN Fod s mEE FHI o]F
o] X3 Sl thBeucher et al., 2013; Brown et al.
2013). x138] 2> YPAH] He T dAke] T4
oA FHER 45 WolXe AFS Holr] o
(A A7 gk =HRlelzt 7S ),
(U-ThyHe %3578l 221 47t ] Ao o=
FEo| sgE=ttell wEl Z (U-ThyHe d¥Ho] &
ZAA Hek olgst H7 & 3(fragmentation)’} eU
a3, AA=7] &2}, U-Th zonation &3} Sz} 34
AA o]2F o= 28) o] (U-ThyHe 3% Wsh=
A 4 Stk g yoprt, Beke] d9AE 45}
7] Yeids LE Gl oF 20-30702] ARl
ek %S S48 Aol AR, olHe YAt
5 QIRbe] oieket BES gxE o B gFo=s
AAAZ 4T 4 UTHBrown et al. 2013). w2t
Al olggt REYS QEiM= FEZE fARE RS
F27] Bohs, v 70 QA 9ol A2 RS
XA Aol f2slth(Beucher et al., 2013).
Aojol| tgt tietA| 7tEAHoZRE A St
A Do=0.46+0.87-0.30 cm¥/s$} Ea=169+/-3.8 kJ/
mol®|TH(Reiners et al., 2002, 2004). W= H-E
o] Aol A o) (half-width=40-100 um)°] 10°C/
Ma®] &2 23S 739 AL 175-193°C
STk AojZe] He &t HA] radiation damage
I AES AL ok dEA Sl ol oE
AAol] EA|3h= Aol U ggo] A HE o,
°]59°] (U-ThyHe 9% GA] W2 H9lel 44 2
Stths AMREE 08 = Aok H2e A7l
©] &} (Guenthner et al., 2013), alpha dose 7}t©l
1.2x10' alpha/gell Al 1.4x10" alpha/gZ 7}l
el Zoje] o WFOZe| Dogtel oF 4 wj 3
Aah, webr] Hediko]l =R 3 #¥== S7F
SHAl Ht}. SEX|9F alpha dose#te] 2x10' alpha/gel]
A 8.2x10" alpha/g® =715kl wle} Ea 3t& oF 4
v 7haah, wEba] He Sto] WAy Hle=s

S tH(Flowers and Farley,
3 YRSl 7] v

£ r

>

)
o,

Paal B, oleid BAE olgaw, AU B
A=RE GeA} F40] bl

4g

House er al. (1998y= Alellgt vlutch A9 A
FAo] o]Ffxl Al71E #AIE] 918 ~200 kme]
27l afgab, vl Ak alEolA 36719
A 8k(batholith A 55 HFHsHATE o] A H #A
80-85 Mas?t 6-8kme] o] o]Fo] How, 1
B HYEEE 010 mmyrE ¥4 It House
et al. (1998)= AH-I =9 F7A(Age-Elevation
Relationship = “AER™)E 53l 75-65Ma &<t 270°C
X 100°C=, w-E W7+ ARSS W3 o] o
7] Brt Fag B fARE Aox AfReh Al
£29] 934 (U-ThyHe 1% (50-80 Ma)©| 1%} wt
o] GAAAIE 7RItk ARdolnt. vH o] 2|49
Aol A37] Z27] o|Fel FAEAT, o] Al
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